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Abstract

Haptic user interface is an electro-mechanical device that interfaces the user via the sense of
touch to the virtual or remote tele-operation environment. This thesis is aimed to develop
a haptic user interface device that is able to provide assistance in medical surgery. A novel
design hybrid 6-DOF manipulator arm has been utilized for such application. We proposed
mathematical models of the manipulator arm. We designed and developed electronic inter-
face and application software for the device. We conducted experimental studies to evaluate
the performance of the proposed haptic user interface. Results demonstrated the perfor-
mance of the kinematic mapping of the device and compared the computed haptic force
feedback with the measured force/moment data located at the stylus of the device. In ad-
dition, we implemented gravity compensation and passivity controller methods to enhance
the stability of the haptic rendering. Results indicated significant improvement in stability

and also suggested future development.
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Chapter 1

Introduction

In this Chapter, problem statements and the motivations of this research project are pre-
sented by reviewing some existing robotic technologies relating to laparoscopic surgery.
Section 1.2 describes the objectives of this research project and the outline of the thesis.

Section 1.3 lists my contributions to this research project.

1.1 Problem Statements and Motivations

Minimally invasive surgery (MIS) is a modern surgical technique in which operations in the
abdomen are performed through small incisions as compared to larger incisions needed in
traditional surgical procedures. The procedures of MIS normally involves use of laparoscopic
devices and remote-control manipulation of instruments with indirect observation of the
surgical field through an endoscope or a similar device. Comparing with traditional surgery,
MIS is more cost effective and offers great benefits to patients. These benefits include the
reduction of trauma to the patients’s body, less risk of infection, less blood loss, shorter
hospitalization time and recovery period. Many medical procedures can be considered as
minimally invasive, for example, subdermal implants, percutaneous surgery, laparoscopic
surgery, arthroscopic surgery etc. Figure 1.1 shows surgeons performing laparoscopic surgery
[1]. Despite the advantages to patient, MIS increase the skill level for surgeons. Comparing
with traditional open surgery, surgeons performing MIS lose direct vision and the sense of
touch and manipulation dexterity are largely reduced due to the use of long stem surgical
instrument. As a result, surgeons are required to conduct considerable amount of training

and experimentations prior to the actual MIS.
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Figure 1.1: Minimally invasive laparosopic surgery [1]

Over the past two decades, robotic technology has played more and more important role
in assistance of actual surgery as well as surgical training. In 1985, the PUMA 560 (a serial
robot with six Degrees of Freedom (DOF) and all rotational joints), was used to place a
needle for a brain biopsy using Computed Tomography (CT) guidance [2]. In 1988, the
PROBOT, developed at Imperial College London, was used to perform prostatic surgery.
The ROBODOC from Integrated Surgical Systems [3] was introduced in 1992 to mill out
precise fittings in the femur for hip replacement. Further development of robotic systems was
carried out by Intuitive Surgical [4] with the introduction of the da Vinci Surgical System and
Computer Motion with the AESOP and the ZEUS robotic surgical system (Intuitive Surgical
bought Computer Motion in 2003; ZEUS is no longer being actively marketed). The da Vinci
Surgical System (Figure 1.2) consists of three components: a surgeons console, a patient-side
robotic cart with 4 arms manipulated by the surgeon (one to control the camera and three
to manipulate instruments), and a high-definition 3D vision system. Articulating surgical
instruments are mounted on the robotic arms which are introduced into the body through
cannulas. The device senses the surgeons hand movements and translates them electronically
into scaled-down micro-movements to manipulate the tiny proprietary instruments. It also
detects and filters out any tremors in the surgeon’s hand movements, so that they are not
duplicated robotically. In recent years, MAKO Surgical [5] has announced the release of its
RIO Robotic Arm Interactive Orthopedic System (Figure 1.3). The device is designed to
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Figure 1.2: The daVinci® surgical system from Intuitive Surgical Inc. [4]

Figure 1.3: The RIO® Robotic Arm Interactive Orthopedic System from MAKO Surgical
Corp. [5]

assist surgeons during knee resurfacing operation, a minimally invasive type of surgery
thought to be useful for younger, active patients with early osteoarthritis. Overall, the key

features of robotic surgery include visual magnification, stabilization of vibration due to
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shaky human hands, simulators with the use of specialized virtual reality training tools to
improve the proficiency of surgeons. Robotic technology has also made telesurgery become
possible. Surgical tasks are directly performed by a robotic system controlled by the surgeon
at the remote site from the patient. Telesurgery has had strong military interest, with the
intention of providing mobile medical care while keeping trained doctors safe from battle.
Surgical training simulators, one of the important robotic surgery features, is able to
provide practises for novice surgeons or experienced surgeon who are not familiar with MIS
to increase their skill level before performing the actual MIS. Surgical training simulator
is comprised of virtual reality simulation environment displayed on computer screen and a
haptic user interface. The patient’s organs can be replicated through the data from CT and
Magnetic Resonance Imaging (MRI). The virtual reality simulation environment provides
the simulation of the patient’s organs through advanced computer graphics technology.
Figure 1.4.a shows the virtual surgical training environment developed by Chinese University
of Hong Kong [6] while Figure 1.4.b shows the course of surgical training using the surgical

training environment via a haptic user interface. The haptic user interface is an electro-

(a)

Figure 1.4: Surgical training simulator, (a): virtual reality surgical training environment
developed by Chinese University of Hong Kong; (b): surgical training in the virtual reality

surgical training environment via a haptic user interface [6]

mechanical device that interfaces the user via the sense of touch while interacting in virtual

reality simulation environment. The user can perform surgery tasks on the virtual tissues
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and organs by manipulating the stylus of the haptic device, which is also displayed in
the virtual reality simulation environment. Meanwhile, the haptic user interface provides
realistic force-feedback to simulate the sense of actual surgery. Any imperfect or incorrect
performance during the actual surgery can significantly affect the patient’s hospitalization
time and recovery period or even endanger the patient. Surgical training simulators can
effectively prevent such undesired scenario by exposing the trainee to the potentially critical
procedure in a safe and structured environment.

Over the past years, haptic device has drawn great interests from industrial companies
as well as research institutes. Various haptic devices have been designed in the industry
as well as research institutions. The PHANTOM Premium 1.5/6-DOF (Figure 1.5.a) and
3.0/6-DOF devices from SensAble Technologies Inc [7] and the Freedom 6S device (Figure
1.5.b) from MPB Technologies Inc. [8] are designed based on serial robot configuration,
which allow users to explore application areas that require force feedback in 6-DOF and rel-
atively large workspace. Virtuose 6D Desktop [9], which is designed and manufactured by
Haption, is based on parallel type manipulator as shown in Figure 1.6.a. This includes three
articulated branches whose end is fixed on the sphere of seizure. It also provides 6 degrees
of kinematic freedom and returns forces and moment vectors along the end-point frame.
The Omega.6 and Delta.6 devices (Figure 1.6.b) from Force Dimension [10] are designed
based on combination of two 3-DOF parallel robot configuration. These devices are partic-
ularly suitable for applications that require high stiffness and accuracy. In addition to the
commercial devices, other types of haptic devices have been investigated at various research
institutions. S.S. Lee and J.M. Lee [11] present a general-purpose 6-DOF haptic device fea-
turing a parallel combination of three serial manipulators and a 6-DOF force/torque (F/T)
sensor in a holding bar. The performance of the device is evaluated by examining the force
feedback at the handle giving step input and sinusoidal input. In addition, a force reflection
resulting from a trajectory of motion command by the operator is presented to demonstrate
that the device is able to serve as motion generator in the field of tele-operation. G. Carbone
and M. Ceccarelli [12] propose a serial-parallel robot manipulator for medical applications.
It is composed of a commercially available 3-DOF serial robot (SCARA robot Adept Cobra)
and a prototype of 3-DOF parallel manipulator named “CaPaMan 2bi”. The serial mech-
anism is responsible for positioning since it possesses larger workspace while the parallel
mechanism is responsible for performing the actual surgery that requires high accuracy and

stiff configuration. Researchers from Experimental Robotics Laboratory at
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Figure 1.5: Haptic devices, (a): PHANTOM® Premium 1.5/6DOF haptic device from
SensAble Technologies Inc. [7]; (b): Freedom 6S haptic device from MPB Technologies Inc.

8]

Figure 1.6: Haptic devices, (a): Virtuose 6D haptic device from Haption [9]; (b): Delta.6

haptic device from Force Dimension [10]

Simon Fraser University have devoted significant effort in designing and developing various
types of haptic user interfaces. Figure 1.7.a and Figure 1.7.b exhibit two prototypes of haptic
devices created by Li and Payandeh [13] - [15] at the Experimental Robotics Laboratory,
Simon Fraser University. Hsu [16] studied the application of the laparoscopic tools-holding
robot (Figure 1.7.a) with automatic tracking, tool gesture and motion recognition. Ma [17]

designed and developed electronic interface and software framework for the spherical parallel
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ball support type haptic device (Figure 1.7.b) to be used as surgical training simulator.

Figure 1.7: Haptic devices, (a): laparoscopic tools-holding robot [16]; (b): spherical parallel
ball support type haptic device [17]

In addition to the field of medical surgery, haptic user interfaces have played important
role in advancing Computer Aided Design (CAD). Computer Aided Design (CAD) is a
useful tool for facilitating various design processes. In CAD system, the properties (e.g.
geometry, material) of mechanisms and the relationships between parts can be specified.
The movements of mechanisms can be simulated and analyzed in CAD system. The results
can be exported to a form that manufacturers can use to build the mechanism. For some
applications where the designs need to be used by a human operator, it is important to
determine if the design is suitable for human interaction. Since traditional CAD systems do
not provide this feature, physical prototypes have to be built for such an evaluation. With
the haptic user interface incorporated in CAD system, the designer can interact with the
mechanism through a haptic device, and is able to feel the interaction forces between the
virtual mechanism and the expected application environment. Haptic force feedback gives
the designer an idea of the way the mechanism interacts with the intended environment
in a much more direct and intuitive manner. [18] and [19] present an investigation of the
effectiveness of haptic feedback for designing a class of interconnected multi-body systems
such as passive mechanisms. A four-bar mechanism was used in the investigation. The

results of the user study suggest that the usage of a haptic device in the design of this class
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of mechanism can expedite the design process.

