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ABSTRACT

DESIGN OF A SIX DEGREE-OF-FREEDOM HAPTIC HYBRID
PLATFORM MANIPULATOR

The word Haptic, based on an ancient Greek wolddatalaptios, means related
with touch. As an area of robotics, haptics tedban provides the sense of touch for
robotic applications that involve interaction wiihman operator and the environment.
The sense of touch accompanied with the visualb@eklis enough to gather most of
the information about a certain environment. lr@ases the precision of teleoperation
and sensation levels of the virtual reality (VR)pkgations by exerting physical
properties of the environment such as forces, mstidextures. Currently, haptic
devices find use in many VR and teleoperation appbns.

The objective of this thesis is to design a novelZgree-of-Freedom (DOF)
haptic desktop device with a new structure that tines potential to increase the
precision in the haptics technology. First, pregigudeveloped haptic devices and
manipulator structures are reviewed. Following,tthie conceptual designs are formed
and a hybrid structured haptic device is designadufactured and tested.

Developed haptic device’s control algorithm and pplication is developed
in Matlab© Simulink. Integration of the mechanismittw mechanical, electro-
mechanical and electronic components and the lingss of the system are executed
and the results are presented. According to thdtseperformance of the developed

device is discussed and future works are addressed.



OZET

ALTI SERBESTLK DERECEL HAPTIK HIBRIT PLATFORM
MANIPULATORU TASARIMI

Haptik kelimesi antik Yunancada haptios olarak geki®m ve dokunma
duyusuyla ilgili anlamina gelmektedir. Rokmiti bir uygulama alani olan haptik
cihazlar, robotik uygulamalara dokunma duyusunieridkte ve kullanici ile olan
etkilesimi artirmaktadir. Gorsel duyu ile birlikte dokunnmiduyusu, ¢@u zaman
bulund@gumuz ortami anlamamiz igin yeterli olan bilgiyigksyabilmektedir. Haptik
cihazlar bulunulan ortama ait kuvvet, hareket, yuzmpisi gibi fiziksel @eleri
kullaniciya ileterek uzaktan kumandglerinde yapilan sin hassasiyetini ve sanal
gerceklik uygulamalarinda sanal gercgkhrtirmaktadir. Ginumuzde haptik cihazlar
bircok sanal gerceklik ve uzaktan kumangderinde kullaniimaktadir.

Bu tezin amaci, guinimuzde haptik teknolojinin sabidusu hassasiyeti
artirabilecek potansiyele sahip 6 serbestlik déréagin yapida bir masaustiu haptik
cihazi geljtirmektir. Oncelikle bu amacla mevcut bulunan haptihazlar ve
mekanizmalar incelenstir. Sonrasinda kavramsal tasarimlarsaloulmus ve hibrit
yapida haptik cihaz tasarlamgniiretiimis ve test edilmtir.

Gelistirilen haptik cihazin kontrol algoritmasi ve samgrgeklik uygulamasi
Matlab© Simulink’ te olgturulmus. Sistemin ilk denemeleri mekanik, elektromekanik
ve elektronik kisimlari ile birkgiriimesinden sonra gerceklt&ilmis ve gelgtirilen
cihazdan alinan sonuclar tarimis ve gelecekte yapilmasi hedeflenen sgaflar

onerilmistir.
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CHAPTER 1

INTRODUCTION

1.1. The Senses and the Sense of Touch

The brain is the center of the nervous systemuhderstands ideas, performs
mental tasks, manipulates our body functions andviges awareness of our
surroundings. The fact of awareness and understgride surrounding starts with the
sensation and the sensation begins with sensomptien by sensory receptors.
Sensory receptors are specified cells that respmndspecific changes in the
environment.

Five senses are an evolution of specialized sensogptors located in specific
locations in the human body. Basically, human beingve five senses, vision (sight),
audition (hearing), olfaction (smell), gustatioadie) and somatosense (touch). These
senses provide connection between the physicativemdl human brain.

Receptors that respond to light energy are knowphasoreceptors allocated in
the retina of the eye. In many respects, the basging principle of the eye is similar
to digital cameras with an adjustable iris andneetiVision is a unique sense that
provides us to see the world and it possessesad gogential to perceive most of the
required stimuli originated from the environmenheTsense of hearing allows us to
detect sound waves and interpret them to the eletiemical pulses. Sound is audible
vibrations of air molecules and ear is an electezimanical organ that detects these
acoustic vibrations. It provides us auditory feeddbftom the environment. This sense
is necessary for hearing and speech for commuaicatnd the basis of social
interactions. Gustation, the sense of taste, i®raptished by chemoreceptors that
respond to chemicals dissolved in our mouths. Gostgrovides information about
the quality of the food and liquid which is impartaboth for psychological and
physical health. The sense of smell is acquirecchmoreceptors that respond to
chemicals in air. Also it has importance for psyiogacal and physical health.

Among all senses, touch sense is the most amamdgnecessary one. In

embryos, it develops and activates before all oflesmises. It is the most simple and



most improved sense that provides interaction wté environment. It provides

information about texture, shape, temperature, Reigetc. of an object or

environment. Touch sense is the most durable semgss because it employs many
connections to nervous system from every singlé gathe body. This complexity

also provides reliable sensory inputs to cereboateg of the brain. Basically the

mechanoreceptors can be classified into two gréaged on the location in the body.
Kinaesthetic receptors are located in muscles,aesdand joints of the body and
cutaneous receptors located in the skin. Nowadwystjcs technology is developing to
stimulate both of these systems.

Outlined five senses are our connection to worlduad us and human-
computer interfaces are the equipments that arégrEs to provide interaction
between our brains and the computer via our senskes.the beginning of the
development of computers, human-computer intemaci® provided with visual
feedback technologies such as monitors. Afterwaadslitory technologies are
developed and improved the interaction levels. @t the sense of touch has a great
potential to increase the human and computer ictierg due to the limitations of the
data process capabilities and transfer rates,itbiefuman and computer interaction
applications were bounded by visual and auditochnelogies. However, today it is
clear that the sense of touch is essential for lagél human and computer interaction
to improve the perception of the environment. Todaywerful microprocessor and
computer technology allows us to process such &mgbunt of data thus makes haptics
technology available for various implementations.

Currently haptic devices are reality and many [taptistems are effectively
used for a wide variety of applications such as mater aided design, entertainment,
education, training, rehabilitation, nano-manipiolat molecular technology, virtual

prototyping and virtual sculpturing.

1.2. Objective of the Thesis

The sense of touch is a viable feedback to uraleisthe environment. Most of
the time, the sense of touch accompanied with ibal/feedback is enough to gather
most of the information about a certain environm@&herefore various types of haptic

devices are developed, and they are employedferelift types of tasks. Especially for



accurate teleoperation and high level VR appliceticdhigh precision haptic systems
are required with respect to the current commdyciavailable haptic devices. In
order to meet this precision criterion, in thisdise 6-DOF high precision desktop
haptic device is designed and manufactured. liss aimed to design, custom data
acquisition (DAQ) system for the manufactured medra. Therefore previous data
acquisition designs investigated for such apploceti

The final aim of this work is to employ the deystd system in a VR
application for the performance tests of systemfaralize the system to be ready for

future teleoperation applications.

1.3. Outline

The following Chapter provides three different teets for haptic devices
classification that are grouped by their hapticsa¢ion types, mechanism types and
applications. Each category is explained with ssvexamples.

The fundamentals and basic components of a hajegidce design are
described in Chapter 3. The components of the nmécdla electro-mechanical and
electronics parts are listed and discussed. Therigupce of the material selection in
haptic device design is explained and conventitragitic drive systems are shown
with examples. Electromechanical components suclsessors and actuators are
described and previously used components are gessédommercial and custom data
acquisition systems and motor amplifiers are coegb@and computer control interface
of a haptic device are discussed.

Chapter 4, is dedicated to design, analysis amdilations of the mechanism.
The design criteria are listed and discussed, #s&gd procedure is presented both for
translation and orientation mechanism. The CAD ymislresults via SolidWorks©
CosmosMotion© (a CAD and mechanism analysis so#jvare discussed. Kinematic
analysis for the mechanism is also presented snctiapter.

The manufacturing processes of the mechanism x@kaieed in Chapter 5.
Material selection criteria are provided and thenafacturing processes of all parts are

explained in detalil.



In Chapter 6, the integration of the mechanicdgcteo-mechanical and
electronic components are presented. The part tegleand integration of the
complete system is described. Experimental reaudtprovided and discussed.

In conclusion part, conclusions and findings lexged. The future
modifications in the mechanism are proposed. Thssipte future applications of the

system are listed.



CHAPTER 2

BACKGROUND

2.1. Introduction

Wide variety of types and sizes of haptic deviaes utilized in various state-
of-the-art applications for both scientific and soercial purposes. Haptics technology
is usually used for complex tasks such as conigllh manipulator in hazardous
environments, minimal invasive surgery, robotic alehtation, nano manipulation
task, 3D design, education and training application

In this chapter, the aim is to describe previoaptic applications and clarify
the concept of haptics. In order to achieve thigedive haptics technology is
investigated in three separate groups by their:f¢gpback types, (2) mechanical
structures, and (3) applications.

2.2. Kinaesthetic and Cutaneous Haptic Devices

Kinaesthetic receptors are located in musclesiaies and joints of the body as
shown in Figure 2.1(a). The kinaesthetic systenerseto the awareness of force,
motion, position and low frequency vibration. Cigans receptors are located in the
dermis and epidermis layer of skin as shown inilgdli1(b). Cutaneous system refers

to the awareness of touch, pressure, stretch,reeand high frequency vibration.
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Figure 2.1. Types of mechanoreceptors receptor&if@esthetic, (b) Cutaneous
(Source: Medical-look 2010)

2.2.1. Kinaesthetic Haptic Devices

Kinaesthetic display devices are human—computerfates that can simulate
kinaesthetic parameters of an environment or arcbbguch as motion, location,
weight and rigidity. Recently, kinaesthetic haptevices are the most common type of
haptic interfaces. Several types of robot arm meishas have already been configured
as kinaesthetic haptic devices. However, it id stil active field of research and
development.

Wearable haptic devices are the most common exafoplénaesthetic haptic
devices. Skeletal representation and actual picftieewearable haptic system for the
arm is shown in Figure 2.2(a) and Figure 2.2(b)e Techanism was developed to fit
the human body with an Electromyography (EMG) ba®ede representation (Sone,
et al. 2008).
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Figure 2.2. Wearable haptic application for army:Representation, (b) Actual
(Source: Sone, et al. 2008)

Guide Motor B

A haptic interface for the thumb and index fingefshe user can be seen in
Figure 2.3 that stimulates a two point contacty@lrj et al. 2007).

(b)

Figure 2.3. Wearable haptic application for haa):Representation, (b) Actual
(Source: Frisoli, et al. 2007)

Representation of a planar 4 wire driven 3-DOF isapterface with a circular

end-effector is shown in Figure 2.4. Planar medrargan provide forces aboutand
u, axes and moment abait axis. The system has relatively large workspaa® an

easy kinematic analysis which was presented indP@allina and G. Rosati. (Gallina
and Rosati 2002).
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Figure 2.4. Representation of 4 wire haptic intezfa
(Source: Gallina and Rosati 2002)

In Figure 2.5 prototype of a novel parallel haptievice is shown. The
kinematic structure of the mechanism is based eovellkknown Delta manipulator.
The structure is arranged in a special configunatibhe two rotary actuators are
placed on the same direction and the other actuastptaced perpendicular to the
direction of the other actuators. This provideshhstjffness and enlarged workspace.
The stiffness and kinematic analysis have beenopedd and the design was
optimized to maximize the stiffness and to increhgseworkspace (Kim, et al. 2007).

Figure 2.5. Prototype of 3-DOF parallel-type hapigwice
(Source: Kim, et al. 2007)



2.2.2. Cutaneous Haptic Devices

Cutaneous display devices are human—computer agtsfthat can copy tactile
parameters of a surface such as texture, shapghnmess and temperature. Cutaneous
device technology has been developed making ussewdral technologies such as
mechanical needles actuated by electro-magnetiezoglectric materials, shape
memory alloys and pneumatics.

The cutaneous sensation is not only an area ofdsaggichnology it has also
several applications in nature. The behaviour dermma was studied in blinded
American cockroaches. The antenna of an insecbbtis cutaneous and kinaesthetic
sensor behaviour (Okada and Toh 2004).

An example for such an inspiration from the biotagisystems is the Garcia
robot shown in Figure 2.6. It has bio-inspireditactensors and programmed for high-

speed wall following task (Lee, et al. 2008).

Figure 2.6. Garcia robot with embedded flex senantsantenna
(Source: Lee, et al. 2008)

As it was previously outlined, haptics has a widage of application field in
minimal invasive surgery applications. The impoc&rof force and tactile feedback
for surgeries was outlined and a review of aréfidiactile feedback in laparoscopic
surgery presented by Schostek, et al (Schostel, 2009).

Various types of tactile display devices and tacittuation systems are still an
active research area. A tactile display deviceedaMlITAL1 is shown in Figure2.7. It
has an 8x8 arranged pin matrix that is actuatedl&gtro-magnetic actuators (Benali-
Khoudja, et al. 2007).



Figure 2.7. VITALL: vibrotactile display
(Source: Benali-Khoudja, et al. 2007)

2.2.3. Combination of Kinaesthetic and Cutaneous H#ic Devices

Combination of kinaesthetic and cutaneous sensatioone haptic device
improves realistic hand and object interaction leetwvuser and computer. Currently
most of the developed haptic interfaces are seghias, force feedback devices and
tactile devices. Nevertheless some combined hapgsitems that have the capability to
stimulate both kinaesthetic and cutaneous receptors

A pen-like haptic interface is shown in Figure ZT®e system is based on a
tactile display and a vibrating module. It is atsmmbined with PHANTOM" haptic
system in order to add kinaesthetic feedback cépebito the pen-like haptic
interface (Kyung, et al. 2007).

Figure 2.8. Prototype of a pen-like Haptic Integfac
(Source: Kyung, et al. 2007)
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2.3. Haptic Device Mechanisms

Serial manipulators are the most common industoedlots that have been
widely used variety of applications. They have aamechanical arm structure, which
is a composition of serial chain of links and jsinThe main advantage of the serial
manipulators is their large workspace with resgectheir footprint. However their
low stiffness, amplified errors from link to linkud to their open kinematic structure
are their main disadvantages. The serial strudbae to carry and move the large
weights of links and the actuators; hence it hagéid loading capacities.

A parallel manipulator is a closed-loop mechanisitih\an end-effector placed
on the moving platform that is connected to theugcbwith kinematic chains. Parallel
manipulators have some structural advantages egipect to serial manipulators such
as their higher precision, robustness and stifindé® mechanism has to carry
relatively low mass due to its ground fixed actusitd herefore parallel manipulators
have higher loading capacity with respect to theakenanipulators. Their major
disadvantage is their limited workspace, and laffngiss in singular positions.

A Hybrid manipulator is a combination of paralleidaserial manipulators.

They embrace the advantages of both serial andlgdarenipulators.

2.3.1. Serial Mechanisms

Serial structures have been used in many hapterfage designs. Serial
structure haptic devices are commercially availaolé probably the most well known
devices are the products of Sensable Technologisv(sensable.com 2010). The
PHANTOM haptic device is currently used in varidayges of applications that range
from commercial to scientific purposes. 6-DOF poltaPHANTOM Desktop Haptic

Device can apply 1.75 N continuous exertable foat®sutt,, U,, U, axes and it

has also 3 passive rotational axes for sensingrdteional motions (Figure 2.9)
(Massie and Salibury 1994).

11



Figure 2.9. PHANTOM® Desktop™ Haptic Device
(Source: Sensable 2010)

Other products of Sensable Technologies can be seefigure 2.10.
PHANTOM 1.5/6-DOF and PHANTOM 3.0/6-DOF have highenslational force
feedback capabilities with respect to the previpissiown haptic devices. 1.5 HIGH
FORCE/6-DOF HAPTIC DEVICE has 3N continuous exdgaliorce about

u,, 4,, U, axes and also they are capable of providing tortgesiback for

rotational motions.

(b)

Figure 2.10. Some products of Sensable (a) PHANTICBVI(b) PHANTOM 3.0
(Source: Sensable 2010)

Several types of special purpose serial structagit interfaces were also
developed. 2-DOF haptic joystick for PC video ganseshown in Figure 2.11. The
system is based on gimbal structure with two aotsaand potentiometers (Kyihwan
Park, et al. 2004).
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Figure 2.11. 2-DOF Haptic joystick
(Source: Park, et al. 2004)

Wearable haptic interfaces are usually designesiial structure in order to fit
the mechanism to human body. A 4-DOF portable baipterface can be seen in
Figure 2.12. The device is designed for the indeger and it has passive force
feedback capability utilizing mechanical brakesligyeld and Maeno 2006).

Figure 2.12. Force feedback for the index finger
(Source: Lelieveld and Maeno 2006)

Wearable exoskeleton haptic interfaces are frefuersted as rehabilitation
systems. An example for such an application isatbarable haptic interface shown in
Figure 2.13. The Maryland-Georgetown-Army (MGA)dskeleton has 6-DOF and it

is designed and developed for shoulder rehabdiagapplications (Carignan, et al.
2009).
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Figure 2.13. The MGA Exoskeleton
(Source: Carignan, et al. 2009)

Haptics technology is also used for medical purpoge training simulator
mechanism for urological operations is shown irukég2.14. The 5-DOF mechanism
is designed to reproduce even very small forcesnaoihents; hence it has low mass

and inertia (Vlachos and Papadopoulos 2003).

Motor for the 2nd

N\ .~ translational dof

Motors for the
rotational dofs

Endoscope

. Motor for the 1st
translational dof

Spherical joint

Figure 2.14. 5-DOF simulator for urological opevat
(Source: Vlachos and Papadopoulos 2003)
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2.3.2. Parallel Mechanisms

Various researchers have recently designed setygra$ of parallel structure
haptic interfaces. Most of the published designshim literature are based on delta

structure.

Figure 2.15. 6 URS Haptic Device
(Source: Sabater, et al. 2004)

In Figure 2.15, a modified version of Gough—Stewgladform is configured as
6-DOF parallel haptic device. The system has cdhien pantographs and rotational
electrical actuators for improved workspace andowiutbandwidth (Sabater, et al.
2004).

A 7-DOF haptic device called PATHOS Il was desigaed manufactured by
Keehoon Kim et al. 6-DOF of the device is reserfadthe spatial manipulation and
the remaining 1-DOF for grasping the objects. Theallel mechanism design was
chosen to enhance the stiffness and accuracy. €kpéarimental results indicated that
the mechanism can display virtual environment wathme stiffness and accuracy
(Kim, et al. 2003).

6-DOF haptic mechanism, shown in Figure 2.16, e@mbination of a 3-DOF
planar lower parallel mechanism and another 3-D@falfel mechanism mounted on
top of the lower mechanism. In order to decreasdial effects, and to improve back-
drivability and transparency, the mechanism hay @mbund fixed actuators with
cable drives (Ryu, et al. 2009).
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Figure 2.16. Overview of a 6-DOF Haptic Device
(Source: Ryu, et al. 2009)

Another 6-DOF parallel haptic device can be sedfignre 2.17. It is aimed to
design a light weight system with ground fixed nist@Lee, et al. 2001).

Figure 2.17. 6-DOF Parallel Haptic Device
(Source: Lee, et al. 2001)

The CAD representation a 6-DOF haptic device isgiesl by Gosselin et al
can be seen in Figure 2.18. The device is a lighight parallel-structure mechanism
with the handle on its moving platform. It was de&d for computer aided design or
virtual sculpturing applications (Gosselin, et2005)
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Figure 2.18. CAD design of the haptic interface
(Source: Gosselin, et al. 2005)

Yoon et al. designed a 6-DOF haptic mechanism thas driven with
servomotors as presented in Figure 2.19. In thikwbe control of the system was
also studied and a control method with gravity cengation and with force feedback

by a force-torque sensor was employed to reduceffeets of unmodeled dynamics
(Yoon and Ryu 2001).

Figure 2.19. 6-DOF haptic mechanism
(Source: Yoon and Ryu 2001)

A CAD model of a spherical mechanism for a hapggtem called “SHaDE” is
shown in Figure 2.20. SHaDE was a 3-DOF haptic aevhat has a spherical

geometry. Due the spherical geometry, the mechahessnonly pure rotation around
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all axes at its center point, where the handlehefjbystick is located at. It is offered
for high precision teleoperation and VR applicasigBirglen, et al. 2002).

Figure 2.20. CAD model of SHaDE
(Source: Birglen, et al. 2002)

A general purpose 6-DOF haptic interface is preskemh Figure 2.21. The
structure is composed of a 6-DOF parallel basesamahdle part. (Lee and Lee 2003)

Figure 2.21. 6-DOF haptic interface
(Source: Lee and Lee 2003)

2.3.3. Hybrid Mechanisms

Hybrid manipulators have the advantages of a mdralructure and serial
manipulators such as high loading capacity, maalilily, stiffness, high precision,
robustness and relatively large workspace.

18



Commercial hybrid haptic devices are also availablthe market for various
types of applications such as Force Dimension’steDbbhsed haptic devices. The
Omega 6 haptic device (Figure 2.22) is a 6-DOF ibagievice that has 3 active
translations
3 passive rotations. It can apply 12 N continuowrgjue with resolution less than
0.01mm.

Figure 2.22. Omega 6 haptic device
(Source: Forcedimension 2010)

Another Delta based hybrid haptic device consit3-DOF Delta manipulator
(Figure 2.23(a)) for translation motions and 2-D@Hmbal ball for the orientation
motions (Figure 2.23(b)). (Uchiyama, et al. 2007).

1-DOF

+

q’ _-:ﬁ 2:DOF five bar
_ & gimbal mechanism

3-DOF modified
DELTA mechanism

(b)

Figure 2.23. 6-DOF mechanism: (a) Overview of taeick, (b) DOF of the
mechanism (Source: Uchiyama, et al. 2007)
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2.4. Haptic Applications

Haptics technology is employed in various typessypétems to accomplish
important tasks ranging from portable robotic suygeols to flight simulators. This
section provides a review of haptic applicationswo groups; (1) Teleoperation and

(2) VR applications.

2.4.1. Haptics in Teleoperation

The concept of teleoperation can be briefly sunmed as remote control of
robotic systems. Although humans have the abibtynanage many complex tasks,
remote controlled robots is a requirement for s@pecial tasks such as small scale
manipulations, tasks that are take place in haxsr@mvironments or remote control
of a machine at a distant location.

Basically teleoperation systems are composed of asten and a slave
subsystem. Currently, haptic devices find usessistive surgical robotics and most of
the teleoperation systems in which level of telspnee is required to be increased for
improved tele-manipulability.

A haptic teleoperation with 5-DOF force feedbackchaism shown in Figure
2.24(a), and a 2-DOF microrobot shown in Figure4th® was proposed and
experimentally tested. The disparity between thsteraand slave side of the system
improves the controllability of the micro robot the environment. (Vlachos and
Papadopoulos 2008).

®
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Figure 2.24. Telemanipulation system: (a) Mast@tibalevice, (b) Micro robotic
platform (Source: Vlachos angdopoulos 2008)
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All-terrain mobile robot, shown in Figure 2.25(a¥ designed for haptic
teleoperation applications. The mobile robot isipged with various positioning
systems such as sonar sensors, GPS module, wheetlees, 3 axis gyro and
accelerometer. PHANTOM Omni haptic device is thest®a mechanism of the
teleoperation system. The master and slave syswwere integrated with the
communication equipments and control software asvaehn Figure 2.25(b) (Horan et
al. 2007).
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Figure 2.25. Teleoperation system: (a) Prototypa wiobile robot, (b) Control Station
(Source: Horan, et al. 2007)

A similar mobile robot designed for haptic telecem applications is shown
in Figure 2.26. A mobile robot with multi sensomytput is usually required to avoid
obstacles in teleoperation applications. The sgnsputs are used to reproduce haptic
force feedback to operator. Haptic feedback hehgsdperator to take the necessary

actions to prevent the mobile robot from collisi¢hee, et al. 2005).

Activmedia A
Pioneer 2-DX 3 e

imobile robot

Figure 2.26. Teleoperation of a mobile robot
(Source: Lee, et al. 2005)
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A nanoscale tele-manipulation system has been oleeelwith a commercial
haptic device and atomic force microscope configoma (Figure 2.27). The
researchers that configured this system suggedt hhptics technology has the
potential to provide intuitive, efficient and rddl@a way for quick manipulation of
nano-scale manipulations. The master and slavedditiee haptic teleoperation setup
can be seen in Figures 2.27(a) and 2.27(b), raspbcfJobin, et al. 2005).

(@) (b)

Figure 2.27. Nano manipulation system: (a) Hap&eick, (b) Atomic force
microscope (Source: Jobin, eP@05)

Teleoperation of underwater construction machirgees itypical example of
hazardous environment operation. Haptics technoioggleoperation of underwater
construction machines provides safer and moreiefficinderwater construction work.

An example for underwater haptic teleoperation igppbn is shown in Figure
2.28. Camera systems usually do not provide gootling quality due to turbidity of
the water. Hence, haptics technology along with ¥isial feedback provides a
solution for this problem. (Hirabayashi, et al. 8d0Conventional manned underwater
application and in developed haptic control systexm be observed in Figures 2.28(a)

and 2.28(b), respectively.
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(b)

Figure 2.28. Teleoperation in hazardous environméa) Manned underwater
backhoe, (b) Control room of dieyed system (Source: Hirabayashi,
et al. 2006)

2.4.2. Haptics in Virtual Reality

Haptics technology increases the level of intecaichetween the user and the
virtual environment in VR applications. Programmadual sensors provide sense of
touch, which improves the quality of the virtuakpence. Other than the game
industry, haptics in VR applications are used ferdly in training and educational
purposes such as medical simulators and espedatlyexpensive and difficult
trainings such as dental trainings.

A 6-DOF haptic device for dental surgery trainirygtem is presented in Figure
2.29. The designed haptic device is based on afieddi-RSS parallel mechanism. It
has ground fixed actuators that decrease theitagia of the device. The kinematics
of the device can be solved numerically. The siagabnfigurations of the mechanism
is identified and avoided for defined workspaceqGat al. 2007).

(b)

Figure 2.29. 6-DOF haptic device for dental tragnia) Virtual reality application, (b)
CAD design of the mechanisroui8e: Cao, et al. 2007)
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Conventional design techniques with 2D mouse ofeguire difficult design
procedure. Virtual sculpturing and designing viaptic devices facilitates the
procedure. A virtual sculpturing system utilizingthv 6-DOF PHANTOM haptic
device is shown in Figure 2.30. A haptics-base@riate for this application is
presented (Dachille, et al. 2001).

Figure 2.30. A virtual sculpturing system
(Source: Dachille, et al. 2001)

A virtual-reality surgical simulator for neurosurges is presented in Figure
2.31. The simulator reproduces effects of a sukgogeeration such as prodding,
pulling and cutting (Wang, et al. 2006).