1.2 Objectives and Outline

Figure 1.8 exhibits the prototype of the proposed haptic device (US Patent NO: US 11/792,244)
used in this thesis project. This device consists of a spherical parallel mechanism and a serial
mechanism. Specifically, the spherical parallel structure consists of three symmetrical chains
which connect the base with the mobile platform. Each chain is composed of three rotational
joints. The spherical parallel design provides 3 rotational DOF to the very top pivot of this
table top unit, which means the linkage that is connected to pivot moves with fixed distance
with respect to the common stationary center point. The serial configuration consists of
two serial connected linkages which connect the mobile platform with the end-effector. The
serial configuration endues two additional DOF to this model. Furthermore, the 6th DOF
is applied at the end-effecter so that the surgeon can have an additional rotational DOF at
the incision point of the patient. The hybrid spherical parallel and serial structure design
is aim to conjugate the advantages of parallel mechanism and serial mechanism which is to
have large workspace, high stiffness and accuracy.

One of the main objectives of this research project is to integrate the proposed haptic
device towards a surgical simulator. In order to achieve this goal, we firstly develop mathe-
matical models of the haptic device including kinematics, Jacobians and static force. These
mathematical models are the building blocks of the haptic interface because they establish
analytical relationships of the following information: actuator joint angles and, the position
and orientation of the stylus of the haptic device; the actuator joint velocities and the veloc-
ity of the stylus in Cartesian space; the actuator joint torques and the force/torque exerted
at the stylus. Then, we develop an electronic interface which includes the following major
functions: determine the starting configuration of haptic device; read six individual joint
angles; supply accurate analog voltage to joint actuators based on the joint torques values;
interpret the force and torque data from the F/T sensor. The electronic interface is created
by using off-the-shelf commercial electronic products: PCI I/O cards, brushed DC motors
each of which is attached with an optical encoder, servo amplifiers, power supplies, F/T
sensor and the F/T sensor controller. Application software is another important component
of the haptic interface. It is responsible for executing the following major tasks in real time:

determine the position and orientation of the stylus; display and update the graphical haptic



CHAPTER 1. INTRODUCTION 9

Figure 1.8: The prototype of the 6-DOF haptic device

device configuration, the position and orientation of the stylus in the virtual environment
and the graphic user interface; determine the desired force and torque at the stylus based
on the collision detection algorithm and mechanics-base interaction; calculate the actuator
joint torques; collect the actual force and torque data from the F/T sensor.

Evaluation and enhancement of the proposed haptic interface is another main objectives
of this thesis work. Kinematic and force correspondence experiments are designed and
performed to evaluate the kinematic and force correspondence characteristics of the haptic
user interface. The characteristics of 6 axes force and torque display are investigated through
interaction with various virtual environments through the haptic interface. Feed-forward
gravity compensation and passivity control methods are developed and implemented to
enhance the performance of the haptic interface. Feed-forward gravity compensation method
is aim to largely eliminate the gravity effect of the haptic device. Passivity control methods
is aim to increase the stability of the haptic interface during the course of haptic interaction.

The main objective of this thesis work is achieved by developing the following specific



CHAPTER 1. INTRODUCTION 10

topics:
e Develop forward and inverse kinematic models for the proposed haptic device
e Develop Jacobian model for velocity and static force analysis of the haptic device
e Develop static force model for the haptic device
e Design and develop the electronic interface for the haptic device
e Develop application software for experimental studies

e Conduct kinematic and force correspondence experiments to verify the kinematic and

force correspondence characteristics of the proposed haptic interface

e Perform experimental studies on the interaction with virtual environments to exam

the force and torque display of the proposed haptic interface

e Research and develop the gravity compensation method and passivity control method

to enhance the performance of the proposed haptic interface

This thesis documentation is divided into five chapters. The motivations and objectives
are discussed in Chapter 1. Chapter 2 begins with an overview of the design of the proposed
haptic device, followed by a thorough description of the forward and inverse kinematic
models. Jacobian models and static force model of the haptic device are then presented.
Chapter 3 starts with description of the electronic interface and application software of the
proposed haptic interface, followed by the presentation of the calibration of the starting
position of the haptic device and the study of actuator characteristic. Kinematic and force
correspondence experiments are then presented. After that, experiments of interaction with
virtual environments using the proposed haptic user interface are demonstrated. Chapter 4
presents the development of feed-forward gravity compensation method and passivity control
method to enhance the performance of the proposed haptic user interface. Experiments of
interaction with virtual environment using the proposed methods are then demonstrated.

Chapter 5 concludes the research presented in this thesis.

1.3 Contributions

The major contributions of this thesis work are summarized below:
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e Analysis of the hybrid spherical parallel/serial 6-DOF haptic device and
derivation of a close-form solution: Mathematical models of forward and inverse
kinematics, Jacobian and static force of the novel hybrid structure manipulator are

established.

e Development of electronic interface and application softwares of the haptic
user interface: the proposed electronic interface and application software is designed
to integrate the haptic device towards a surgical simulator. They can be implemented

on other types of 6-DOF haptic device for such application

e Evaluation and enhancement of the performance of the proposed haptic in-
terface: Various experiments are designed and performed to evaluate kinematic and
force correspondence characteristics and the 6 axes force and torque display character-
istics of the proposed haptic interface. The verifications are performed by comparing
the computed force and torque with the actual force and torque value collected from
the F/T sensor. The feed-forward gravity compensation and passivity control meth-
ods are developed and implemented to enhance the performance of the haptic user

interface.



Chapter 2

Analysis of the 6-DOF Haptic

Device

2.1 Introduction

Haptic user interface is an electro-mechanical device that interfaces the user via the sense
of touch to the virtual or remote tele-operation environment. This is accomplished through
the haptic rendering by computing forces, vibrations and/or motions to the user. The hap-
tic technology has been implemented in various applications such as scientific exploration,
virtual prototyping, surgical training simulator and tele-operation. Specifically, in the ap-
plication of surgical training simulator, it is expected to provide more realistic sensation of
the measured or computed contact force between tissue and instrument.

The mechanical model of haptic devices, or manipulators in general case, can be classified
in three types: serial, parallel and hybrid. A serial manipulator is a mechanism composed
of an end-effector connected to a base link by means of a single serial chain, while a parallel
manipulator is a mechanism composed of a moving platform connected to a fixed platform
by at least two kinematic chains. A hybrid manipulator is a combination of parallel and
serial manipulators, or it is an arrangement of two or more parallel manipulators connected
in tandem. It also combines the main advantages of serial and parallel manipulators. They
have large workspace, high stiffness, great load capacity and good accuracy [20], which is

suitable for the surgical training simulator application.

12
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Hybrid manipulators have drawn great attention for the past decade. Tanio [21] pre-
sented a hybrid (parallel-serial) robot manipulator which is composed of two serially con-
nected parallel mechanisms where each mechanism has 3DOFs. Four closed-form solutions
for both forward and inverse kinematics of this manipulator are presented. Geometrical
properties are utilized to obtain forward kinematic solutions, while algebraic approach is
implemented to obtain inverse kinematic solutions. A hybrid manipulator proposed by L.
Romdhane [22] is composed of serial connection of parallel platforms. Eight closed-form
solutions are obtained through the forward kinematic analysis. X.Z. Zheng et al. [23] pro-
posed quaternion base forward kinematic solutions of two sequentially connected 3-UPU
(U represents universal joint and P represents prismatic joint) parallel mechanisms. The
first 3-UPU mechanism constitutes with middle platform and fixed base, while the second
rotational 3-UPU mechanism is made up of middle platform and end platform. By apply-
ing unit quaternion transformation, 8 closed-form solutions are obtained. G. Yang et al.
[24] introduces the design and analysis of a new modular hybrid parallel-serial manipula-
tor. The proposed hybrid parallel-serial manipulator consists of a 3-DOF planar parallel
platform and a 3-DOF serial robotic arm. The forward kinematic analysis of the planar
parallel mechanism is carried out by utilizing the geometric properties while the product-of-
exponentials formulation approach is adopted to perform the forward kinematic analysis of
the serial mechanism which resulted in four real solutions. Based on their proposed model-
ing approach, the inverse kinematic analysis is accomplished based on algebraic method. M.
Ceccarelli [25] presents a hybrid manipulator which consists of a spatial parallel manipulator
with 3-DOF and a telescopic serial manipulator with 2-DOF. Three Euler parameters are
introduced to perform the kinematic analysis of the spatial parallel manipulator, while an
angle between the telescopic arm and the mobile platform and a distance variable at the
prismatic joint are introduced to characterize the kinematic model of the telescopic serial
manipulator.

In order to meet the requirements of the surgical training simulator application as well
as the mechanical design of haptic device such as low friction effect and inertia of moving
parts, high stiffness and precision and large workspace, a 6-DOF hybrid spherical paral-
lel/serial haptic device has been designed. This chapter presents the mathematical models
and analysis of the haptic device. Section 2.2 presents an overview of the design of the haptic
device. Section 2.3 and Section 2.4 discuss the forward and inverse kinematic models. This

derivation provides a closed-form solution that can be used for defining the starting position
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of the device during the course of haptic interaction experimentations as well as tracking

the position and orientation of the physical stylus in the virtual environment. Section 2.5

presents numerical examples for the forward and inverse kinematic models. The Jacobians

related to static force analysis and velocity calculation are discussed in Section 2.6. Section

2.7 presents the static force model. The mathematical models established in this chapter

contribute to the basis for developing the haptic user interface.

2.2 Kinematic Configuration of the Hybrid Parallel/Serial

Manipulator

Centerof
Rotation “0”
Active Link f

Passive
Link

Mobhile
Platform

i Platform
~ loint, Ji5

Base Joint, [,

Figure 2.1: Kinematic model of the hybrid parallel /serial manipulator

The design of the haptic device is based on combination of the spherical parallel mech-

anism configuration and serial configuration (Figure 2.1 and Figure 2.2), which inherits the

characteristic of hybrid manipulator. The spherical parallel mechanism is composed by three



CHAPTER 2. ANALYSIS OF THE 6-DOF HAPTIC DEVICE 15

identical kinematic chains each of which has 3 revolute joints. As shown in Figure 2.1,J11-J13
represent 3 revolute joints of the first kinematic chain respectively. The spherical parallel
platform also combines both active and passive components at the center of rotation. The
active part controls the orientation of the mobile platform while the passive part supports
the static weight of the robot and the resultant user interaction force on the mobile platform
(the passive joint reduces the forces and moments on the moving joints of the mechanism).
The passive spherical joint at the center of rotation can be designed to have any geometry
as long as its configuration does not interfere with the active workspace of the platform.
Specifically, the parallel spherical design provides 3 rotational DOF about the center of the
sphere. As a result, the center of platform can move along the geodesic paths on a sphere
having a fixed redial distance about the pivot point, which is also known as the center of

rotation “O”.

Figure 2.2: Joint and link configuration of hybrid parallel/serial manipulator

A rigid link namely [/; as shown in Figure 2.2 is connected to the platform which is a base
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of the serial manipulator. Another link [ is connected to /3 through a revolute joint. The
two intersecting joint axes at the end of [o can be the wrist of the manipulator. The overall
structure of this class of robot can resemble a human arm where the three spherical rotation
of the robot can be considered as the shoulder joint of the manipulator and the first joint
of the serial link can be the elbow, the two intersection joint axes at the end of the serial
like can be the wrist of the manipulator. The serial configuration contributes 3-DOF to the
6-DOF hybrid manipulator.

Figure 2.3 depicts the approximation of the reachable workspace of the haptic device.
Table 2.1 illustrates the dimensions of the reachable workspace of the haptic device. We
can observe from the table that the height of the reachable workspace ranges from 201
mm to 318 mm; the width and the depth of the reachable workspace ranges from 261
mm to 449 mm. Table 2.2 illustrates the dimensions of the workspace of four commercial
haptic devices which are mentioned in Chapter 1.1. Comparing the workspace of the four
commercial haptic devices, we can claim that the proposed haptic device has relatively large

workspace.

Center of
Rotation"0"

Figure 2.3: Approximation of the reachable workspace

Table 2.1: The reachable workspace dimensions of the proposed haptic device

li (mm) | Iy (mm) | I3 (mm) | Iy (mm) | I5 (mm) | lg (mm)
146 128 449 261 201 318

Overall, the combination of the parallel spherical and serial configuration has follow-

ing advantages: 1) location for the actuators (away from the moving platform); 2) larger
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Table 2.2: The reachable workspace dimensions of commerical haptic devices
Height (mm) | Width (mm) | Depth (mm)
PHANTOM Premium 1.5/6-DOF Device 267 381 191
Freedom 6S Device 170 220 330
Virtuose 6D Desktop Device 120 120 120
Delta.6 Device 400 400 400

workspace for the end-effector through the connecting link to the platform.

2.3 Forward Kinematic Modeling

In this section, we first review the forward kinematic solution for the spherical parallel

configuration. After that, the forward kinematic analysis of the serial configuration and the

entire hybrid configuration are introduced.

Figure 2.4: Geometric parameters of spherical parallel mechanism: (a): «j(angle between
W; and U; axes),as(angle between W; and V; axes) (b): (1 (angle between U; and the
normal axis of the base plane),fs (angle between V; and the normal axis of the mobile
platform plane),y; (angle between the adjacent U; axis), v2 (angle between the adjacent V;

axis)

The kinematic analysis of spherical 3-DOF parallel manipulators has been studied exten-

sively in [26]. The first revolute joint of each kinematic chain is attached to the base having
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U; (i = 1,2,3) as its axis. The third revolute joint of each kinematic chain is connected
to the moving platform and is defined by V;. The second revolute joint is defined by W;.
Referring to Figure 2.4.a, Uy is the axis of rotation of Ji1; V; is the axis of rotation of Jy3;
W1 is the axis of rotation of J12. The axes are orthogonal to each other at a single point “O”
as shown in Figure 2.4, the center of rotation of the parallel spherical mechanism, where we
have U; - W; = cos(aq) and W; - V; = cos(ag). Since a1 and ay are 90°, one can write the

following kinematic constraint equation:

W;-V; =0 (2.1)

As depicted in Figure 2.4.b, ~; is the angle between the adjacent U; i = 1,2,3, for
example Us and Us. <9 is the angle between the adjacent V; ¢ = 1,2,3, for example V;
and V3. From the kinematic definition we have: Uy L. Uy 1L U and V7 L V5 L V3, hence
v1 = v = 90°. Let 31 be the angle between U; and the normal axis of the base plane and
B2 be the angle between V; and the normal axis of the mobile platform plane. Craver in [27]
has introduced a canonical equation which establishes the relationship between these angles

as:

sin(3;) = 2*3/3 sin( 1) (2.2)

We have selected §; = B2 = 55° in our design. In our kinematic model, a fixed world
coordinate frame (WCF) is assigned with respect to U; axes. Meanwhile, a mobile platform
coordinate frame (PCF) is assigned with respect to V; axes. Figure 2.5 depicts the frame
assignment, where x,,, ¥, and z, are the X, Y and Z axes of the WCF respectively; zp, yp
and z, are the X, Y and Z axes of the PCF respectively.

Figure 2.5 also depicts the device at its reference or home configuration where we define
zero joint variables. At the reference configuration, z,, and z, coincide and make 180° angle
with the axis of joint Jso, namely W, which is the passive joint axis of the second kinematic
chain. With these settings, the axes of WCF are defined by the following unit vectors

expressed in accordance with the reference configuration:
2 = U = [1,0,017; y,, = Us = [0,1,0]7; 2, = Uy =1[0,0,1]7;

Similarly, as shown in Figure 2.5, the set of axes V;* represent the PCF at reference config-

uration with respect to the WCEF:
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Figure 2.5: The configuration of reference frame {V;*} (i =1,2,3)

oy =V =1[1,0,01"; yp = V5 =1[0,1,0]"; z; = V5 =[0,0,1]7;

The set of unit vectors V; which represent PCF are functions of the orientation of the
mobile platform [28]. Let this orientation be described by the Z-Y-X Euler rotation matrix
R, then

Vi =RV (2.3)

(2

R = R:(¢1)Ry(¢2)Ra(ds)
chrcge  cP15P25P3 — sp1cd3  cP15Pacs + sP15¢3
= | sp1ch2  sP1S5Pasd3 + cprcds  sP15Pachs — ch15p3 (2.4)
—5¢2 chasds3 chacos
The set of V; axes can be represented by the column vectors of R matrix as defined in

equation (2.3):

co1cpr CO15025¢3 — sp1cP3 co18Pach3 + 5¢15¢3
Vi=| spicpa |, Va=| sp15¢25¢3 + coicps |, V3= | sp1spacos — ch15¢3 (2.5)
—5¢2 cP25¢3 coaco3
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Where, s¢ stands for sin ¢ while c¢ stands for cos ¢. For the sake of consistency, the set of
W; axes are defined based on the reference configuration. In order to visualize how the set of
W; axes are defined based on WCF, a conceptual diagram for the case of W axis is depicted
in Figure 2.6. At reference configuration, Wj axis makes 180° with y,, axis and 90° with x,,
axis. When rotation takes place about z, axis by 61, W; axis will rotate accordingly. Wll

axis denotes the W axis after the rotation as shown in Figure 2.6.

Figure 2.6: Conceptual diagram for the case of W; axis

If a column vector is utilized to represent W; axis, the first entry will be the projection of
W{ axis to x,, while the second entry will be the projection of Wll axis to y,, axis. Since
zyw 18 perpendicular with the plane of x,, Wi ¥, the third entry will be zero. Similarly,
Wy and W3 axes can be defined. Equation (2.6) presents the analytical expression of these

three passive joint axes.

T T T
Wy =1 s, —cbi, 0 } , Wa = [ 0, sb, —cbs } , Ws = [ —cl3, 0, s03 } (2.6)

Where, 61, 02 and 03 are the three actuator joint angles. When the PCF is at its reference
orientation, these joint angles are 0°.

Substituting equation (2.5) and (2.6) into equation (2.1) with three actuator joint vari-
ables 61,02 and 03 will lead to three equations with three unknowns, ¢1, ¢2 and ¢3, which
are used in the definition of R to result in the eight possible orientations of PCF with re-
spect to WCF. Among these eight solutions, four solutions are nontrivial which are denoted
as R; — Ry while the rest of four solutions are trivial (where all three kinematic chains
can freely rotate) which are denoted as Ryo1 — Rros. It has been shown that the first
solution, R, of the four nontrivial solutions is the only correct solution among the total of

eight possible solutions giving the definition of constraints on workspace and singularities.
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This solution agrees with the formulation, proposed by X. Kong and C. Gosselin [29], which
represents a unique current forward kinematic solution of this class of parallel spherical
manipulator.

The solution of the orientation of the mobile platform is utilized to determine the forward
kinematics of the serial part of the robot. As depicted in Figure 2.7, the platform is
connected with the first serial actuator joint (joint 4) by link /;. The frame 4 is defined such
that Z, axis is pointing along the rotational axis of joint 4 and X4 axis is pointing towards
joint 5 along the link lo. Therefore, the orientation and position of the frame of reference for
joint 4 is able to be determined by the transformation relationship between PCF to frame
4. To facilitate the remaining of the forward kinematic solution, an intermediate PCF {p/}
is introduced which coincides with frame {p}. Referring to Figure 2.7, Z, axis is chosen
to be pointing towards the opposite direction of Z; axis while Xp/ axis is chosen so that it
not only aligns with Xy axis when 64 is equal to 0° but also makes 180° with Xjy. Yp/ axis is
therefore perpendicular to the Zp/ X J plane. Section 2.5.2 presents the numerical example

of the mapping from PCF {p} to the intermediate PCF {p'}.