Figure 2.31. A virtual-reality surgical simulator
(Source: Wang, et al. 2006)

Haptics technology also offers solutions for veifficult tasks such as robot
path planning. Haptic-aided robot path planning &iavirtual robot facilitates the
programming process. The user’s interaction with\flR can define or modify critical
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positions and collisions. An example for such apliaption can be observed in Figure
2.32 (He and Chen 2008).

Figure 2.32. Robot path planning by virtual teleagien
(Source: He and Chen 2008)

Following to the development of more affordable timmechanism, the haptic
technology is applied in more specific applicati@ush as rehabilitation systems. A
haptic, patient monitoring system that is develofsedmonitoring the progress of the
patient is presented by Ruba Kayyalil et al. Theteay is based on a haptic device
(Figure 2.33) and VR applications that simulatespe exercises and monitors the
performance of the user (Kayyalil, et al. 2008).

Figure 2.33. Haptic monitoring system in rehabtida
(Source: Kayyalil, et al. 2008)

Moreover haptics are also used in haptic rehabditasystems via applying
force feedback in virtual-reality application. VRd®ed ankle rehabilitation system is
presented by Rares F. Boian et al. Similar with pinevious example the system
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consists of a haptic mechanism (Figure 3.34) andRaapplication that simulates
control of virtual examples (Source: Boian, et28l03).

Figure 2.34. Haptic rehabilitation system
(Source: Boian, et al. 2003)

2.5. Conclusion

Today, various types of haptic systems are useddifferent types of
applications. In order to identify these systemsyus systems are investigated and
categorized by their; sensation types, kinematiectire and applications. Depending
on the type of the mechanoreceptors, two typesmdation types in haptic systems are
explained and related examples are presented. Tremétic structures of robot
manipulators are listed and the advantages andwdistages are discussed. For each
type of kinematical structure, previously built hiapdevice examples are introduced.
Finally, haptic applications are presented in twaugs along with example systems.

In the next chapter, the components to configure liaptic devices are

presented complying with the aim of the study.
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CHAPTER 3

COMPONENTS OF A HAPTIC DEVICE

3.1. Introduction

Towards developing a new haptic desktop deviceesagder has to identify the
task that the haptic device will be employed. Adony to the environmental
requirements, the design criteria of the hapticiaewhave to be formed and the
components should be selected. Although the commenaf a haptic device vary
depending on the outlined types of the devicesjchliyg all haptic systems are
composed of mechanical, electro-mechanical, electrand software parts. In this
chapter, the commonly used components of the haleices are investigated and

discussed.

3.1. Mechanical Components

Mechanical components of a haptic device can kediss the mechanism,
material and drive system. Mechanism selectiorradgbly the most important phase
in developing a haptic device. Therefore the seElagbrocedure is outlined in the next
chapter. In this section, only the materials andedsystems of the haptic devices are

explained and discussed.

3.2.1. Materials

In haptic devices the specifications of the sekkctaterial for the mechanism
are directly related with the quality of the happerception. The weight of the
mechanical components must be minimized and theedéwas to have low inertia and
high stiffness. Hence the most important specificest for the design haptic device

material are;
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)] Low density
i) High strength and rigidity

In order to minimize the gravitational effectsptia devices are manufactured
from light weight materials such as aluminium, micktiitanium alloys and plastics.
Haptic devices transmit the forces that are ap@iethe user. Hence, the rigidity and
the strength of the mechanism are important forcipien and perception of the
system. As a consequence strength to weight atim important factor, which has to
be considered in haptic device development.

Among the other alloys, aluminium alloys is the miesnarkable material in
haptic devices. In general aluminium alloys hawsomable price, good machinability,
high corrosion resistance and vital specificationlined above.

Non-metallic material plastics also provide goocersgth to weight ratio and
very low cost which are used in many haptic devitesnass production of the haptic
devices, plastic injection moulding is an easy niacturing process that is used for
the manufacturing of the least important parts.d¢an general, the commercial haptic
devices are composed of plastic and aluminium aflagts and the custom haptic
devices include only aluminium alloy components.

The two parallel haptic desktop devices from ddfgrcompanies are shown in
Figure 3.1(a) and Figure 3.1(b). The Omega 3 iselbged for more precise
applications such as medical and micro manipulaigolications therefore it has more
rigid structure with polished aluminium kinematiicks, joints and frame which can be
seen in Figure 3.1(a). Falcon haptic device isi@ddrly developed for the game
industry. It has less precise joints and base naatwifed from plastics, which can be

seen in Figure 3.1(b).

(@) (b)

Figure 3.1. Parallel haptic devices: (a) Omegahfforce dimension (Source:
Forcedimension 2010), (b) Faloamt Novint (Source: Novint 2010)
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Omni haptic device (Figure3.2) is the most cost@ff’e product of the Sensable
Technologies and it has also a body that is a cesgp®f aluminium and plastic

materials.

Figure 3.2. Omni from sensible technologies
(Source: Sensable 2010)

3.2.2. Drive Systems

In haptics, drive systems are used for the trarsamsof the torques from
actuators to the operator and the performance ef attuation system is more
important with respect to the other robotic systeHence selection of the appropriate
drive systems considering the type of the haptwogeis important. The appropriate

drive systems for a haptic device can be seleatpérntling on the two broad classes

)] Admittance type devices

i) Impedance type devices

Admittance haptic devices include force sensorsgbase the applied force by
the operator and adjust the operator’s positiomi@icg to the manipulated virtual or
real object. Hence the traditional transmission lmasms such as gears can be
employed in admittance type haptic devices. Needgs, the precision loss due to the
use of transmission mechanisms is an important feleich has to be considered in
haptic device design. Therefore, high efficient gmecise gearing transmission
technology such as harmonic drive is currently usedhaptic devices. Harmonic
drives provide nearly zero backlash, light weighd &igh torque reduction ratios. An
example for an admittance type haptic interfacéIBHARD7 which can be seen in
Figure 3.3. VISHARD7 is a 6-DOF mobile haptic irfgee for large remote
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environments. The haptic interface is built by gsimushless DC motors coupled with
harmonic drive gears that provide relatively higincé feedback capacity (Peer and
Buss 2008).

Figure 3.3. Mobile haptic interface VISHARD7
(Source: Peer and Buss 2008)

Previously presented haptic interface in Chapt&@A haptic device is also a
harmonic driven system with brushless DC motors &md force/torque sensors
(Carignan, et al. 2009).

LY
FORCE

| SENSORS

Figure 3.4. Force sensors of MGA exoskeleton haptic
(Source: Carignan, et al. 2009)

In contrast to the admittance haptic devices, innapedance haptic device,
position sensors sense the position of the operatat then the computed forces are
applied to the user. Therefore, impedance typeihdptices have to be back-drivable
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which is possible with low inertial and low frictial drive systems. Today most of the
commercially available haptic desktop devices sastPhantom, Omega and Falcon
are impedance type haptic systems. They are haekbie and have a common
mechanical transmission system called Capstan dngehanism (Figure 3.5). The
capstan drive mechanism consists of tendon wragpednd pulley that actuates a
semi-circular link. The ratio between the pulleyésmd the semi-circular link’s
diameters provides reduction that increases theef@@edback capacity of the haptic
systems. Capstan drive mechanism of a 1-DOF hpptidle can be seen in Figure 3.5
(Bowen, et al. 2006).

Figure 3.5. Capstan drive mechanism of a haptidlead
(Source: Bowen, et al. 2006)

Capstan drive systems are also used in medicalichaavices. 5-DOF
mechanism which has a more complex capstan systepresented in Figure 3.6

(Vlachos and Papadopoulos 2008).

Figure 3.6. Capstan drive system of a medical bajgvice
(Source: Vlachos and Papadopoulos 2008)
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3.3. Electro-Mechanical Components

Electro-mechanical components of a haptic deskeyicd can be listed as the
brakes, sensors and actuators. In haptics usuadlyypes of sensors are used; position
and force/torque sensors. Position sensors me#sai@ngles or positions of the links
and this sensory input is transmitted to the coemgutDepending on the type of the
haptic system, force/torque sensors are also uggecilly in admittance type haptic
devices. Moreover brakes and motors are usedhéadtuation of the mechanism and
the properties of the actuation system are directlgted with performance of the
haptic device. In this section, electro-mechanmahponents of a haptic device is
presented and discussed.

3.3.1. Brake Systems

Haptic interfaces can also be categorized as adiivgassive interfaces
depending on the employed actuators. Active hapterfaces employ active motors,
to provide active feedback to the user. On therdthed, passive haptic interfaces use
dampers or brakes that dissipate the energy ofrbigon. In contrast to the active
actuators, passive actuators such as brakes, darapérclutches are actually stable
components that they can only absorb the energheokystem. Therefore they can
provide relatively larger forces without riskingetluser's safety. Furthermore it can
improve the stability of the system. However passigtuators can only simulate some
models such as high stiff wall or any rigid surfé&ce they cannot simulate a model of
an elastic surface or moving object. Neverthelels® to the outlined advantages,
dissipative components are recently employed inesbaptic devices for better force-
feedback capabilities and higher perception levélsrrently mechanic friction,
electro-magnetic, magneto-rheological, electro-lbgioal brake systems are
employed and tested in haptic devices.

Mechanical brake system of the previously preseddOF wearable passive
haptic interface’s is shown in Figure 3.7. The leraigstem of the device is located at
the top of the exoskeleton and the mechanism dsnsiseparate transmission cables

for actuation with brake mechanism. In this examplee requirements of an
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exoskeleton haptic device such as simplicity, liggight, high safety and hard-contact
simulation are provided by passive actuation (lvelié and Maena 2006).

Brake
Cables

Figure 3.7. Wearable passive haptic interface
(Source: Lelieveld and Maena 2006)

Zitzewitz et al. Presented a hybrid actuation cphegith motor, spring and
electro-mechanically actuated disc brake. The bsgkéem is selected considering the

5Hz bandwidth requirements which can be seen iarEig§.8 (Zitzewitz, et al. 2008).

Figure 3.8. Disk brake system for a haptic device
(Source: Zitzewitz, et al. 2008)

Another example for hybrid actuation is the 2-DGiptic interface that is used
for medical purposes is shown in Figure 3.9. Thevia#e has rotational and
translational axes actuated by both active andiyms&tuators. The combination of
active motors and passive brakes improves senskvahs by reflecting the natural

friction and high level force feedback of the hamiblonoscopy (Samur, et al. 2008).
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DC motor

Figure 3.9. Hybrid device with mechanic brake arators
(Source: Samur, et al. 2008)

Electromagnetic brakes such as eddy current brdk€B) are also employed
in haptic systems. Some of the specifications &f BHCBs such as programmable
damping rates, applicability to the linear motibigh frequency responses make them
very appropriate for passive haptic interfaces. déeelopment and implementation of
an ECB to a haptic interface is proposed by H. Andet al. 2-DOF mechanism and

the components of the device can be seen in FRjafe(Andrew, et al. 2008).

encoders {7 4

toroidal
electromagnet

~~—

annular
blades

end effector plate

Figure 3.10. Hybrid device with ECB’s
(Source: Andrew, et al. 2008)

Magneto-rheological (MR) fluids and electro-rheobad (ER) fluids are types
of smart materials. They are both capable to chainge viscosity reversibly within
milliseconds by controlling the applied magneticetectric field. This feature can be
applied to wide range of applications such as w&idamping systems. Especially in
haptics due to the short response time and dangtitigies of both MR and ER fluids
are used as braking systems. An example of MR Buadte system in haptic devices is
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presented by W.H. Li et al. The mechanism (FigufelBis a conventional 2-DOF
Gimbal mechanism, employed with two MR actuatois €t.al. 2007).

Gimbal
Structure

Figure 3.11. CAD representation of mechanism
(Source: Li, et al. 2007)

A 2-DOF haptic system with ER actuators is preseibie Takehito Kikuchi et
al. for rehabilitation purposes. In order to gudearthe safety of the user, the system is
configured with only electrically controllable beakhat is shown in Figure 3.12
(Kikuchi, et al. 2007).

Figure 3.12. ER Brake
(Source: Kikuchi, et al. 2007)
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3.3.2. Motors

Motors are the active actuation components in baj#vices. The performance
of an active haptic device is directly related wvittle characteristics of the actuators. In
order to provide high level sensations in a haiotierface, the actuators of the system
must have low inertia, low friction, low torque pie, high back-driveability, low
backlash and high torque ratings. The selectiothefappropriate actuators to meet
the requirements of the haptic device is importa@nitrently various types of active
actuators are employed in haptic desktop devicels as pneumatic, hydraulic, shape
memory alloys (SMA), piezoelectric, pneumatic masalltrasonic, magnetic and
electrostatic actuators.

Currently, DC motors are the most common actuatimtems utilized in haptic
devices. Most of the haptic devices in literatuneluding the commercial ones are
configured with DC motors. DC motors are the pionelectrical actuation method
with respect to the other actuation methods. Théoprance, limitations, dynamics
and control methods of the DC motors are well knooreover, DC motors have
low cost, high reliability, and simple structureemte in robotics, actuation with
brushed or brushless DC motors is the most prefemethod. However, in haptic
devices other actuation systems can provide betseits.