¥

Figure 2.7: The serial mechanism configuration of the hybrid device
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For the development of transformation between frame {p'} and frame 4 and also be-
tween frame 4 and frame 6, we have utilized the D-H notations and link coordinate frame
assignment [30]. The transformation of the first serial joint (joint 4) with respect to the

WCEF can be formulated as follow,

Yr=m nTAT (2.7)

where, T} is the homogeneous transformation from WCEF to PCF corresponding to the first
orientation solution R;. Since PCF coincides with WCF at “O”, the position vector of T}
is [0, 0, O]T. Hence, the eight possible forward orientation solutions of the spherical parallel
mechanism (R4, ..., Rg) will result in eight possible }'T. These eight sets of results will lead
to eight sets of forward kinematic solution each of which represent one possible orientation
and position of the end-effector with respect to WCF. The following equation describes the

forward kinematic solution based on 7.

Wr=1 i,TiTéT oT (2.8)

Due to the unique frame assignment of WCF, the numerical result of |/ T may cause
confusions during the course of graphic simulation of the device. Therefore, we introduce a
hypothetical world coordinate frame {IW'} which coincides with PCF as shown in Figure 2.7,
where Zy;+ is pointing in an upwards direction while Y}, is pointing towards the opposite
direction of the initial Z4. The mapping from the original WCF to the hypothetical WCF
can be represented as %,T (see numerical example in section 2.5.2). Equation (2.9), which
accommodates the mapping, is an analytical expression of the orientation and position of
the end-effector with respect to the hypothetical WCF {W'}.

!

¢ T=[T "7 i,TiTéT 2T (2.9)

2.4 Inverse Kinematic Modeling

In this section we present an approach for solving inverse kinematic problem for the proposed
class of hybrid manipulator. Our proposed approach in this paper consists of establishing
three sets of dependent solutions. We first present a solution for the position and orientation

of joint 4 reference frame with respect to WCF. Then we present a solution methodolgy for
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the first three joints (61,02 and 63) given the solution for joint 4. Lastly, we solve for the

two wrist joints (65 and 6g) giving )T and ' T

Sphere 1

Sphere 2

"'~ Joint 4

~" -~ End-effector

Figure 2.8: Conceptual visualization of the haptic device 1

Figure 2.8 is a conceptual visualization of our solution approach for the fourth joint of
the robot. In the figure, sphere 1 is centered at the center of rotation “O” of the spherical
parallel mechanism and sphere 2 is centered at the origin of the end-effector or the spherical
wrist “A”. The radius of these two spheres is the length of the first and second links (I; and
l2) of the serial section of the mechanism as shown in Figure 2.8. The intersection circle
between the two spheres RO’ is centered at “O’”. The plane OBAC, which intersects with
the circle RO" at point “B” and “C”, is formed by centers of frames for joints 4, 5 and
the center of rotation “O”. The unit vector N is the normal of this plane. Therefore, for a
particular orientation of the plane OBAC, point “B” and “C” can be two possible positions
for the origin of joint 4. However, due to the physical limits of joint 4, the link configuration
which is associated with the position “C” can be unattainable. From the geometry of the
figure we note also that 00’ is perpendicular to the plane of circle RO". A rotation of
mobile platform will cause plane OBAC rotate about the axis “AO” and as a result, the
origin for the frame of joint 4 (e.g. point “B”) will travel along the circumference of the
circle RO'.
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|OB|? + |BA> — |OAJ?

/OBA = cos™!( SOBIBA

) (2.10)

04 = —(180° — LOBA) (2.11)

Given |OA|,|OB| and |AB|, ZOBA can be obtained from equation (2.10) and 64 can be

expressed from equation (2.11).

YR+ P+ P =1 (2.12)
(W PM—WP%)Q—F (W Py4_WPy6)2+ (W PZ4_WP26)2:Z% (2'13)
- AO -
N=——x/Z 2.14
|AO| X Zg ( )
- OB
-—— =0 2.15
where,
OB=[" P, P,V P,T AO ==V Py, — W Py, — W P, |7

Equation (2.14) defines the normal vector N of the plane OBAC as the cross product
between the unit vector of AO and Zg (the z direction of end-effector frame). Equation
(2.12) and (2.13) define the sphere 1 and 2 respectively in terms of the position of joint 4,
([W/ Py, w’ Py, w’ P,,]7). Combining these two equations ensures that the position of joint
4 is located on the intersection circle RO'. In addition, equation (2.15) adds a constraint on
the orientation of plane OBAC knowing N from equation (2.14). Therefore, the two possible
positions of joint 4 (“B” and “C”) can be determined by solving equation (2.12)-(2.15).

Refer to Figure 2.9, frame {A} is assigned to coincide with the origin of the end-effector
“A”. In particular, the z axis of frame {A}, Z4, aligns with N and the x axis of frame {4},
X4, is pointing towards “O”. Giving the position and orientation of the end-effector with

respect to {W'}, the orientation matrix of frame {4} can be defined as:
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"'~ Joint 4

Figure 2.9: Conceptual visualization of the haptic device 11

~

Zi= N

W Pyg =W Py =W PZG]T (2.16)

Xa= [mor® a0 a0

Ya= ZaxXa

The position of point “B” and “C” uniquely define the unit vector AB and AC respectively
as depicted in Figure 2.9. In addition, based on the geometric property, the projection of
AB along the y axis of frame {A} (Y1) results in negative value while the projection of AC
to Y4 results in positive value. This characteristics holds for all possible configurations of
the device. Hence, based on the numerical values of these two projections, one is able to
determine which one of the two possible solutions of the position of joint 4 corresponds to
“B” or the valid position.

The two unit vectors pointing from point “A” to the two possible positions of joint 4

are formulated as shown in equation (2.17).

1 ’ / / / /
w w w w w w
PI41 - PIG Py41 - P'!JG PZ41 - PZG

Soly = [ ——jpr— ——fpr > 15

]T
(2.17)

’ ~ ’ / !/ / /

WoPey =W Pog W Py, =" Pyg W Py =V Prg

Soly = [ ——fpr 15

]T
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Where, Sol; represents the unit vector pointing from point “A” ([ Py, W Py, W P,)) to the
position of the joint 4 defined by the first solution ([WPJC417 WPy41 ,WPz41]); WPMZ_ (1=1,2)
stands for the i*" solution of the x component of the position of joint 4 with respect to frame
{W/}. Solving 5’511 and 5’512 and the projection of these two vectors to Y4 will lead to the

result of validation.

Figure 2.10: Frame assignment for solving the orientation of joint 4

In addition to the position of joint 4, the orientation of joint 4 with respect to {W/}
(XV/R) is required in order to determine three spherical parallel joint angles. Refer to Figure
2.10, a tip frame {t} with its z axis pointing upwards along the link /; and its x axis in
parallel with Y} is assigned to coincide with joint 4 reference frame. In addition, in order to
facilitate the transformation between joint 4 reference frame and WCF, another hypothetical
platform frame {P”} having the same orientation as the tip frame is assigned at the center
of rotation “O”. The expression for }'' R or ‘gf/:R (the orientation of {t} frame or {P"} frame
with respect to the {W'} frame) can be developed based on the position of joint 4, {XVIP},
and the vector N. Specifically, Z; or Zp» can be determined based on the position of joint
4; Y; or Ypr can be determined based on the vector N ; Xy or Xpr can be determined by

taking the cross product of aforementioned two unit vectors. Equation (2.18) presents the
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expression of the orientation of {t} frame or {P"} frame with respect to the {IW'} frame.

!/ 1 !
~ ~ _W P:c _WP _WP
_ _ 4 2 24 1T
Zpr= Zv= loprtomr s
YP": }/t: _N (2.18)

~

XP// = Xt = YP// (K) X ZP// (Zt)

Having determined the orientation of {P"} frame with respect to {W'} frame, the ori-

entation of joint 4 with respect to {W/} frame can be obtained by the following equation.

Y R=V,RLR{R (2.19)

Where II;, R can be obtained by directly applying geometric mapping from {P”} frame to
{P'} frame. Next, the matrix which is the mapping from WCF to PCF can be obtained.

T=wTMWT T pT (2.20)

Equation ( 2.1) is utilized to obtain the solutions for 6;(i = 1,2,3) [31]. The results are

as follow:
01 = atan2(Viy, Vig); 02 = atan2(Va,, Vay); 03 = atan2(Vs,, Vi) (2.21)

Where, Vi, and V;,, are the x and y component of V; as depicted in equation (2.5). Lastly,
having |V T and ¥ T, the values for 5 and 6 can be determined through equation (2.22).
T is defined as equation (2.23).

05 = atan2(—¢T(1,1),6 T(2,1)); 0 = atan2(—¢T(3,1), —¢1(3,2)) (2.22)

! !

ar= Tty (2.23)

Where, ¢7(1,1), the entry for the first row and the first column of 7', represents the
projection of Xg to Xjy.
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/* Initialize parameters */
SET |OB|=!l; and |BA|=l2
READ XV/T
GET W Py from W' T
DETERMINE |OA| from W'PG
GET /Z\g from (‘;V/T
COMPUTE N by using equation (2.14)
READ VVK,T from equation (2.36)
READ g: T from equation (2.44)
READ }IZ,T from equation (2.33)

’
COMPUTE g T by finding the inverse of £, T
P
/* Solve 04 */
COMPUTE 64 by using equation (2.10) and (2.11)

’
/* Solve the position of joint 4 W P, */
’ ’
DETERMINE W Py, and W P4, by using equation (2.12),(2.13) and (2.15)
COMPUTE Y, by using equation (2.16)
COMPUTE Sol; and Soly by using equation (2.17)
COMPUTE PROJ; and PROJ> by using equation (2.42)
if PROJ1 < 0 then
’ ’
| W R,
else
‘ w P4:W Py,
end
/* Solve the orientation of joint 4 }V R */
COMPUTE XIDH, Y};w, Z;;w by using equation (2.18)
/ ~ ~ ~
DEFINE Y R“ as [XP>:7¥P»=,Zva]
EXTRACT ¥, R from 7, T
’
COMPUTE [ T by using equation (2.34)
EXTRACT [ R from ' T
COMPUTE }V R by using equation (2.19)

/* Solve the orientation of PCF w.r.t. WCF R */

FORM IVDV,,'T based on }VDV,,/R
COMPUTE T by using equation (2.20)
EXTRACT R from T

/*Solve 01,02 and 63*/
EXTRACT Vi,,V1,,Va,,Vo,,V3, and Vi, from R
COMPUTE 604, 02 and 03 by using equation (2.21)

/* Solve 65 and 6¢ */
COMPUTE XVT by using equation (2.7)
COMPUTE %,T by taking the inverse of x,T
COMPUTE XV/T by multiplying VVK/T with VT
COMPUTE T by using equation (2.23)
COMPUTE 65 and 6 by using equation (2.22)

Algorithm 1: Inverse Kinematic Solution
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2.5 Case Studies of the Kinematic Models

This section presents numerical examples of the forward kinematic model, inverse kinematic
model, force model and velocity calculations. The detail numerical example for forward
kinematic solutions of the hybrid 6DOF haptic device will be discussed. A set of forward
kinematic solution will then be utilized as an example to walk through the inverse kinematic
model.

Before the numerical solutions, we firstly present detail dimensions of the device as
shown in Figure 2.11 and Table 2.3. In addition, based on the mechanical constraints and
joint frame assignments, we also specify the limit of all six actuated joints as shown in Table

2.4.

Figure 2.11: Simplified CAD model with dimensions
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Table 2.3: The summary of device dimensions

dl d2 d3 ll l2
55 mm | 40 mm | 28 mm | 146 mm | 128 mm

Table 2.4: The summary of the limit of six actuated joints

01 02 03 04 (95 96
(0°,90°) | (0°,90°) | (0°,90°) | (=120°,0°) | (=160°,0°) | (0°,360°)

2.5.1 Forward Kinematic Solutions of the Spherical Parallel Configura-
tion
By substituting equation (2.5) and equation (2.6) into equation (2.1), one is able to reach

three equations with three unknowns ¢1, ¢2 and ¢s3. Solving these three unknowns will lead

to the solution of the orientation and position of PCF with respect to WCF.

8016¢1C¢2 - c@lsqblcgbg =0 (224)
s02(sp1802503 + co1c3) — clachasps =0 (2.25)
—cl3(ch15¢2cps3 + sp15¢3) + szcpaces = 0 (2.26)

From(2.24), the forward kinematic problem admits two solutions defined by equations (2.27)
and (2.28).

sz’n(@l — gi)l) =0 (2.27)

cos(¢2) =0 (2.28)

Equation (2.27) offers two solutions for the angle ¢1:

¢1 = 01 and ¢1 == (91 +7 (229)
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According to [34], the above two solutions will lead to the same orientation of the mobile
platform. Hence, only the first solution will be used in this paper. Substituting ¢; = 6,
into equation (2.25) and (2.26) will lead to two possible solutions of ¢o in (—m, 7]

¢o = tan ' (—C1/Cy) + K1 (K =0,1) (2.30)

Where,

C1 = cl3ch1505501 — sO3chs
Cy = s03s05501 + c3c05c04

Once angle ¢9 has been determined, equation (2.25) or equation (2.26) can be rearranged

to solve for ¢3 in (—m,7].

¢3 = tan_l((segcﬁl)/(CHQCqbg — sbas01s¢2)) + K (K =0,1) (2.31)

There exists two solutions of ¢3 in (—, 7] for each solution of ¢9. Therefore, there are in
total four possible solutions associated with equation (2.27). Table 2.5 summaries these four
solutions when 61,0 and 63 are 30°,20° and 25° respectively.

Table 2.5: The numerical results of the four nontrivial solutions given that 61,602,603 are
30°,20°, 25°

Euler angles (rad) | Set 1 | Set 2 | Set 3 | Set 4
o1 0.524 | 0.524 | 0.524 | 0.524
P2 0.314 | 0.314 | 3.456 | 3.456
3 0.339 | 3.480 | -0.339 | 2.803

Each set of solutions corresponds to one possible orientation of the platform with respect to

WCF (Ry,...,R4). The corresponding transformation matrices are listed as the following:
0.82 —-0.38 042 0 0.82 038 —0.42 0
0.48 087 —-0.14 O 048 —-0.87 0.14 0
T = Ty =
-0.31 032 090 0 -0.31 —-0.32 —-0.90 0
0 0 0 1 0 0 0 1
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—-0.82 —0.38 —0.42

—-0.48 087 0.14

031 032 -0.90
0 0 0

—-0.82 0.38 0.42

—-0.48 —-0.87 -0.14

031 -0.32 0.90
0 0 0

3 =

= o O O
= o O O

For the case of spherical parallel robots, these four solutions are regarded as nontrivial
solution because none of the kinematic chains is singular [34]. Nevertheless, in our case,
a hybrid spherical parallel/serial robot, the mobile platform is directly connected with the
3DOF serial robot, which applies a constraint on the workspace of the mobile platform. As a
result, only the first set of solution is valid. Figure 2.12 describes the graphic representation
of these four solutions when 61,65 and 03 are 30°,20° and 25° respectively. One is able to
observe that only the first set of solution (Figure 2.12.a) is attainable because the serial link

Iy crosses the circumference of the base platform.

L

w

Base X' Mobile

/ Platform

Platform

- ®

Iy
(a) (b)

(c) (d)

Figure 2.12: The four nontrivial solutions of the orientation of the platform with respect to
the WCF for 6; = 30°, 62 = 20° and 65 = 25°: (a): ¢1 = 0.524, ¢o = 0.314, ¢3 = 0.339;
(b): ¢1 = 0.524, ¢ = 0.314, ¢35 = 3.480; (c): ¢1 = 0.524, po = 3.456, ¢35 = —0.339; (d):
¢1 = 0.524, po = 3.456, ¢35 = 2.803

Equation (2.28) provides two solutions for the angle ¢o,

7T s
$2=75 and ¢2=—3 (2.32)
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Substitute these two solutions for the angle ¢2 into equation (2.25) and (2.26), two condi-
tions are found for the arbitrary actuator joint angles of the spherical parallel configuration
(01,02 and 63): cos(¢p1 — ¢3) = 0, cos(¢p1 + ¢3) = 0. The corresponding orientations of the
PCF with respect to WCF can be described by four rotation matrices(Rro1-Rro4) and the

associated transformation matrices are listed as below:

-1 0 O 0O 1 0 O
0O 1 0 -1 0
Tror = Tro2 =
-1 0 00 -1 0 0 O
0 0 0 1] 0 0 1
[0 -1 0 0] (01 00
O 0 -1 0 0010
Trosz = Tros =
1 0 1 0 0 O
000 0 1) (00 0 1

When the platform is at one of these four orientations, all three kinematic chains are at
singularity and can freely rotate about their actuator joint axes (U; (i = 1,2,3)). Thus,
these four orientations are trivial solutions to the forward kinematic problem of the proposed

class of spherical parallel configuration and exist for any set of actuator joint angles [29].

2.5.2 Forward Kinematic Solution of the Hybrid Haptic Device

As discussed in Chapter 2.3, the mobile platform serves as a link between spherical parallel
mechanism and the serial mechanism. For the simplicity of mapping, an intermediate PCF
{p'} is introduced and is described in Figure 2.7. The mapping form the original PCF {p}
to the intermediate PCF {p'} can be expressed as follow:

Xp-Xp Yo -Xp Zp-Xp 0
pp_ | XpYp YpYp ZpYp 0
P Xp - Zp Yp-Zp Zp-Zp 0
0 0 0 1
—0.57 —0.41 —0.71
PT = (2.33)

P —0.57 0.82 0

0
-0.57 —-0.41 071 0
0

0 0 0 1
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Equation (2.33) exhibits the numerical value of every entry of z ;7" which is determined
based on the dimension and geometric properties of the device. Referring to Figure 2.7,
the mapping from the intermediate PCF to joint 4; joint 4 to joint 5 and joint 5 to joint 6
utilizes the D-H parameters which are listed in Table 2.6.

Table 2.6: D-H parameters for serial mechanism

Q1 a1 d; 0;
N/A | N/A | N/A| N/A
180° | -146 mm 0 180° + 6,4
0° 128 mm 0 —90° + 05
—90° 0 0 O¢

~

o| | | TG -

The corresponding transformation matrices are described as follow:

—c4 sS4 0 —146 s5 c¢5 0 128 cg —S¢ 00

/ 0 0 — 0 0 0 0 10

Pp_| ®t ip— | T 5T = (2.34)
0O 0 -1 0 0 01 0 —s¢ cg 00
0 0 O 1 0 00 1 0 0 01

As discussed in section 2.3, the eight possible solutions of matrix R will lead to eight
possible solutions of the orientation and position of the end-effector with respect to WCEF or
forward kinematic solution of the hybrid haptic device which can be formulated as equation
(2.35).

gVT:Tiz,TZTéTgT (i=1,...,8) (2.35)

The corresponding numerical results giving that (61,02,03,04,05,06) is (30°,20°, 25°, —60°,
—50°,120°) are listed as follow:

—-0.54 0.78 —0.32 85.63 0.56 0.56 —0.60 160.43

0.68 0.62 039 218.69 062 0.19 0.76  136.80
& = T =

0.50 —0.02 —0.87 27.87 0.55 —0.80 —0.24 —107.15

0 0 0 1 0 0 0 1
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[ —0.67 0.74 —0.07 69.07
0.62 0.61 0.50 212.23
6 13 =
0.41 0.28 —0.86 78.24
0 0 0 1
0.71 —0.67 —0.22 —60.13 |
—0.68 —0.72 0 —227.72
6 15 =
~0.16 0.14 —0.98 —21.49
0 0 0 1
0.65 —0.59 —0.49 —60.74 |
—0.72 —0.68 —0.12 —227.14
6 17 =
—0.27 0.42 —0.87 25.52
0 0 0 1

095 023 0.19 165.88
w —0.13 —022 097 —29.75
4:
0.27 —0.94 —0.19 —165.93
0 0 0 1
0.95 0.23 0.19 165.88
—0.13 —0.22 0.97 —29.75
6 16 =
0.27 —0.94 —0.19 —165.93
0 0 0 1
[ —0.36 —0.21 —0.91 —113.72 |
—0.78 —0.46 0.41 —172.95
6 13 =
—0.52 0.86 0.01 114.41
0 0 0 1]

Note that ' T} corresponds to the forward kinematic solution when the first solution of

matrix R (Ry) is taken into account. The same situation applies to the rest of the forward

kinematic solutions.