Shape memory alloys (SMA) are smart materialshhsae the ability to change
its dimension via heat variations. Recently SMAs amployed in various types of
applications including haptics. Although it seerhattthe SMA actuators are only
employed in tactile haptic devices, SMA actuatoasehthe potential to be used in
SMA actuated haptic devices. Schematic representaif an 8x8 pin array haptic
tactile display system is shown in Figure 3.13 r@laean and Chanthasopeephan
2009).
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SMA ACTUATORS
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Figure 3.13. SMA actuators for tactile display
(Source: Jairakrean and Chanthasopeephan 2009)

Pneumatics (Figure 3.14(a)) converts air pressuretational or linear motion.
The main advantage of the pneumatic actuationegléxibility of the actuators which
is necessary in a device that interacts with hurbare to the difficulties of position
and force control, the pneumatics is not commohadptic devices. An example for
pneumatic parallel haptic interface is proposed Mgsahiro Takaiwa et al. The
proposed device is a parallel mechanism that iedu@ pneumatic actuators and
potentiometers as shown in Figure 3.14(b) (Takane Noritsugu 1999).

(@) (b)

Figure 3.14. Pneumatics in haptics (a) Pneumatieaéars (Source:

Directindustry 2010), (b) Pagataptic device (Source: Takaiwa and
Noritsugu 1999)

Similar to the human muscles, pneumatic muscle atmtst (PMA) are
contractile components work with pressurized ligardgas. The specifications of the

PMAs are similar to the conventional pneumatic aitits, but the power/weight ratios
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of the PMAs are relatively greater. Due to the pnésd advantage, PMA actuators are
suitable for exoskeleton haptic devices. A 7-DOFAPRKttuated exoskeleton haptic

device is presented by N.Tsagarakis et al. (Ts&garet al. 1999).

S

Figure 3.15. PMA actuators
(Source: Salonix 2010)

Ultrasonic motors are piezoelectric motors that actuated by ultrasonic
vibrations. Similar to the DC motors, they cons$ta rotor and a stator which is
produced by piezoelectric materials. The ultrasomotors are driven by two
sinusoidal signals with a different phase. Assedawith the phases of the signals the
ultrasonic actuator has three phases; free, aetink fixed phase. Thus ultrasonic
sensors are capable to actuate a haptic device rafbrad (passive/active) system
without using brakes or clutches. Conceptual desiga wearable exoskeleton haptic
for the index and thumb fingers can be seen inrEigul6. The entire mechanism is
actuated with only four ultrasonic actuators theftecct bi- directional forces. (Choi
and Choi 1999).

ULTRASONIC
MOTORS

Figure 3.16. Exoskeleton haptic with ultrasoniaiatdrs
(Source: Choi and Choi 1999)
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Magnetic levitation actuators are probably the niostresting ones among the
other actuators. The theory is based on susperdirandle object in magnetic field. A
study on developing a magnetic haptic device isgrted by Berkelman et al. 6-DOF
device has motion ranges of £5 mm and £3.5 degdreai directions and can generate
20N force, 1.7 Nm torque (Berkelman, et al. 1996fommercial magnetic levitation
haptic is the product of Butterfly Haptic Inc. whican be seen in Figure3.17.

Figure 3.17. Magnetic levitation haptic interface
(Source: Butterflyhaptics 2010)

Another method of actuation method in haptic device the electrostatic
actuation. A 2-DOF linear haptic device with twedattostatic actuators is presented in
Figure 3.18. This device is designed for neurosaespplications and non-magnetic
actuators are employed in the system (Hara, @08D).

ELECTROSTATIC MOTOR UNITS

Figure 3.18. Haptic joystick with Electrostatic @etors
(Source: Hara, et al. 2009)
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3.3.3. Sensors

In haptic device design, appropriate sensor selecis important for the
electro-mechanical precision of the mechanism. iigdesensors of a haptic device
are force/torque and position sensors. Positiors@encan be categorized in two
groups; analog and digital sensors. In general;eff@ct and resistive sensors are
frequently employed in haptic devices due to tHegh resolution and low cost.
However the noisy nature of the analog signals siexdra care during transfer and
conversation to the digital signals. Besides patemtters have various technical
specifications that have to be evaluated carefidtyuse in haptic devices, such as
mechanical resolution, linearity errors and resistatolerance. On the other hand,
digital encoders provide more accurate and noee $ignal therefore digital encoders
are more convenient for haptic applications. Néwadess today, the cost of the digital
encoders is relatively high and supplied resoluisoimited.

Currently commercially available haptic deviceslue both optical encoders
and potentiometers. 6-DOF PHANTOM haptic devicgudes optical encoders and
potentiometers on its active and passive joinigaetively.

An example for the use of potentiometers is showigure 3.19. Previously
presented 2-DOF gimbal mechanism has two potentemndor each of the axes
(Park, et al. 2004).

MOTOR

POTENTIOMETER

Figure 3.19. Sensors of a 2-DOF haptic joystick
(Source: Park, et al. 2004)
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CAD representation of a 1-DOF haptic interface rigrabilitation applications
can be seen in Figure 3.20. The mechanism cortdists optical encoder and a force
sensor (Khanicheh et al. 2008).

FORCE SENSOR ENCODERf

Figure 3.20. Force sensor and encoder of a hapgdace
(Source: Khanicheh, et al. 2008)

A variety of sensors are designed to measure fbocgaes for different
applications. The components of a force/torque aenan be categorized in two
groups as; the construction of the sensor andehsirsg element. The construction of
force sensors has to be designed considering thereenents of the application and
the sensing element. Currently, strain gauges @&mbesistive sensing elements are
the most common sensing elements in the force/gosgunsor design. In admittance
type haptic devices, both custom and commerciajufiei 3.21) type force/torque
sensors can be used. Although the commercial tgpsoss have relatively high cost,

they can provide more accurate and reliable measmnts.

Figure 3.21. Load cell
(Source: Honeywell 2010)
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3.4. Electronic Components

Data acquisition (DAQ) cards and motor amplifieas de listed as electronic
components of a haptic device. DAQ cards are tlstemys that measure, process,
convert and transmit real world data to comput&ithough the components of a DAQ
system vary, depending on the specified tasks, B§ems may include, analog to
digital converters (ADC), digital to analog conwsd (DAC), encoder decoders,
counters, timers, digital inputs and outputs. lis gection, appropriate DAQ systems
for a haptic device are investigated. Commerciallailable DAQ systems are

reviewed and previously built custom DAQ desigrnshfaptic device are presented.

3.4.1. Commercial Data Acquisition Systems

During the development of a robotic system, commeRAQ systems provide
fast and reliable environment for initial teststbé integrated mechanism. Various
DAQ cards are available for haptic device developnmvath varying low prices. The
primary specification of a DAQ system in haptic @evdesign is the sampling rate
requirement of the system. The selected commeD#€) acquisition system has to
support at least 1 KHz sampling rate (Tanner aneiméyer 2006). Moreover the
supported software environments such as SimulirklabVIEW are also important
for easy programming phases and initial test oténace.

Some of the commercial DAQ system providers canlisfed as National
Instruments (NI), Labjack, Quanser, Sensoray, Drain8ystems, dSpace, I0Tech,
Servo2go. NI is a hardware and software develdipatr provides various types of
DAQ systems for different types of applications. Arample for the product of
National Instruments is NI PCI-6035E DAQ card, thapports 200kHz sampling rates
and has 16-bit twenty-four analog inputs, 12-bitot@nalog outputs, eight bi-
directional digital channels and 24 bit counter &inters (Figure 3.22). The system is

fully compatible with Labview Software developmemyvironment.
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Figure 3.22. NI PCI-6035E
(Source: NI 2010)

Labjack provides low cost DAQ solution for robo#ipplications. Labjack U3
DAQ system (Figure 3.23) provides 2.5 to 50 kHz jglamy rates. It has 12-bit, sixteen
analog inputs, 10-bit two analog outputs, and sixtfexible digital channels and it
provides LabVIEW communication library via USB port

Figure 3.23. LABJACK U3
(Source: Labjack 2010)

High performance Quanser Q8 Hardware in the LoofiL)(Hoard (Figure
3.24) from Quanser Consulting Inc. has eight TZA converters, eight 14-bit A/D
converters, eight quadrature encoder inputs amtyttwo digital 1/0O channels. The
card provides approximately 56 kHz sampling ratd asal time applications. The

device supports both LabVIEW and Matlab Simulinkgramming languages.
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Figure 3.24. QUANSER Q8 hardware in the loop cdrioard
(Source: Quanser 2010)

3.4.2. Custom Data Acquisition Systems

Towards developing an end product, custom desigmedmanufactured data
acquisition cards and drives for the developedesysire a necessity. Therefore, in this
thesis study, it is intended to design customarta a@ecquisition system for haptic
mechanism. Thus, previously developed custom DA&esys are reviewed and
essential technologies are investigated.

As a result of the literature survey, it is osertbdt PICO (Programmable
Interface Controller) based DAQ cards via seriat gjBS-232) is commonly used in
most haptic device designs. PIC is a popular mamtoller that is developed by
Microchip Technology Inc. It is used in many digjit@ntrol applications due to their
low cost, easy development process, wide avaitgl@hd high ability.

A haptic glove for color detection system is shawirigure 3.25. The system
occupies color sensors and tactile display to s#rseolor information and to reflect
the user. The custom DAQ card of this system iedhamn a dsPIC30F40digital
signal processor that communicates via RS-232 camuation port (Schwerdt, et al.
2009).
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COLOR SENSORS

TACTILE DISPLAY MICROPROCESSOR UNIT

Figure 3.25. Tactile display haptic with color serss
(Source: Schwerdt, et al. 2009)

Another tactile haptic study is presented by Pidtegeur et al. The study
focuses on development of a tactile sensory moditle force sensitive transducers.
The DAQ card (Figure 3.25) of the device is alsonfigured with a PIC
microprocessor via RS-232 which operates at 19200 lbate (Payeur, et al. 2005).

Figure 3.26. DAQ system of the sensor array
(Source: Payeur, et al. 2005)

3.5. Computer Control and Virtual Reality Software

Computer controller and VR application is requiffed the initial tests of a
haptic system development. Hence appropriate canpabntroller and VR
development softwares are investigated. Similath® general robotic applications,
high level programming languages such as Matlam#$nk) and LabVIEW can be
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used for the performance tests of the developedichdpvices. Both programming
languages have the capability to develop real tamglications and also include VR
tools. Following to the initial test, respectivelgwer level software development
languages are used in order to create final compotaroller software, similar to the
commercial haptic interfaces. In this section, pmeshaptic controller developer
environments, LabVIEW and Matlab Simulink, are praed with examples.

3.5.1. Simulink

Simulink is graphical programming environment depeld by MathWorks. It
provides modelling, simulation and analyse tools feechanical, electronic and
electro-mechanical systems. Programs are developad) graphical programming
blocks and a programmable set of block librariesmuBink is widely used in control
theory and digital signal processing for both frergqey and time domain simulations. It
supports two real-time working environments as Winsl Real-Time target and xPC
Target both compile the simulink code for HIL tests

A mobile haptic device called VIDET can be seelfrigure 3.26 it is designed
for visually impaired users. 3-DOF wire tension toh system of the device is

developed via simulink (Smid and Melchiorri 1998).

e VIRTUAL OBJECT

i W, "
3 Mo
/ i
%

REAL OBJECT

Figure 3.26. 3-DOF mobile haptic device
(Source: Lar.deis 2010)
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3.5.2. Labview

LabVIEW is a product of National Instruments, whigh also a graphical
programming platform. It is commonly used by reskars and engineers for data
acquisition, instrument control, data analysis, edded system design and automation
purposes. It also provides time domain applicatanms VR tools.

An example for VR application with LabVIEW is preded in previously
shown 2-DOF joystick. The created 3D applicationtfte test of the system can be
seen Figure 3.27 (Li, et al. 2007).

Joystil Control
Nob Control

Figure 3.27. 2-DOF mobile haptic device
(Source: Li, et al. 2007)

3.6. Conclusion

In this chapter, necessary components of a haptisktdp device are
investigated and appropriate components are compahe material specifications for
haptic devices are listed and common materialspaegsented. Two types of haptic
systems are introduced. Considering the types ehtptic system, appropriate drive
systems are explained. The importance of the aotuaystem for the performance of
the device is addressed. For each component ofaitheation system appropriate
motors, brakes and drive mechanism are investigaBetdh the custom and the
commercial data acquisition systems for the dewelapechanisms are reviewed and
their specifications are presented. Finally, sofewdevelopment languages for the
initial test of the system are given along withitlexamples.

In the next chapter mechanism selection, desigrsgshand the kinematic

parameter determination process of are explained.
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CHAPTER 4

MECHANISM DESIGN

4.1. Introduction

During the development process, from the idea ngitde product, all design
processes consist of different phases. ldentiboatif design phases provides fast and
reliable design process. The process of designishaded for the development of the
mechanism is represented schematically in Figure 4.

The design of the mechanism begins with the ideatibn of task. Evaluating
the design parameters, the conceptual designsoanged and final design of the

prototype mechanism is configured via simulations.

(1)_Identification of the Task

v

(2)_Design Parameters

v

(3)_Conceptual Designs

(4)_Final Design of the Prototype D
l Design Changes

A
(5)_Eirst Prototype —T

(6)_Design of the Final Mechanism

'

(7)Manufacture ~ f----------oo- .

Figure 4.1. General design phases
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The design of the prototype mechanism is manufadtand validation tasks
are conducted. Complying with the test resultseasary design changes are identified
and the design of the prototype mechanism is régargd. Finally, the necessary
design changes are applied, the final design isulaied and the optimal design
configuration is manufactured.

This chapter describes the study towards desigraaalysis of a novel 6-DOF
hybrid haptic device that is composed of R-CUBEeaactive 3-DOF translational
motion and passive 3-DOF orientation mechanismrdtational motion monitoring.
The design procedure of the mechanism is explaméuke order of the general design
phases as outlined in Figure 4.1. The evolutiothefsystem is shown with figures and
geometric design procedure is explained. Finally Kmematic and force analysis
formulas that will be used for position and toraqummtrol of the system are presented

and explained.

4.2. ldentification of the Task and Design Criteria

This thesis outlines the design of a general pwpg@ptic device for fine VR
and teleoperation applications that require higlesel of precision. In order to
develop a general purpose haptic device a kinasithesktop device is selected since
it supports a wide variety of applications. The fybmechanisms have both the
advantages of serial and parallel structures asused in Chapter 2. Therefore, the
structure of the mechanism is selected to be corddjas a hybrid structure.
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Table 4.1. Design criteria of the haptic device

Sensation

Kinaesthetic

Structure

Hybrid

Concept of Structure

Desktop Device

Footprint

<150-200 mm

DOF

>6

Force feedback

Translatior 4,, U,, U,

>100 W x 100 H x 100 D

Workspace
mm
Continuous exertable force >0.8N
Nominal Resolution < 0.1 mm

The device is designated to provide feedback ssgtmatietermine the pose of
the rigid body in space, therefore it should befigomed as a 6-DOF mechanism. Only
point type contact is considered for this thesistre DOF can be grouped as 3-DOF
active translational and 3-DOF passive rotatiomgiadering the task requirements the
design criteria of the mechanism are listed in &ahll. The workspace, continuous
exertable force and the resolution of the systeensatected to be compatible with the

commercial haptic desktop devices that are review&thapter 2.

4.3. Conceptual Designs

According to the specified design criteria, thegdlole mechanism types for the
hybrid structure reviewed in two groups, transkatemd orientation mechanisms. For
translational mechanism, Delta, Cartesian Paraliell R-Cube manipulators are
considered and for orientation mechanism Agile Bygbrid-Spherical and Serial-

Spherical manipulators are considered in conceplesibns (Dede, et al. 2009).
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4.3.1. Translation Mechanisms

Delta robot (Figure 4.2) is a 3-DOF parallel matapor with 3RRNR structure
that is used for translational motions for varidugptic device designs. It has
seventeen links connected with twenty-one joint @ire actuated by three ground
fixed rotary motors. It has coupled motion andsitisicture provides high resolution,
manipulability and high loading capacity with rélaly limited workspace.

Figure 4.2. Delta manipulator

Cartesian manipulator is a 3-DOF parallel manimulatith 3PRRR structure.
It can generate only translational motions (Figdir®). It has three legs that consists
eleven links connected with twelve joints includivase and platform. The actuation is
provided by three prismatic joints with linear aattars. The motion of the manipulator
is de-coupled in the direction of the prismaticsaxe

Figure 4.3. Cartesian manipulator
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R-CUBE manipulator is a 3-DOF parallel manipulatoth SNRRR structure
(Figure 4.4). It can generate translational motmith only revolute joints. It has three
legs and seventeen links connected with twentyremelute joints. The motion of the
moving platform is directly related with the inpat the first links, therefore the
structure has decoupled motion making use of radatyators. Its kinematic analysis
is simple with respect to other manipulators duethite de-coupled motion. The
singularities of the manipulator only exist at timeits of the workspace which is easy
to avoid (Li et al. 2009).

Figure 4.4. R-CUBE manipulator

4.3.2. Orientation Mechanisms

Agile Eye is a 3-DOF parallel manipulator with 3RRRucture (Figure 4.5).
Its workspace is a 140° cone with £30° in torsitirhas eight links connected with
nine joints. As a constructional advantage, it gamind fixed sensors. The structure

has coupled motion.
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Figure 4.5. Agile eye

Hybrid-Spherical is a 3-DOF hybrid manipulator WRRE+R structure (Figure
4.6). Its workspace is a spherical surface with°+#80 +90°(y) £120°(z). It has four

links connected with six joints. It has 2 grounxefi and 1 moving sensors.

Figure 4.6. Hybrid-spherical manipulator

Serial Spherical Manipulator is a 3-DOF serial rpafator with RRR structure
(Figure 4.7). As a consequence of its serial stinectit has large workspace with a

range about £120° around all directions, but it faas moving sensors.

Figure 4.7. Serial-spherical manipulator
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Table 4.2. Comparison of translation mechanisms

Mechanism Delta Cartesian R-CUBE
Number of Joints 21 12 24
Number of Links 17 11 17

Kinematic analysis Complex Simple Simple
De-coupled motion No Yes Yes
Actuation Revolute Prismatig Revolute
Ground fixed motors Yes Yes Yes
Types of joints R R-P R

The comparison table of the conceptual designsrémslation and orientation
mechanisms are shown in Tables 4.2. and 4.3, risgplgc These two tables are used

to select the configuration for the prototype ad ttybrid mechanism.

Table 4.3. Comparison of the orientation mechanisms

Mechanism Agile eye Hybri(_j ) Seria_ll-
Spherical Spherical
Number of Joints 9 6 3
Number of Links 8 4 4
Kinematic analysis Easy gg:g;lg( Complex
De-coupled motion No Yes No
Workspace S/:v(i)trr]]ei\}sge igffzigoo ig&
torsion B +120°
Sensation Revolute Revolute Revolute
Ground fixed sensors Yes Partially No
Types of joints R R-S-SI R
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4.4. The First Prototype Mechanism

Considering the specifications of the conceptualigies outlined above, R-
CUBE structure has unique properties as a hapticcelenechanism. The structure of
the mechanism includes only revolute joints, whicbreases the manufacturability
and decreases the cost. The decoupled motion geBulstraight forward direct
kinematics solution and static force analysis af #ystem. In haptics, due to the
random motion of the operator, one of the most itgmd facts is the singularity
positions. Singularity analysis of the system scdssed (Li et al. 2009) and R-CUBE
is proven to allow prevention of singularities wahproper design. Therefore, among
the other translation mechanism candidates, R-CbigEhanism is selected. Hybrid-
Spherical manipulator consists of revolute, splargnd sliding joints at once and it
has also difficult manufacturing and assemblingcpsses because of its complex
structure. Nevertheless, this structure is a cotweal mechanism for many control
applications including game consoles. Hence, asmdative mechanism hybrid-
spherical manipulator structure is demounted fraystick and employed into the
system.

The entire system is manufactured from stainlessl stue to its resistance to
corrosion and heavy loads with laser cutting tetboo Laser cutting technology
provides high precision and reduced contaminatmmtlie links. Sliding joints are
selected for their low cost and assembly easinegsn though it decreases the
precision. Stepper motors are used as the actusecause of their low cost.
Manufactured prototype system with orientation @rachslation mechanisms can be
observed, in Figure 4.8 with 1 and 2, respectively.
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Figure 4.8. Manufactured prototype mechanism

The manufactured mechanism is integrated with ott@mponents of the
system and tested. Although the prototype systemmatabe employed as a haptic
system, the initial tests of the prototype systerovide promising results for its

manipulability.

4.5. Design of the Final Translation Mechanism

Design of the translational mechanism is presemiéd three sections (1)
Structural design parameters, (2) Mechanical padighs and (3) Link parameter
determination. In the first subsection, the desaiteria of the mechanism are
identified. The necessary mechanical componengdssare developed in the second
subsection and finally, in the third subsection tlienensions of the links are

determined.

4.5.1. Structural Design Criteria

In the prototype mechanism, the original structofeR-CUBE had some
actuation problems due to the unequally distribugeavitational effects. Hence, the

original structure of R-CUBE is reoriented and #fgect of gravity is distributed
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equally to all actuators. Apart from that, suchoaiented configuration also facilitates
the controller design and gravity cancellation alpons.

The original structure configuration and the pregmb configuration are shown
respectively in Figures 4.9(a) and 4.9(b). The trotaof the structure is based on
iIsometric projection problem, which is explainedtire following section (Carlbom

and Paciorek 1978).

() (b)

Figure 4.9. R-CUBE designs: (a) Original designui@e: Li, et al. 2005),
(b) Rotated design

In haptics, due to the random motion of the operatmtion through singular
positions must be restricted. During the desigrcedore two singularity conditions
are encountered which are important to avoid mechtyn One of them is already
discussed in the work by Weimin Li, et al. 2009 gmdsented as avoidable with a
proper design. The reported singularity is atbat 90 of the first link of the
mechanism which is shown in Figure 4.10(a). Althotige four-bar mechanisms are
reported as possible engineering trouble by Weinniret al, the problem is resolved
by precise manufacturing technologies and the r@alinconstraint structure are used
in order to avoid the singularity position mecleatly (Figure 4.10(b)).
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(@) (b)

Figure 4.10. Singularity in the first link: (a) $ularity if 6;=+90, (b) Singularity
avoidance

In Figure 4.11, the link lengths of th® jink is denoted by;lfor j=1, 2, 3, 4.
The singularity ab,=0 may cause trouble at the boundaries of the \pades Hence
the link lengths of the link;;Ifor j=2, 3, 4 are configured to avoid any link [cbns
and possible singularity positions. The link leng#termination process is based on

the iterative simulations of the mechanism thateasarried out in CosmosMotion®©.

Figure 4.11. Length of the second, third and folirtks

The location of the workspace is important for doenpactness of the design
and it is limited with the footprint of the haptievice which is specified in the design
criteria table (Table 4.1). The graphical represgoms of the workspace and S

parameter which defines the distance of the acatkis from the origin of the base
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frame are shown in Figure 4.12. The location ofwlekspace is determined with S
parameter by identification of the dimensional taions of the mechanism.

Figure 4.12. The workspace and thg@&ameter of the mechanism

Lengths of the first links (Figure 4.13) determthe volume of the workspace.
According to the design criteria the first link ggh of the mechanism is calculated by
direct kinematics analysis formula which is showrdetail, in Section 4.7, in order to

meet the 120x120x120mm workspace specification.

Figure 4.13. Joint variables and length of the firks
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4.5.2. Component Design Criteria

The main criterion of the parallel mechanism igl&velop a universal design
that is appropriate for different types of oriemdat mechanisms, so the moving
platform of the mechanism (Figure 4.14) is desigoaahplying with this criterion. An
example of this is presented in Figure 4.15 wheséead of the orientation mechanism
a simple handle mechanism is mounted on the phattbus the hybrid mechanism’s
total DOF is decreased to 3-DOF. Similarly, mougtn4-DOF mechanism can result
in a total 7-DOF hybrid structure.

Figure 4.14. Platform of the mechanism

During the design of haptic desktop devices, onthefmost important design
specification is the handle space that is requifed operator's hand to fit
ergonomically, especially when converting a staddaanipulator design into a haptic
device. Therefore during the design of the finalchamism, the ergonomics of the
handle space is also conceived in the design phase.

In the design, the locations of the sensors sekected for aesthetic
considerations and to have a universal designnfoorporating various sensor types.
The three position sensors of the mechanism mouettede base frame on the free
rocker of the four-bar mechanisms as shown in [eigut5(a) denoted as 1, 2, 3. The
position sensors of the mechanism can be replagbdvarious types of sensors only

by remanufacturing the sensor housings. In Figui®&(®), the sensor mechanism is
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shown with the sensor housing denoted as 1, thesas 2, the bearings as 3, and the
shaft of the sensor as 4

(b)

Figure 4.15. Sensor locations and sensor housisigrie (a) Location of the sensors,
(b) The design of the sensardigs

The CAD representation of the joint structure i®wsh in Figure 4.16. The
structure has a shaft (4), bearings (3), screwsuft)the bearing plates (2). The outer
bearing plates at the left and right hand sidénefimnage are shown in the Figure 4.16.
They provides leaning surface for the screws wfaktening the joints. The inner
bearing plate shown in the middle of the image @nw the outer races of bearings
against getting stuck. The main objective in thesign is to improve the mechanical
precision of the joints. Besides it is also aimedésign a compact structure which has

easy disassembling procedure.

Figure 4.16. CAD representation of joint componévsscrew, bearings and bearing
plates
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4.5.3 Link Dimensioning and Shape Identification

Link dimensioning and shape identification of tmanslation mechanism are
results of the structural and mechanical critetitimed previously. The determination

criteria can be listed as;

)] Dimensions of the workspace

i) Location of the workspace

i) Universal design

Iv) Structure of the joints

V) User’s handle space requirements

Vi) Singularity avoidance

The lengths of the first links are determined tcetrtbe workspace dimension
specification. Previously defined 100x100x100mm kgpace criterion is extended to
120x120x120mm, in order to avoid the motions in these-range of the singular
positions. The location of the workspace, which ingportant for the general
dimensions of the mechanism, is identified with thax footprint criterion (Table
4.1). The universal design criterion sets the disiars of the moving platform (Figure
4.14); therefore the dimensions are determined ey dize of the possible upper
mechanisms. Volumes of the links are minimized tecrdase the weight of
mechanism. The cross-sectional area of the linkgtermined through the dimensions
of the joint structure (Figure 4.16). The secotnikdt and the fourth link length and
shape determination process is based on the weraimulations carried out in
SolidWorks© CosmosMotion®© utilizing the singularippsitions, link collisions and

handle space ergonomics.
4.6. Design of the Final Orientation Mechanism

The serial structure proposed for the final desiges not have any structural
criteria. Therefore, link dimensioning and shapenidfication of the orientation

mechanism’s links is the result of criteria;
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)] Sensation levels
i) Ergonomic design

i) Available sensors

Due to the manufacturing limitations and precisrequirements, previously
employed orientation mechanism of the prototypeesyss replaced with the serial-
spherical manipulator in the final design. The wiaion mechanism, serial-spherical
manipulator is a 3-DOF-RRR spatial serial mecharsBown in Figure 4.17.