For better interpretation of the forward kinematic solutions and the simplicity of inverse

kinematic derivation, a hypothetical WCEF is introduced as described in section 2.5.2. The

numerical value of the mapping %,T is presented as follow:

0.71
0
-0.71
0

%/T:

—0.82

041 —057 0
—0.57 0
(2.36)
041 —057 0
0 1

The corresponding eight possible sets of solutions which depict the orientation and po-

sition of the end-effector with respect to the hypothetical WCF are illustrated as follow:

—-0.73 0.56 0.38  40.49
/ ~0.56 —0.19 —0.80 —131.14
¢ Ti=
—0.38 —0.80 0.46 —192.93
0 0 0 1

0.01 096 -—-0.25 187.73
/ ~0.05 —0.25 —0.96 —89.16
6 To=
~1.01 0.03 005 -110.32
0 0 0 1
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—0.76 0.32 056 —6.47 0.48 0.83 0.26 232.83
/ —0.61 —0.08 —0.78 —112.23 / 0.60 —0.11 —0.78 24.16
& T3 = & Ty =
—0.21 —0.95 0.25 —208.83 —0.64 054 —0.56 17.44
0 0 0 1 0 0 0 1
[ 0.61 —0.57 0.53 —27.06 | [ 048 0.83 0.26 232.83 ]
/ 0.78 0.37 —0.49 151.38 / 0.60 —0.11 —0.78 24.16
& Ts = & Ts =
0.08 0.73 0.69 179.67 —0.64 054 —0.56 17.44
L0 0 0 1 0 0 0 1]
[ 0.64 —0.71 0.27 —60.47 | [ 0.11 —0.75 —0.65 —160.03 |
/ 0.73 0.48 —0.46 169.68 / 0.28 0.64 —0.70 140.30
& Ty = & Ty =
0.20 050 0.85 152.38 0.96 —0.11 0.29  99.99
0 0 0 1 L0 0 0 1

Figure 2.13 depicts the solution {/ 77.

Figure 2.13: Graphical representation of solution gV T



CHAPTER 2. ANALYSIS OF THE 6-DOF HAPTIC DEVICE 37

2.5.3 Case Study of Inverse Kinematic Model

In this section, the first set of forward kinematic solution, } 'Ty, is used for the inverse
kinematic procedures and formulations.
Having the information of the position of the end-effector and the length of serial link 1

and 2, the value of joint 4 can be determined based on equation (2.10) and (2.11).

0, = —(180° — LOBA) = —60.13° (2.37)

Where, |OA| = 1/40.492 + (—131.14)% + (—192.93)2 = 237.30; |OB| = 146; |AB| = 128;
/OBA =119.87°.

The position of joint 4 is determined geometrically by solving w’ PX4,W/ Py, and w’ Pz,
from equation (2.12) to (2.15). In particular, any position of joint 4 satisfying equation
(2.12) and (2.13) will be located at the circumference of the circle RO" as depicted in Figure
2.8. Whereas, as indicated by equation (2.15), the position of joint 4 should be also located
on the plane of OBAC. Hence, the two intersections between the plane of OBAC and the
circle RO, point B and C, should be two possible solutions.

By substituting the position information of the end-effector and the orientation infor-
mation of Zg into to equation (2.14), the normal of the plane OBAC (vector N) is able to

be determined.

N =[-0.11,-0.97,0.15]" (2.38)

Two possible solutions of the position of joint 4 can be obtained by substituting equation
(2.38) and the position of the end-effector into equation (2.12), (2.13) and (2.15).

W Py, =[-121.23,1.13,-81.35]"; W Py, = [-2.23, —21.76, —144.35]7 (2.39)

In order to determine the valid position of joint 4, the numerical value of frame {A} is
required to be solved. Substituting equation (2.38) and the position information of the end-
effector into equation (2.16), the numerical result of frame {A} can be obtained as shown
in equation (2.40). Then, the two possible solutions of the position of joint 4 are fed into
equation (2.17) to solve for Sol; and Soly. The result is presented in equation (2.41). Lastly,

by taking the dot product of these two vectors with Y, as shown in equation (2.42), one is
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able to determine that Sol; is in fact AB ,and W Py, is the valid solution of the position of

joint 4.

X4 =[-0.13,-0.57,—0.81]"; Y4 = [-0.81,—0.40,0.41]"; Z4 = [-0.56,0.71, —0.40]"  (2.40)

Sol; = [—0.54,—0.69, —0.46]7; Sol, = [0.33,—0.26, —0.91]" (2.41)
PROJ, = Soly - Y4 = 0.53; PROJy = Soly - Y4 = —0.53 (2.42)

With the position information of joint 4, the orientation of joint 4 with respect to {WW'}
frame can be retrieved from equation (2.18) and (2.19). In particular, by substituting w’ Py,
into equation (2.18), the solution ?f II/JV,,/R can be determined. After that, substituting it to
equation (2.19), the solution of }" R can be determined as shown in equation (2.43). The

transformation from frame {P"} to frame {P'} is defined as shown in equation (2.44)

—0.86 047 —0.11
Y'R=1| 002 -018 —097 (2.43)
—0.50 —0.86 0.15

(2.44)

o = O O
_ o O O

10
01
0 0
0 0
Having solved the orientation of frame 4 with respect to {W'}, the solution for matrix

R can be obtained through equation (2.20).

0.82 —0.37 0.42
R=| 048 087 —0.13 (2.45)
~0.30 0.32  0.89

Having determined the orientation of the PCF with respect WCEF, the three spherical

joints angles can be solved through equation (2.21).
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0, 30.15°
6, | = | 20.07° (2.46)
03 25.25°

Having solved for the joint 1 to 4, the two wrist joints, joint 5 and 6, can be determined

{ 0 ] _ [ —50.36° ] oa7)
0 120°

This completes the solution of the inverse kinematics given the orientation and position

of the end-effector as described by ¢ T7.

through equation (2.22).

2.6 Jacobians

The Jacobian is a multidimensional form of the derivative and is a time-varying transfor-
mation [30]. In the field of robotics, Jacobian relates joint velocities to Cartesian velocities
of the tip of the manipulator. Thus, for any given configuration of the manipulator, joint
rates are related to the velocity of the tip in a linear fashion. Section 2.6.1 presents three
Jacobian matrices that are applicable for the spherical parallel mechanism of the haptic
device. The first Jacobian provides a mapping of an angle-set velocity vector to the angular
velocity vector of the platform. The second Jacobian maps the actuator joint velocities to
angular velocity of the platform. The first Jacobian is used in deriving the third Jacobian
which maps the actuator joint velocities to angle-set velocity vector of the platform. The
third Jacobian will also be used in force modeling. Section 2.6.2 is aim to obtain the linear

velocity of the stylus of the haptic device based on the six individual actuator joint velocities.

2.6.1 Jacobians of Spherical Parallel Mechanism

Recall that the orientation of the platform coordinate frame {P} with respect to the world
coordinate frame {I¥'} is represented by R (equation 2.4) which is a Z-Y-X Euler rotation
matrix. We can represent a skew-symmetric matrix S by the derivative of R [30] as shown
in equation 2.48. If we define the angular velocity of the platform wy, as [wpg, Wpy, wpz]T, the
skew-symmetric matrix S can also be expressed as equation 2.49. The velocity of the Z-Y-X

Fuler angle-set can be represented as shown in equation 2.50.



CHAPTER 2. ANALYSIS OF THE 6-DOF HAPTIC DEVICE 40

S=RR!=RRT (2.48)
0 Wpz Wpy
S=1 wp 0 —Wpg (2.49)
—Wpy  Wpz 0
é1
Osye = | ¢ (2.50)
b3

The relationship between the angular velocity of platform w, as the velocity of Z-Y-X Euler
angle-set can be formed as shown in equation 2.51, where E,,;(0.,,) is a Jacobian relating

7Z-Y-X Euler angle-set velocity vector to the angular velocity vector.

Wp = Ezyl“(@zyz)@zyx (2.51)

In order to solve E.y;(0.,,) matrix, we first establish the following equation by com-

bining equation 2.48 and equation 2.49.

0 —Wpy  Wpy
RRT= | o, 0 —wp (2.52)
—Wpy Wy 0

where, R can be represented as

11 T2 713

R = 21 T22 T23

31 T32 T33

We can represent the angular velocity of the platform wy,., wpy, wp. as equation 2.53 - equation

2.55.

Wpe = 131721 + 732722 + 133723 , (2.53)

Wpy = T11731 + 712732 + 113733 , (2.54)
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Wpz = T21711 + T22712 + 723713 - (2.55)

Recall that the R matrix is,

cp1cPa  CP18P25P3 — s1cp3  Ch15Pachs + SP15P3
R = | spichps  spispashs + copicods  sp1Spachds — ch15¢3
— 802 cPasp3 cpacp3

Therefore, E.,;(0.,,) matrix can be represented as equation 2.56 and w,, can be represented

as time derivative of Z-Y-X Euler angle-set as equation 2.57.