The mechanism is designed for monitoring the roteti motions of the user’s
hand, so it is designed in consideration with handtgonomics. The design is
manufactured in rapid prototyping machine in olnolatories and the ergonomics are
tested (Figure 4.17).

Figure 4.17. Orientation mechanism

The primary challenge in the design of this mecémanis adjusting the size of
the mechanism with huge amount of components, asgbosition sensors, bearings,
cables and A/D converters. 3-DOF rotational motiasfs the end-effector are
monitored through three miniature sensors as shiowhigure 4.18 (b). The A/D
converters are mounted inside the mechanism (Figu& (a)) in order to reduce the

noise level by converting the analog outputs ofgbsition sensors to digital signals.
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(@) (b)

Figure 4.18. Position sensors: (a) Location ofsesors, (b) Dimensions

The design procedure of the mechanism is finisheith wiecessary
modifications to facilitate the manufacturing preseFinally, the model is designed in
CAD environment and blue-prints are prepared fer tist of the ergonomics of the
mechanism. The CAD design of the new configurabbthe hybrid mechanism with
motors, sensors, bearings is shown in Figure 4Tt@& manufacturing process is

discussed in the following chapter.

Figure 4.19. The CAD representation of the finadige
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4.7. Kinematics and Static Force Analysis

Haptic devices are the systems that are used tapolate virtual or real
systems that may be a virtual or a robotic armorter to control a virtual or real
system by a haptic interface, the position of thadle point has to be measured then
measured or calculated forces from the VR systemther slave side of the
teleoperation must be reflected back to the operatee position of the tip point, Wr,
(Figure 4.20) must be calculated with direct kindmaanalysis of the parallel
mechanism (R-CUBE) making use of the joint sensadings. Forces on the VR
system or teleoperation slave system must be eaémlilor measured to restrain the
operator’s motion with calculated forces. In thisctson the position and torque
calculation formulas of the developed haptic deaepresented and discussed.

In Figure 4.20, position of the tip point, Wr, isfthed as the intersection point
of the last link connection surfaces on the movahaiform. The origin of the base
coordinate frame, O, is located at the intersecpomt of the unit vectors of the
coordinate frame that is originated from the reipeactuator axes. The mechanism
parameters, variables and the rotated coordinae ax shown in Figure 4.20 that are

used in the direct and inverse kinematics analgsid,in the static torque calculations.

Figure 4.20 Mechanism parameters
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In the parallel mechanism, the translational mobtbithe platform is regulated
by the orientation of the actuators. Due to theodpted motion of the mechanism, the
motion alongu ;, U, and U3 axes is only dependent on the motors placed osahe
axes which have rotations aboub, UGz and G, axes, respectively. Therefore, the
mechanism’s direct and inverse kinematics analgsiglatively trivial. Nevertheless,
the mechanism is only decoupled in rotated cootdiframe as shown in Figure 4.20,
hence the torque and position analysis of the sysecarried out in rotated coordinate
frame. For VR or teleoperation applications cooatle frame is reoriented with
rotation sequence presented in Equations 4.1,/24&88. The reorientation angles,
and B, are calculated by using the isometric projectiepresentation (Figure 4.21)
(Carlbom and Paciorek 1978).

é( RW) = eﬁl”eﬁzﬁ m
a =arcsin(tarB0°) L 3526° (4.2)
[ =-45° (4.3)

Figure 4.21 Isometric projection

The control scheme of the slave system is basettheicalculation of the Wr
point by utilizing the measurements from the possi sensors. This procedure is
generally called direct kinematics. In the Equatb#, the calculation of the position
vector of the tip point, Wr, with respect to thegar point, O, in the ground reference

frame which is resented in Figure 4.20, is desdribe
Wr =Wr,d, +Wr,i, +Wr,, (4.4)
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Components of the Wr vector are a function of tbgatron amounts of the
actuatorsf, as shown in Equation 4.5. The zero position efahglef;, is represented
with dotted line in Figure 4.22n Equation 4.5; Ss the distance between motor axes
and origin point presented in Figure 4.20slthe link length of the first link which is

previously presented in Figure 4.20.

Figure 4.22. Joint variabl®;] and torque (i) directions
Wr =S+l sin(@), i=123 (4.5)

The inverse kinematics solution is given in Equati@l.7 and 4.8. In inverse
kinematic solution, the mechanical structure of tbar-bar mechanism limits the
motion of the first link to about £65°. Thereforkis not possible to pass to the region
where the cosines of the joint variables becomeativgy As a result of this, the sign
ambiguity denoted witls in Equation 4.7 can be neglected andan be taken as +1

without the loss of generality.

sin(8) :er—s i=123 (4.6)

codd)=o1-sin?(g); o=+1 (4.7)

g =arctan(sin(6) cod8))) (4.8)
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The components of the applied force, F, are caledlan the ground reference

frame in Equation. 4.9.

F = F, + F,0, + F,0, (4.9)

Torque demands for a specified force that has tafdpdied to the operator’s
hand can be formulated by Equation 4.10. In Equatid O, T is the torque required to
be applied by the actuators about their respeetie of rotation as shown in Figure
4.22, and F is the desired force to be appliedthe¢ooperator’s hand. Torque values for
each actuator are calculated by taking cross ptodfuthe moment arm vector, Wr,
and the force vector, F, and then taking the dotypct with the respective actuator’s
rotation axis. The torque element in all axes thas the moment arm along its
respective axis is neglected because the forcésatibe transferred as a consequence
of the rotation axis arrangement of links 2, 3, dndr is the torque applied by the
actuator about each axis as shown in Figure 4120 Fais desired force to be applied

to the operator’s hand.

Tl - Fl (Wr3)
T, = F,(Wr) 4.10)
T3 = FS (WrZ)

In Figure 4.23, the tip point of the parallel megisan is denoted with Wr. The
orientation mechanism is in the form of a spherwaist configuration. Thus, its
forward kinematic analysis is provided as a sesfgsure rotations as in Equation 4.11.
The orientation mechanism is a passive mechanisiiriverse kinematics solution is
not required since the motion of the mechanismais aontrolled by any actuation
system. The measured angles from this mechanismsackonly for the control of the

rotation motion in VR or teleoperation applications
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Figure 4.23. Wr point of the mechanism

C (36) — e|-7394 eaz'gs eGSHG (4 11)
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CHAPTER 5

MANUFACTURING PROCESS

5.1. Introduction

The designed device is manufactured by utilizingriots types of
manufacturing processes, such as wire erosion; tagéng, milling and turning for
both translation and orientation mechanism. In ganide manufacturing process of

the entire mechanism is challenging due to;

)] Small scale parts

i) High precision parts

1)) Parallel structure

Iv) Irregular part shapes

V) Non-magnetic materials

Vi) Average machinability materials

The design of the mechanism includes small bearigsaring housings,
bearing shafts, wiring and electronic component sesuwhich are difficult to
manufacture with conventional manufacturing proesssAll moving parts of the
mechanism are manufactured with high precision meo to detain possible
backlashes and develop high precision mechanismid&ntical and less precise parts
in a parallel mechanism can also block the motioihn® mechanism. As a result of the
link length and shape determination process outlinesection 4.5, the manufacturing
of the irregular shaped parts result in a difficaitd long manufacturing process.
Especially, the platform of the mechanism is mactuiieed in several manufacturing
phases. The presented materials which are disciursgbd next section have average
machinability and non-magnetic atomic configuration general magnetic materials
can be clutched with magnetic clutches to the ngliand turning machines, however

non-magnetic materials require custom manufactdneire in order to fix the
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workpiece to the machines. Manufacturing the paftthe mechanism with custom
gages and fixtures increases the cost and timteeahtanufacturing process.
In this chapter the steps of the manufacturing ggecare presented and

explained with figures.

5.2. Material Selection

In material selection for translational mechanisine, primary objectives are to
manufacture the mechanism with a material thatigist,| non-corrosive, and rigid.
Therefore, non-ferrous metal alloys based on alumin zinc, nickel, copper,
titanium, tungsten and cobalt are investigated andng the other non-ferrous alloys
aluminium alloy 7075 is used to manufacture of therallel mechanism. 7075
aluminium alloy includes 5.1-6.1% zinc, 2.1-2.9% gmesium, 1.2-2.0% copper,
maximum 0.4% iron, less than 0.4% silicon and otfmetals. Its density is about
0.0028 g/mm?3 and it has wide application in higtixessed structural parts that range
from various commercial aircraft components, aesiospto defence equipments. The
material combines high strength with moderate toegk and corrosion resistance.
Alloy 7075 offers reasonable price and good madhiitg when machined with
carbide machining tools.

The primary objective during the material selectioh the orientation
mechanism is to use ultra light materials, in otdereduce the payload amount of the
platform of the mechanism. An engineering plastast polyamide commonly known
as Kestamid© can provide low densities with reabtnaigidity and price. Delrin
material has density about 0.0014 g/mm3 and it Wwake application for general
purposes especially in chemical and food industiteis resistant to corrosion and it
has average machinability.

5.3. Manufacturing Process of Translation Mechanism

The manufacturing process of the translation masharnitialized with the
manufacturing of the base frame is shown in Fidghuke Different from the other
components of the translational mechanism, the frase is manufactured with sheet

stainless steel because of the high strength egeints. The base frame is the chassis
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of the mechanism; it carries the actuators, sensodsthe mechanism. Therefore its
dimensions have to be accurate. Among the othestghetal cutting technologies
more precise laser cutting technology is used Hermanufacturing of the parts. The
parts of the base frame and the assembled framé&aeen in Figure 5.1(a) and
Figure 5.1(b), relatively.

(b)

Figure 5.1. Base frame of the mechanism: (a) P@ntsAssembled structure

The sliding joints of the prototype mechanism aglaced with roller-bearing
joints in the recent mechanism to be able to pregessible backlashes. In the joints,
bearings that have 8mm outer and 5mm inner diameter3 mm width are used. For
such a small scale roller-bearings, small scal&sffaigure 5.2(a)) and bearing houses
are manufactured. The shafts are manufactured bg @ikhing machines from brass
for its good strength and corrosion resistance gntas (Figure 5.2(b)). M4 screw
thread is cut inside of the shaft for fasteningjthets.

(a) (b)

Figure 5.2. Shafts of the mechanism: (a) CAD regm&ion of shafts with M4 screw
thread, (b) View of the bearingsstraft
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During the manufacturing process of the translatieechanism the principal
technique is the wire-erosion machining. Wire-esnsimachining is a modern
machining process, based on material removal tdéogpowith rapid electrical
discharges. It has the capability to manufactuee dbmplex shapes from very hard
material with smaller tolerances. It also allows nefacturing of very small
workpieces which is not possible with conventiot@bls. Therefore, most of the
precise parts are fabricated with this process.eWipsion machine can be seen in
Figure 5.3 during the manufacturing process oflitiies.

Figure 5.3. Wire-erosion machine

The bearing plates are small parts that have 6.Z2uter and 5mm inner
diameter. In order to manufacture such precisespa@75 aluminium plate, with wire-
erosion. The manufactured parts and assembled abrdpaign of the joint can be
seen in Figures 5.4(a) and 5.4(b), respectively.

(a) (b)
Figure 5.4. Links of the mechanism: (a) Bearinggda(b) View of the joint
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The manufacturing of the bearing houses are on¢h@®fmost demanding
process in the mechanism. The axes of the joins briparallel and identical to result
in smooth joint motions. The bearing houses aredawing the manufacturing of the
links then the holes are widened with drilling évlled reaming process to meet the
bearing tolerance specifications. The entire pr@dssaccomplished with custom
designed and fabricated gage shown in Figure 5.5.

Figure 5.5. Custom gage for bearing houses

The links 1 and 2 are manufactured with wire-enosfoom, 5mm, 7075
aluminium sheet metal and then the process ishiiswith counter-sinking. The

manufactured link 1 and 3 can be seen in Figu@&®pand 5.6(b), respectively

(b)
Figure 5.6. Links of the mechanism: (a) Link 1, (imk 3

Other links, 2 and 4 is also manufactured with veresion from, 14mm, 7075
aluminium plate. In the second step, the bearingsée are completed and finally, all

links are perforated in order to decrease the weifthe links. The perforated view of
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the fourth link and an assembled leg of the medmamian be seen in Figure 5.7(a) and
Figure 5.7(b).

(b)
Figure 5.7. Links of the mechanism: (a) Link 4, Assembled links

The moving platform of the mechanism is manufactuyrg CNC milling from

7075 aluminium billet. Among the other parts of thechanism, this part has the most
challenging manufacturing process due to its id@gushape and accuracy
requirements. The geometry of the part is basedhenmaodification of a cube;
partiality shown in Figure 5.8(a) and 5.10(a). Thafaces of the cube have to be
parallel and the cube must provide high fidelity ogetry. Therefore the
manufacturing process is started with fabricatioh ao uniform cube that has
approximately £0.001 tolerance range (Figure 5)3(b)

(a) (b)

Figure 5.8. Manufacturing process of Link5: (a) CAdpresentation of first edge
removing, (b) Manufacturing presef first edge removing
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The three screw holes for the joints are perforagdhown in Figure 5.8(a).
Afterwards the workpiece is rotated abaytand  (Equation 4.2, 4.3) by bevel

protractor and the one edge of the cube is remaseshown in Figure 5.8(b).

Figure 5.9. Custom fixture for link 5

The other edge of the link is removed with custextufe shown in Figure 5.9
and the manufacturing process can be seen in Fig®&b) by milling machine.
Created surfaces are not the working face. Thezetbe precision of the edge

removing process is not important.

(@) (b)

Figure 5.10. Manufacturing process of Link5: (a)[@Aepresentation of second edge
removing, (b) Manufacturing presef second edge removing

Finished moving platform of the mechanism from ahiom alloy 7075 can be
seen in Figure 5.11. The part is also manufactdireeh polyoxymethylene plastic
(delrin) material by the same manufacturing proegss order to reduce the total
payload.
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The manufacturing process of all links and the bafls¢he mechanism are
finished with polishing process to acquire clearfesze. Then, inserts (Helicoil©) are
threaded into the pre-taped holes to provide a rapndeiring threaded screw holes.

Figure 5.11. Finished platform of the mechanism

5.4. Manufacturing Processes of Orientation Mechasm

The orientation mechanism is manufactured utilizimgning process and hand
workmanship process with Dremel©. The precisiothef mechanism and the strength
of the structure are relatively less significarartithe lower mechanism because the
structure has no active joints. It is a composetbof main parts as shown in Figure
5.12. In Figure 5.12 base link denoted as “1”, fitat link as “2”, the second link as
“3”, and the third link as “4”

Figure 5.12. Orientation Mechanism

The base of the mechanism is used to fix the ai@mm mechanism to

translation mechanism. It is manufactured from &esi© by turning. The
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manufacturing process is simple since it containly @ sensor house and bearing

house. The manufactured base link can be seemumne=5.13.

Figure 5.13. Base of the orientation mechanism

The first link of the mechanism is shown in righdnk side of the Figure
5.14(b), it is manufactured from kestamid© by taghand hand workmanship process.
It includes bearing surfaces for the first andtbeond axes and sensor housing. It has
also simple manufacturing process except for thhe ways that can be seen in Figure
5.14(a).

(a) (b)
Figure 5.14. Link 1: CAD representation of link(h) Link 1 and link 2

The second link can be seen in the left hand sidbe Figure 5.14(b). The
components (Figure 5.16(a)) of the third axis ay@eszed in a small volume which is
partially shown in Figure 5.15. The link is the mhosmplicated part in the orientation
mechanism. Therefore the manufacturing proces®ng lnd difficult. Especially,
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manufacturing the miniaturize potentiometer howsa result of multiple trials. It is
manufactured from Kestamid®© by turning, milling amahd workmanship process.

Figure 5.15. CAD representation of link 2

The last link of the mechanism is shown in Figurg6gb). It does not include
any mechanics or electronics. It is the handle pairhe joystick so it is designed
considering the ergonomics. The manufacturing @f lihk is also difficult due to the
dimensions and the plastic material. It has ab@@mim length and 15mm pitch
diameter which causes workpiece vibrations durimg milling process. Hence the
milling process is accomplished in multiple trials.

(a) (b)
Figure 5.16. Link 3: (a) Shaft and bearings, (b)k_3
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5.5. Conclusion

The manufacturing processes of the mechanismsrasented in this chapter.
Even though the manufacturing process is chall@nglue to the, non-magnetic
materials, irregular part shapes and small scalgh hprecision parts, precise
manufacturing processes, such as wire erosiorm, ¢aseng, CNC milling and turning
made the manufacturing of the parts possible. €sts tof the assembled translation
mechanism (Figure 5.17) show that the mechanisns ¢m¢ have any structural
problems. Links and the joints of the system hawe frictional loss and provide

smooth joint motions which are important to providgher level of sensations.

Figure 5.17. Assembled translation mechanism

The orientation mechanism (Figure 5.17) also hasa#imjoint motions and
low frictional loss. It does not have any structyyeoblems, but it has some bearing
problems which is discussed in the following chepte
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Figure 5.17. Assembled orientation mechanism

In the next chapter, integration of the mechanisith wlectronic and electro-
mechanic components of the system is explained thadproperties of them are

presented.
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CHAPTER 6

INTEGRATION OF THE SYSTEM

6.1. Introduction

Haptic systems are composed of mechanical, elestrchanical and electronic
components. The mechanical component of the syistgmesented and manufacturing
processes are explained in the previous chapteng. dlectronics and electro-
mechanical components such as actuators, sensdesadquisition cards and motor
amplifiers of the system are required to be setkatel integrated to the system. In this
chapter, the selection of the outlined componetitthe system is discussed and
selected components are presented. The integraséehs is tested and according to

initial tests result, necessary design changeseistified and applied.

6.2. Data Flow Through the System

The basic components and the data flow among t@waponents are shown in
Figure 6.1. This flow chart facilitates the ideit@tion of the correlation and data
transfer between the system and the componentscditeol scheme of impedance
type haptic system starts with the measuremenhefpbsitions of the mechanism’s
degrees of freedom from potentiometers via dataiaitipn card. The analog signals
from the potentiometer are converted to digitahalg by ADCs in the DAQ card.
Through the reserved communication port of the éi@ital signals are transferred to
the computer control software and the forces adeulzied as a result of the
interaction between the object and the environnreMR or teleoperation application.
Afterwards, the resultant forces are transmittecklibough the same way, back to the
actuators of the mechanism. In a VR applicatiomuaed signals from the motion

sensors through the DAQ card are used to moveuwal/mbject in VR screen.
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VIRTUAL REALITY/
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Figure 6.1. Data flow

The only difference in teleoperation integrationtlms haptic device would be
that actual forces has to be measured on the slaeeof teleoperation instead of
calculating virtual forces in the VR environmentheTl slave system is usually at a
distant site. Therefore, the signals between thstenand the slave robot must have a
communication system such as the Internet, cableswviceless technology in

teleoperation systems.

6.3. Motor, Drive System and Motor Amplifier Selecton

Among the other actuation methods presented ifCtiagpter 2, DC motors are
the most frequently used actuator types in thegdesi the robotic applications owing
to their simple structure, low cost, high reliatyiland wide availability for various
applications. DC motors are also used in the desighe haptic devices. In this thesis
due to their advantages outlined above, BrushleSsnidtors are employed in the
system. Basically DC motors can be grouped in twtegories as brushed and
brushless DC motors. Brushed DC motors are compos$datushes, commutator,
stator and rotor. Because of the switching meclhanmsotor and the maintenance cost
of the actuator is high and the structure of theom sensitive to dust and abrasion.
In contrast brushless DC (BLDC) motors include amlgermanent magnet rotor and a
stator. In BLDCs, the switching is generated veliactronic switching circuits, instead
of any mechanical switching. The advantages obtiiehless DC motors can be listed
as
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)] Includes fewer components that result in simpleicstire and low
inertia.

i) Low maintenance requirements and long life.

i) High efficiency.

V) Reduced motor length and compact design.

V) Low switching noise.

The disadvantages of the brushless dc motor caoatfigm relative to the

brushed DC motors are;

) Relatively high cost due to the cost of the permangagnet.
i) Do not include any shaft for position sensing.

1)) Complexity in the electronic controller.

The actuators are selected as a result of the famedysis performed in the
CAD simulations. The applied force specificatioridsapply at least 0.8 N of force in
all directions. This specification is consistenthwthe similar haptic devices in the
market (www.sensable.com). The initial selectionhaf actuator is a Maxon brushless
DC motor that provides 310 mNm of continuous torgeeording to its datasheet
(Figure 6.2).

Figure 6.2. Selected maxon motor

In haptic devices, usually DC motors with capstemes are used. However, it

is foreseen that in time, the cables of the capdtares loosen and results in loss of
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precision since the mechanism is driven without dmgnsmission mechanism.
Brushless dc motors are used in direct drive folonat
The system requires motor amplifiers that drive theee BLDC motors

through current mode requiring +/- 10 V analogumals as inputs. Maxon brushless
dc motor amplifiers (drivers) are selected to bempgatible with the current
requirements of the motors. These amplifiers aesl s drive the actuators in current
mode can be seen in Figure 6.3, which enablesive thie actuators by torque inputs
that originated from the haptic controller systdrhe amplifiers are selected to have a

response rate of at least 1 kHz.

Figure 6.3. Selected maxon motor amplifier

6.4. Sensor Selection and Integration

The design of the mechanism allows using sepaetsoss to measure the
rotation amount of each actuator. Thus, it is eguired to have an encoder system at
the rear end of the actuator which usually hast9abiresolution. The four-bar
structure placed as the fist link has identical manlengths, which permits the same

motion on each link.
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Figure 6.4. Selected position sensors

A potentiometer or a higher bit resolution encod&-bit) can be aligned with
the free link of the four-bar system and measueesttme motion with more precision.
In the initial system, six potentiometers that pdevanalogue signals, three on the
parallel mechanism and three on the orientationha@em, are used due to their low
cost and simplicity. The selected potentiometegFe 6.4) for the links of translation
mechanism has linear track tapper, approximately® 2mechanical angle, *5
resistance tolerance and 1% linearity error. Ineortb design a compact handle
mechanism, it is required to use miniaturize poteméters.

The potentiometers of the rotational mechanism uf€ig6.5(a)) have small
dimensions about 10x11x4 mm. Although the presentedponents, called trimpot,
are not designed for position sensing, due to Yadability limitations of miniaturize
Size position sensors, these trimpots are usedns®s.

(a) (b)

Figure 6.5. Sensing the position of the orientatieethanism: (a) Miniaturize sensors,
(b) ADC and passive components
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In order to minimize noise in the analog signalsitrequired to convert to
digital signals directly. Therefore 16-Bit, High-&, ADC ADS8331 (Figure 6.5(b))
and the passive filtering components are mounteith@tack of the trimpots as shown
in Figure 6.6(a). Finally the integrated sensor ulesl are placed into the links of the
mechanism. Located sensor of the second link caeée in Figure 6.6.

(@) (b)

Figure 6.6. Integration of the miniaturize positgensors: (a) Integrated sensors,
(b) Sensors on the secomt ff the mechanism

Due to the noise effects in high speed digital sigicased ribbon cable is used
for the power and data transmission between thegiated sensors and DAQ card
(Figure 6.9). Other types of digital signal cabdes also tried such as standard ribbon
cables but positive results can be taken. Moretiverarray of the signal cables are
also important, the data, clock, positive suppigugd and enable signal cables are
denotes as 1, 2, 3, 4, and 5 respectively in Fi§ufe

Figure 6.7. Cased ribbon cable DAC data converter
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6.5. Custom Data Acquisition System Design

A data acquisition (DAQ) card is used to converalague inputs from the
potentiometers to digital signals to be fed inte tomputer and digital outputs from
the computer to analogue signals to be fed intortber amplifiers.

This thesis also comprises an experimental studytadesign and development
of a custom data acquisition system. The develodath acquisition card is
Microchip© PIC based system that has six 16-bit Aldverters and three 16-bit D/A
converters. The developed data acquisition systestudes three analog to digital
converter, micro processor, three digital to analognverters and RS-232
communication ports denoted with 1, 2, 3, and 4iclvltan be seen, respectively in
Figure 6.8.

Figure 6.8. Custom data acquisition system

6.5.1 The Components of the Custom Data Acquisition

The important components of the developed dataisitign system can be
listed as microprocessor, analog to digital corereand digital to analog converter
units. The selected microprocessor of the systenPl{818f4431; this midlevel
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microchip provides good performance with reasong@biees. It support clock speeds
up to 40MHz, it has 16384 bytes program memory, Bg&s of data memory and
high-speed 10-bit A/D converters. Moreover it alsmvides quadrature encoder
interface which could be used for optical sensipgrations in the later versions of the
developed haptic device.

The ADCs of the system is a product of Burr-Browhiskh can be seen in
Figure 6.9.The ADS8320 is a 16-bit ADC that proeidd0 kHz sampling rates via
synchronous serial communication protocol. It has/ low power requirements and
differential input. The ultra-small package sizeS®IP-8) of the ADS8320 makes it
ideal for compact data acquisition applications.

Figure 6.9. Selected analog to digital converter

The DAC714 is a low noise digital to analog congethat can provide +10
volt voltage output without any additional opamptshas high-speed synchronous
serial communication interface which can operatparallel bus connection, cascaded
serial bus connection with asynchronous and symchu® update. The output pin is
protected against possible short circuits to groand the reference pins allow offset
and gain adjustment. DAC714 is available in a plaBiP16 package which can be
seen Figure 6.10.
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Figure 6.10. Selected digital to analog converter

The developed data acquisition card is employed tsted in Matlab©
Simulink via serial port communication blocks irm& and frequency domain
applications. Nevertheless, the initial tests shbat the developed data acquisition
system can support up to 100 Hz of sampling rateclwis not usually enough in

haptic applications.

6.6. Commercial Data Acquisition System Selectioma Integration

Although various types of commercial data acquisitsystems are available,
due to the performance ratings, Quanser Q8 Hardimaitee Loop (HIL) Board from
Quanser Consulting Inc. is selected. Q8 has eigHiitLD/A converters, eight 14-bit
A/D converters whivh is enough for 6-DOF mechanisuorthermore, it also has eight
quadrature encoder inputs is for future modificagian the system’s sensors. The
system currently occupies three D/A converters rfmtor amplifiers and six A/D
converters for the potentiometers of the Q8. Whienan motion is limited to 10 Hz,
forces that are up to 1 kHz is important for thecpption of the outer media.
Therefore, in general, haptic devices are requivdthve at least 1 kHz (Akahane et al.
2005) of sampling rate in order to accurately pilevihe sense of touch. Quanser Q8

can operate at 100 kHz sampling rates even in sameibus acquisition.
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Table 6.1. Specifications of Quanser Q8 DAQ Card

Analog Inputs 8x14-bit
Analog Outputs 8x12-bit
Quadrature Encoder Inputs x8
I/O Channels 32xProgrammable
Dedicated Counter/Timers 2x 32-bit
Reconfigurable Encoder )
Counter/Timers 2x 24-bt
PWM outputs X2
PCI bus interface 32-bit, 33 MHz

Due to the limitations of the developed custom datquisition card (Figure
6.7), the initial tests of the mechanism are pentsd with the purchased commercial
DAQ system. Nevertheless the small dimensions amd houses (Figure 5.14(a))
transmitting the analog sensory outputs from thehaeism are impossible. Therefore
the digital signals from the embedded DAQ compaonéhRigure 6.6) are converted by
the use of ADC to DAC converter circuit which candeen in Figure 6.11.