0 —s¢1 coicpo
E.yz(©z2) = | 0 co1  sdicha (2.56)
1 0 *S(;SQ

0 —s¢1 chicpr 1
wp=1|0 cor sbicgy | | b (2.57)
10 —5¢2 3
Therefore, the angular velocity vector of the platform frame {P} with respect to the
world coordinate frame {I¥} can be computed given the instantaneous set of Z-Y-X Euler
angle-set gf)l, gZ}g and qﬁg.
Next, we derive the Jacobian which maps the actuator joint velocities (91,92,93) to

angular velocity of the platform (w,). The following equation can form such relationship :

0= Jw,, (2.58)

where 6 is the vector of the actuated joint rates of the spherical parallel mechanism and
is expressed as [0, 62, 63)7. From [33], the general velocity equation for spherical parallel

manipulators can be expressed as:

Aw, = B (2.59)

where,
Wy x V)T
A= | (Wy x V)T
(W5 x V3)"
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Recall that, U;, W; and V; (i = 1,2,3) are the actuator joint axis, passive joint axis and
platform joint axis of the three kinematic chain of the spherical parallel mechanism. Based
on equation (2.58) and (2.59), we can claim that the Jacobian J that maps the actuator
joint velocities to angular velocity of the platform is B~'A.

For the control purposes, we use equation 2.51 to express the angular velocity vector
by using the time derivatives of the Z-Y-X Euler angle-set. Substituting equation (2.51)
and (2.56) into (2.59), the velocities of the three actuator joints of the spherical parallel
mechanism can then be expressed as a function of time derivatives of the three Euler angles

as shown in equation 2.60.

6= JEyz(02yz) ézxy = (B_lA)Ezym(@zya:) szy (2.60)

The term (B71A)E,;2(0.,,:) is regarded as the extended Jacobian matrix, which maps the

actuator joint velocities to Z-Y-X Euler angle-set velocity vector of the platform.

2.6.2 Velocity of the Stylus of the Haptic Device

Based on equation 2.58, we can express the angular velocity of the platform in terms of three
spherical actuated joint angles as w, = J ~16. Next, we express the angular velocity of the
platform with respect to the platform frame as shown in equation 2.61. It is the start of the
velocity “propagation” from the platform coordinate frame PCF to the stylus coordinate
frame. Equation 2.62 and 2.63 describes the angular and linear velocity propagation where
iis {p},{4},{5} and {6} respectively. Equation 2.64 depicts the linear velocity of the stylus

coordinate frame with respect to the world coordinate frame WCF.

P, =" R wy (2.61)
g = MR W + 04 2 (i =p,4,5,6) (2.62)

i+1vi+1 = ;:—HR (ivi + iwi X iPi_H) (263)
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Yys = REIR IR 2R Svg (2.64)

2.7 Force Modeling

In this thesis work, we propose a two-step approach to solve for actuator joint torques given
the desired force and moment at the stylus of the haptic device. Firstly, we determine the
joint torques of serial mechanism and the resultant moment vector exerted at the platform.
Specifically, an inward iteration method introduced in [30] is utilized to determine the
actuator joint torques of joint 6 (74) to joint 4 (74) and the moment vector at the platform
(M,) giving the desired force and moment vector acting at the stylus. Please note that the

gravity force acting on the serial mechanism is excluded in this analysis.

Figure 2.14: Force and moment mapping description from the stylus to joint 6, joint 5, joint
4 and the platform

Figure 2.14 depicts the desired force and moment vector (Mg/My, Fgs/Fy) at the stylus;
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the actuator torque vectors of joint 6 (74), joint 5 (75) and joint 4 (74); the moment exerted
at the platform (M),). We represent the force and moment acting on the end-effector as

equation (2.65).

fo = [fues fues Frol'3 Mo = [Myg, Mg, M )" (2.65)

The following equations analytically describe the static force “propagation” from the stylus

to the platform:

fi= iaR i, (i=5,4,P), (2.66)
‘My= R "My + P X' f;, (i=5,4,P), (2.67)
T, = iMZ’T 121 s (Z = 6, 5, 4), (268)

Substituting equation (2.65) and the transformation matrices discussed in kinematic model-
ing section into equation (2.66) and (2.67), one is able to obtain the analytical expression of
the moment acting on joint 5, 4 and the platform in terms of the force and moment exerted
at the stylus. Since the 7 axis is the axis of rotation for joint 6, 5 and 4, the torques of joint
6, 5 and 4 are represented as equation (2.68). Whereas, since the platform has 3DOF, its
torque vector is same as the moment vector which is represented as equation (2.67). The
analytical expressions of the torque of joint 6, 5, 4 and the moment exerted at the platform
are shown in equation 2.69 - 2.72. M,,, M, and M,, are the moment along X, Y and Z

axis of the platform frame {P} respectively.

76 = M6 , (2.69)
T5 — —806 st - 696 My6 s (270)
T4 = —sbg Mwe — cbg MyG + 120f26 (2.71)

My =1, = [va My, Mpz]T (2.72)



CHAPTER 2. ANALYSIS OF THE 6-DOF HAPTIC DEVICE 45

Having determined the joint torques of serial mechanism and the resultant moment
vector exerted at the platform, the actuator torques of the spherical parallel mechanism
can be determined based on the moment exerted at the platform. Figure 2.15 depicts the
moment vector M, exerted at the platform; the actuator torque vectors of joint 1, joint 2

and joint 3.

Figure 2.15: Force mapping from the platform to joint 1, joint 2 and joint 3

The quasi-static model [33] is applied to establish the relationship between the moment
exerted at the platform and the actuator joint torques of the spherical parallel mechanism
given that the velocities caused by the user are relatively small. In mechanics of a rotation
system, the power can be formulated as power = torque - angular velocity. If we regard the
spherical parallel mechanism as a rotation system, the dot product of actuator joint torque
vector and actuator joint velocity vector can be regarded as input power of the system while
the dot product of the moment exerted at the platform and the velocity of Z-Y-X Euler
angle-set can be regarded as output power of the system. Equation (2.73) is obtained by

equaling the input and output powers of the rotation system.

M,T0,y, =170 (2.73)

Where 7 is the torque vector of actuator joints of the spherical parallel mechanism and is

expressed as [11, 72, 73]7. The extended Jacobian expression (BflA)EZym((%zyx) is utilized
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to establish the relationship between 7 and M, based on B, A and E.y;(0.,,) matrices.
Substituting equation (2.60) to (2.73) and simplify, one is able to obtain:

7= BT (AF.y2(0.y2)) "M, (2.74)

Note that the term of (;)zyx was canceled out during the algebraic manipulation. In other
words, this equation should be able to satisfy any arbitrary small velocities of the platform.
Overall, this equation relates the torque exerted at the mobile platform to the three actuated

joint torque of the spherical parallel mechanism.



Chapter 3

Experimental Studies

3.1 Introduction

Haptic interfaces are aim to provide users intuitive and realistic force information while
interacting with the virtual or remote tele-operation environment. The computed interactive

force between the user and a virtual object is rendered to the user via the haptic device.

Electronic Interface Analytical
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Figure 3.1: Block diagram of a typical haptic rendering loop with force display
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Figure 3.1 shows a block diagram of a typical haptic rendering loop with force display.
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It can be divided into five sections: human operator, haptic device, electronic interface,
analytical modeling and simulation. The electronic interface relates the continuous physical
device to the discrete virtual world. In particular, it converts the continuous rotation of
each actuator joints into discrete joint angles. It also converts the values of actuator joint
torques to analog voltage/current. Due to the elaborate sensory perception of the human
hand, which registers even very small oscillations, many research studies have shown that
update rates of up to 1 kHz or above are desired for haptic rendering of any physical
effects. The analytical model determines the position and orientation of the stylus of the
haptic device based on the value of actuator joint angles. It also computes the actuator
joint torques based on the desired force/torque at the stylus of the haptic device. The
simulation section consists of three processes: collision detection, virtual object rendering
and mechanics of interaction. It takes the position and orientation of the stylus of the haptic
device as input, determines the desired force and torque needs to be rendered at the stylus
based on the collision detection and mechanics of interaction.

In previous chapter, the analytical models of the haptic device have been established. In
this chapter, we investigate the electronic interface and the simulation sections. In addition,
experimental studies of the proposed haptic user interface are presented. The chapter is
organized as follows. In Section 3.2, we introduce the hardware setup of the electronic
interface. In Section 3.3, the software framework of the haptic interface are described. After
that, we discuss the calibration issues in Section 3.4. Experimental studies examining the
kinematic correspondence and force correspondence are presented in Section 3.5 and Section
3.6 respectively. In Section 3.7, we present the preliminary results when users interacts with

virtual environments through the proposed haptic interface.

3.2 Electronic Interface

In this section, the electronic interface of the haptic user interface are investigated. We first
provide an overview of the system architecture of the electronic interface. Then, thorough

description on the establishment of the electronic interface is presented.

3.2.1 Overview of the System Architecture

The system consists of four major components: the PC running under Windows XP, data
acquisition system (DAS), the 6DOF haptic device and the ATT NANO 25 F/T sensor and
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the associated control system. The system block diagram of the experimental hardware

setup is shown in Figure 3.2.
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Figure 3.2: System block diagram

The application software is running in the Microsoft Visual Studio C++ environment
and is responsible for accessing the values of the six actuator joint angles, determining the
position and orientation of the end-effector through the kinematic model, determining the
torque value at each joint based on the force model, rendering the device configuration and
the virtual environment through OpenGL and collect the F/T data from the ATI NANO
25 F/T sensor. It is the driver for communicating with the DAS.

The DAS consists of two Precisioin MicroDynamics (PMDi) MC4000 PCI-Bus motion
control DSP boards, six Maxon RE 25 Brushed DC motors and six Advanced Motion Control
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(AMC) 12A8 Pulse Width Modulated (PWM) servo amplifiers which are powered by two
AMC PS2X300W power supplies. Six independent axes/groups of analog and digital I/O
(e.g. quadrature decoder, digital to analog converter) from the two PMDi MC4000 DSP
boards are utilized to interface with the six actuator joints of the haptic device. The AMC
PWM servo amplifier supplies pulse width modulated signal to the corresponding actuator
based on the reference signal provided by the Digital to Analog Converter (DAC) of the
DSP board.