Figure 6.11. ADC to DAC data converter

In custom DAQ card the primary delays are the tesulimited transfer rates of the
serial port, so despite the designed circuit i atsludes the same components with

the presented custom DAQ system, it can operaténtite desired frequencies.
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6.7. Initial Tests and Modifications

The integrated system is tested and necessary ndesmgdifications are
identified and some of them are applied system.oAting to the integrated system

test results, necessary modifications are addressed

)] Rotation of the mechanism

i) Motor selection

i) Sensor selection

V) Second link of the orientation mechanism

The initial test results revealed that the reogdntiechanism (Figure 4.9(b))
increased power consumption with respect to thgirai configuration (Figure 4.8) as
shown in Table 6.2. Hence the orientation of tlagfation mechanism is changed

back to the previous configuration (Figure 6.13).

Figure 6.12. Modified 6-DOF mechanism
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Table 6.2. Max Power Consumptions for Gravitatideiiécts

Motor No | Ampere
1 4.2
Reoriented Configuration 2 421
3 4.35
1 0
Original Configuration 2 4.81
3 0.8

Although the technical specification sheet of tledested rate presents the
motor’s stall torque at 310 mNm, it is measured tha actuator can apply one third of
the rated stall torque. Furthermore, changing lhekorientation of the mechanism
decreased the force feedback capability. Nevedhkethis configuration can still
provides enough torque rates to the mechanismrdardo achieve the required the
feedback capacity more powerful brushed dc mot@pkanned to be used.

Initially selected analog position sensors (potangters) provide noisy data
which can results in precision loss. Therefore t2Hvee-channel incremental optical

sensors (Figure 6.12) can be replaced far the poteeters.

Figure 6.13. Selected optical encoder

The bearings and sensor installation track of #woid link of the orientation
mechanism is denoted respectively with 1 and 2iguré 6.14. The installation track
is necessary for the installation of the DAQ modafethe last link, however the
deficiency in the sensor houses results in seffimeklash on the handle mechanism.

So the design of the link has to be modified.
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Figure 6.14. Second link of the orientation meckami

6.8. Conclusion

In this chapter, the integration of the mechanisith ¥he electro-mechanic and
the electronic components are presented. Data dilomng the system components is
explained and the specifications of the system @raepts are presented. Considering
the initial test results, the necessary modificaiare listed.

Integrated mechanism can be seen in Figure 6.14 YR application,
computer control scheme, DAQ components and thénamem is denoted by 1, 2, 3,

4 in Figure 6.14, respectively

Figure 6.14. The 6-DOF haptic system
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CHAPTER 7

CONCLUSIONS

7.1. Conclusions

The aim of this thesis is to develop a general psgphaptic device that
provides higher precision ratings. Hence, previdwaptic device designs are
investigated, current haptic systems’ sensatioesygre reviewed, mechanisms and
their structural advantages are identified and ibappplications are grouped as
teleoperation and VR haptics. Afterwards, the gainkaptic device components are
listed and previously employed materials are reemwThe difference of the
admittance and impedance haptic devices is desgribed drive systems are
investigated according to the type of the hapticide Some of the commercially
available DAQ systems along with the custom DAQtays are presented. Finally
graphical DAQ software development languages aesgmted and compared to
configure initial test environment making use of Y¥Rhnology.

Towards developing a haptic device, the design gha$ the mechanical part
of the system are clarified. According to the defirdesign phases, the design criteria
are identified and the conceptual designs are fdrregaluating the literature survey
results and the developed conceptual designs, RECbiBchanism is selected for
reflecting three-dimensional forces and 3R serpatial mechanism is selected for
monitoring the orientation of the operator’'s harite selected mechanisms are
configured as a haptic device and the dimensiond stmpes of the links are
determined to meet the specified design criteriee designed mechanism is modified
according to the manufacturing abilities, and thlkee mechanism is manufactured
utilizing various manufacturing processes. The irtgga points of the manufacturing
process are presented and discussed.

The mechanical, electro-mechanical, electronics software parts of the
device are integrated. Considering the force feeklb@quirements, motors are
selected along with the appropriate motor ampkfién order to improve the precision
of the actuation system, the driving type is deteea as direct drive. The sensors of

95



the system are identified and the orientation meisiha is integrated with its DAQ
modules. Experimental studies on the custom DA@ aae performed and appropriate
commercial DAQ system is selected and purchaseén,Tthe commercial DAQ
system is integrated with the other componenthiefrhechanism. Finally initial tests
are performed, necessary design changes are oHatedome of them are applied into

the system.

7.2. Future Works

Haptic system development phases can be listddée groups; the design and
manufacturing the mechanical structure, developroédata acquisition cards and the
development of VR or teleoperation application. tiUmow, the structural
development of the system is completed satisfying precision requirements,
experimental DAQ system is developed and testedeapdrimental VR is created in
Matlab Simulink.

In the future the mechanism can be remanufacturtddocomposite material in
order to improve the weight/strength ratio. Thettemechanical components such as
sensors and actuators can be replaced for betteramy and force ratings. . Hence, the
potentiometers can be replaced with optical ensoded the motors of the system can
be changed with other types of actuators such esess DC motors. Furthermore
passive actuators can be integrated to the existewyce; the four-bar mechanism
provides unique advantage for such an implememtaiibe developed custom DAQ
card’s sampling rate can be improved with the dsaare advanced technologies such
as DSPs and FPGAs. VR application can be enhanakdbetter VR modules or
custom programming. Moreover the system can begunafd as the master system of

a teleoperation application.
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APPENDIX A

SOURCE CODES OF THE SYSTEM

A.1l. Source Code of ADC to DAC Converter

/************************************************** *kkk
3 Channels ADC to DAC Converter
kkkkkkkkkkkkkkhkkkkkkkhkkkkhkkkkkhkhkhhkkhhkkkhhkkhhkkkhkkkhkkkhkk *kkk /

#include <16f877A.h>  \\ Microprocessor configtions
#fusesHS,WDT,PROTECT,NOBROWNOUT,NOLVP,NOPUT,NOWRT,
NODEBUG, CPD

#use delay (clock=10000000)

unsigned intl6 Value=0; \\ Global variables
#include "DAC714_4.c* \\Included library
#include "ADS8320_C.c"

[reexrekkkMain Program Functiong* s/

void main ()

{

setup_psp(PSP_DISABLED); \\Internal intptsu
setup_spi(SPI_SS_DISABLED);
setup_timer_1(T1_DISABLED);
setup_timer_2(T2_DISABLED,0,1);
setup_adc_ports(NO_ANALOGYS);
setup_adc(ADC_OFF);

setup_CCP1(CCP_OFF);
setup_CCP2(CCP_OFF);
setup_wdt(wdt_2304ms);
disable_interrupts(GLOBAL);

init_ext_adc_C(pin_d2, pin_d3, pin_c4); niiklizing the converters
init_ext_adc_C(pin_c5, pin_c6, pin_c7);

init_ext_adc_C(pin_d4, pin_d5, pin_d6);

init_ DAC714(pin_d1, pin_dO0, pin_c3, pin_c2);

init_ DAC714(pin_c1 pin_c0, pin_e2, pin_el);

init. DAC714(pin_e0, pin_ab, pin_a4, pin_ag3);
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while(True)

{

value=read_ext_adc_C(pin_d2, pin_c4, pin_d3)y Converting data
DAC_Writel6(Value,pin_d1, pin_dO0, pin_c3, pin);c2
output_low(pin_b7);

value=read_ext_adc_C(pin_c5, pin_c6, pin_c7);
DAC_Writel6(Value,pin_cl pin_c0, pin_e2, pin_el)
output_low(pin_b7);

value=read_ext_adc_C(pin_d4, pin_d5, pin_d6);
DAC_Writel6(Value,pin_e0, pin_a5, pin_a4, pin);a3
output_low(pin_b7);

A.2. Source Code of Computer Control and Virtual Rality Software

The computer control and VR software of the sysierdeveloped in Matlab
Simulink via Quanser Q8 analog inputs. Each opamatior the control of the
impedance type haptic device is conducted in sepanatlab blocks. The blocks that
are configured for VR application, sensor readingsward kinematics and force
calculation can be seen in the main window of tfensare (Figure A.1).

QuaRC Analog Loopback Demo

Double-click here
for instructions —_

E ED_ E E}* E)— Contraller 1 Tfum
1

VR Application Force Feedback

Traslation Pot Read ~ Orientation Pot Read Farward Kinematics

Controller 2 Torque2

Controller 3 Torque3

Figure A.1. Main program
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The initial tests of the mechanism and the actgatme performed as a
conventional manipulator then the system is opdratehaptic system. The tests of
the system is executed by making use of the cobtomks which can be observed in
Figure A.1 with controller 1, 2, 3.

The positions of the links are measured throughpittentiometers with HIL
Read Analog block then the readings are adjusteshawn in Figure A.2. The first
math block sets the zero position of the links d@hd multiplication operations

converts the £10v analog inputs to degrees.

i‘

"
[772 F»

Pot1

——

[42065 |-

:

Pot2

_——

o7 »

E

Pot3

HIL Read Analog

Figure A.2. Translation mechanism Pot Read Block

Similar to the translation mechanism, position asgbf the orientation

mechanism’s links are calculated with similar maplerations as shown in Figure A.3.
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;

Pot1

]
;
¥

Pot2

)
;
¢

Pot3

HIL Read Analog

Figure A.3. Orientation mechanism Pot Read Block

The forward kinematic calculation of the translatimechanism is solved in
forward kinematics block which can be seen in Feglr4. The calculation translates

the link angles to position of the Wr point.

J2a D2R |—jw{ sin

Zain Degrees to
Radians

—®*
J1a C2R ] sin I —— —><Z
85 |_|
I

Gain2 Degrees to
Radians1

J2a D2ZR |— =in

Gaind Degrees to
RadiansZ

Figure A.4. Forward kinematics block

The VR application is created with VR sink blocksimulink (Figure A.5) and
connected with the position of the Wr point. The ¥Rplication is a basic pen and
surface application (Figure A.6) which can simulptent type of contact in 6-DOF

space.
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0
[ D
0 I > > —I—E
10 m —
Rate Transition

Pen.center

h 4

O

outt » —[—E
m

Rate Transition2

Pen.rotation

v

Pen.ranslation
VR Sink

h 4

VR Calculation

D —

Gain5

=

Rate Transition4

Gain4

From10 » 1

Subtract1 Gainb

Figure A.5.VR application block

Figure A.6. VR application

Finally the VR haptic surface is determined in @&feedback block and the

calculated torqueses are applied to the user viaAtialog Write block as shown in
Figure A.7.
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AND |

Compare  Lagical
To Constant  Operator

Constants

AND [—pmlAND

From5 Gaind

Compare  [ogical
To Constant2 gperatort

From6

Logical
Operator2

Figure A.7. Force feedback block

Constant1
Constant4

In1 Qut1

Control

PYE

HIL Write Analog
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APPENDIX B

ISOMETRIC VIEWS AND PROPERTIES
OF THE LINKS

B.1. Translation Mechanism

Table B.1. Translation mechanism Link1

Density Mass Volume Surface Area

0.0028 g/mm3| 16.96 grams  6055.82 fnm3784.83 mrh

Figure B.1. Translation mechanism Link1

109



Table B.2. Translation mechanism Link2

Density Mass Volume Surface Area

0.0028 g/mm3| 54.21 grams 19361.66 MmML2594.63 mrh

RS
%%Q

YillavYavTaw]o

Figure B.2. Translation mechanism Link2
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Table B.3. Translation mechanism Link3

Density

Mass

Volume

Surface Are

0.0028 g/mm3

22.02 gram

5

7863.40mMmI

M 4558.67 mr

\_'

Figure B.3. Translation mechanism Link3
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Table B.4. Translation mechanism Link4

Density Mass Volume Surface Area

0.0028 g/mm3| 60.93 grams 21761.05 m13751.85 mrh

Figure B.4. Translation mechanism Link4
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Table B.5. Translation mechanism Link5

Density Mass Volume Surface Area

0.0028 g/mm3| 71.30 grams 51297.53 nim15203.87 mrh

Figure B.5. Translation mechanism Link5
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B.2. Orientation Mechanism

Table B.6. Orientation mechanism Link1

Density Mass Volume Surface Area
0.0014 g/mm3 19.43 grams 13977.54 mm3 6680.48 mm?2

Figure B.6. Orientation mechanism Link1

Table B.7. Orientation mechanism Link2

Density Mass Volume Surface Area
0.0014 g/mm3 18.72 grams 13467.72 mm3 7302.14 mm2

Figure B.7. Orientation mechanism Link2
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Table B.8. Orientation mechanism Link3

Density Mass Volume Surface Area
0.0014 g/mm3 10.71 grams 7705.32 mm3 5259.06 mm2

Figure B.8. Orientation mechanism Link3

Table B.9. Orientation mechanism Link4

Density Mass Volume Surface Arep

0.0014 g/mm3 47.17 grams 33935.26 mm3 11310.36 mm2

©

Figure B.9. Orientation mechanism Link4
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