The 6-DOF haptic device is electronically interfaced by six Maxon RE 25 DC motors
each of which is directly coupled with Agilent Technologies HEDS-5540 optical encoder.
The DC motor is capable of providing 240 mNm peak torque and a velocity of 25.6 rad/sec
for a nominal power consumption of 20 W. The encoder is operated at the resolution of 500
Counts Per Revolution (CPR). The three DC motors and the associated encoders for the
three spherical joints are located on the base platform. The set of DC motor and encoder for
the elbow joint (joint 4) is mounted at the end of the serial link [; while, in order to reduce
the moving inertia, the rest two sets for the two wrist joints (joint 5 and 6) are located on
the mobile platform which is supported by the three passive links and the spherical passive
joint. The data sheets of the AMC PWM servo amplifier, AMC PSX300W power supplies,
Maxon RE 25 Brushed DC motor and the HEDS-5540 optical encoder are attached in the
Appendix A.

3.2.2 Data Acquisition System

The core of the DAS is the two PMDi MC4000 PCI-Bus motion control DSP boards
(MC4000 PRO board and MC4000 LITE board). The majority of the facilities of these
two boards are identical. The differences will be highlighted throughout this section. We
first introduce the crucial components or facilities and the initial configuration of the DSP
board. Figure 3.3 describes the layout of the DSP board. The SHARC DSP processor
(entry #3 in Figure 3.3) is running at 40 MHz while the internal Programmable Interval
Timer (PIT) is set at 1 KHz to be better suited for force reflection. The board select jumper
J5 (entry #10 in Figure 3.3) allows the user to set the board number when more than one
board is presented in the PC at one time. In our case, the MC4000 PRO is configured as
board #0 while the MC4000 LITE is configured as board #1. The SYNC signal (entry
#1 in Figure 3.3) is used to synchronize the activities between MC4000 PRO board and
MC4000 LITE board (e.g. the DAC outputs and encoder inputs). The Altera FPGA (entry
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#11 in Figure 3.3) handles the data from the encoders. The connectors J17 and J20 (entry
#9 in Figure 3.3) are 60-pin connectors, each of which provide access to the signals for two
axes/groups of analog and digital I/O. The axes are separated physically, each of which has
30 pins of the 60 pin allotted to it. For the complete description of the PMDi MC4000

PCI-Bus motion control DSP board please consult the manufacturer specification.

n SYNC and WD signals (J19) B On-board reset switch (51 and J4)
SHARC flag bit LEDs (D1 to D4) E Optional DC-DC converter (U17)"
ADSP SHARC (U2) 4 enc. input jumpers (J2, J8, J11, and J18)

and resistors (R50, R53, R56, and R59)

SHARC emulation port (J15) E’ D/A gain & offset tuning (R18 and R19)"

=

L it SRR AR I EUSRIR IR TARI | SRR

* Some items are not included on all versions of the MC4000

Figure 3.3: The PMDi MC4000 PCI-Bus motion control DSP board layout provided by the
manufacturer

As mentioned in section 3.2.1, six axes/groups of analog and digital I/O from the two
PMDi MC4000 DSP boards are utilized to interface with the six actuator joints of the
haptic device. The first four actuator joints (joint 1 to 4) are associated with the four
axes/groups of I/O of MC4000 PRO board, while the last two actuator joints (joint 5 and
6) are associated with the first two axes/groups of 1/O of MC4000 LITE board. Figure
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3.4 depicts the pin layout of the first axis of I/O of the MC4000 PRO board. The rest of
three axes are identical with the first axis. The pin layout of I/O axes of the MC4000 LITE
board is the same as that of the MC4000 PRO board except that there is no connection for
pin 22-25 and pin 29-30. The absence of the I/O will not cause any issue for the electronic

interface because they are irrelevant to the proposed application.

Check Appendix D for layout
of DUAL, LITE and STEP versions

n | Function Description
AD- Analog Input -ve Differential Line m AD+ Analog Input +ve Differential Line
DAC Analog Output AGND Analog Ground
AGND Analog Ground Position Capture In
HSD2 Position Compare Out HSD1 Stepper Motor - Direction
HSDO Steppar Mofor - Pulse1 Digital Ground
Amp Enable 2 Amp Enable1
+5V +5V from PC Digital Ground
Limz2- LiM2+
HOME2 LIM1-
LiM1i+ HOME1
Digital Ground +12V Power for Encoders
Encoder index Pulse Comple ment Encoder index Pulse
Encodsr Channal B
Encoder Channel AComplement [IERR Encoder Channel A
Encoder Ground [ 1 | +5V Power for Encoders

=Y = (5]
= -~ =l

g
'
;
{
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Figure 3.4: The pin layout of the first axis/group of I/O of the MC4000 PRO board provided
by the manufacturer

The six axes/groups of I/O are connected with three PMDi optical breakout boards for
the purpose of easy pin access and better protection of the DSP board. Each breakout board
accommodates two groups of axes from a single 60-pin connector (e.g. J17 in figure 3.3)
and allows access to all 30 signals from each individual axis by separating the two axes into

logical banks of terminal strips that are clearly labeled. The breakout board also provides
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isolation of digital signals on each axis/groups of I/O from the peripheral devices attached
to the breakout board (e.g. motors and amplifiers). Figure 3.5 describes the layout of the
breakout board for one axis of I/O. Looking at the terminal block (J6), every I/O signal

and the associated pin number of one axis is clearly labeled.
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Figure 3.5: The layout of the PMDi breakout board for one axis of I/O provided by the
manufacturer

Pin 1, 2, 3 and 5 (“4+5V”, “ENGND”, “A” and “B”) are the quadrature encoder inputs
which are to be connected with the HEDS-5540 optical encoder. Specifically, pin 1 and
2 are responsible for providing +5V power and ground for the encoder. Pin 3 and 5 are
responsible for receiving signals from channel A and B of the encoder. Channels A and
B correspond to two different photo sensors, which are oriented a quarter-pitch off each
other. The quarter pitch offset allows us to monitor the direction of the movement (either
clockwise or counter clockwise). For example, if the pulse from channel A leads channel B
as described in figure 3.6, the motor moves counter clockwise, as seen from the encoder end.
The MC4000 DSP board quadrature encoder inputs decrement or increment the counter
whenever an edge is detected from either channel A or channel B signals depending on the

direction of motion. Thus, for every count of the encoder, the decoder will increment 4



CHAPTER 3. EXPERIMENTAL STUDIES o4

times as shown in figure 3.6. Since the encoder has 500 CPR, the decoder will have 2000
CPR.
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Figure 3.6: PMDi MC4000 DSP board decoder signals

Pin 27 and 26 (“DAC” and “AGND”) are DAC output and analog ground respectively.
These two pins are responsible for providing two reference voltages (“+REF IN” and “-
REF IN”) to the AMC PWM servo amplifier which provides the pulse width modulated
signal with high switching frequency to drive the Maxon Brushed DC motor. Figure 3.7
shows the connection between the breakout board, servo amplifier and DC motor for one
axis. The range of DAC output is -10V - +10V. The servo amplifier is configured to use
in current mode, hence desired torque output can be controlled via two reference voltages.
The servo amplifier receives a differential analog input pair which is the difference voltage
level between the DAC output and the analog ground. The sign of the differential voltage
determines the motor turning direction. The amplitude of the differential voltage determines
the motor torque. The calibration of this mapping between reference voltage and desired
torque is presented in the section 3.4.2. Pin 16 and 17 (“+5V” and “GND”) are the 5V from
PC and digital ground. These two pins are connected with “EXTV+” and “EXTGND” of
the breakout board to provide isolation of digital signal on each axis from the peripheral
devices attached to the breakout board. The description of the aforementioned I/O pins
and the connections as shown in figure 3.7 applies to all six axes. The following description

of connection of pin 11 and 23 only applies to the first axis.
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Figure 3.7: The wiring diagram between the breakout board, servo amplifier, DC motor and

encoder of one axis

Pin 11 and 23 (“LIM1+” and “GND”) are digital input and digital ground. These two
pins are responsible for receiving the signal from the output of the physical home orientation

recognition system as shown in figure 3.25. It will be discussed in section 3.4.1.
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In this section, the application software design of the haptic user interface is investigated. We

first present an overview of the application software architecture. Then, the key components

are described in greater detail.

3.3.1 Overview of Application Software Architecture

Haptic DAS Haptic Graphic
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Figure 3.8: Software sequence diagram of the haptic user interface
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The application software is established in Microsoft Visual C++ 6.0 environment through
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Windows XP operating system. Figure 3.8 shows an overall software sequence diagram of
the haptic user interface and the allocation and distribution of the tasks. As shown, the user
and the haptic device represent the human operator manipulating the physical 6-DOF hap-
tic device while observing the virtual environment and the Graphic User Interface (GUI)
on the PC monitor. The DAS Control task represents the firmware of the two MC4000
DSP cards. The host PC’s processor accesses the MC4000 boards resources through PCI
bus. From the PCI bus, the MC4000 registers are mapped into 32-bit memory. At boot
time the host PC’s processor handles the allocation of board resources assigning the base
address. Table 3.1 illustrates the DSP and PCI address and description of MC4000 card
registers which are used in the application software. The information provided from table
3.1 is the same for both MC4000 PRO card and MC4000 LITE card. Table 3.2 summarizes
the board communication and register functions that are used in the application software.
These functions are provided by the manufacturer. With proper initialization of the two
MC4000 boards, the DAS Control task is able to provide encoder value, interpret digital
input data and convert the digital joint torque value to analog reference voltage to the servo

amplifier under the command of register functions as shown in table 3.2.

Table 3.1: MC4000 card register map (registers that are used in the application software)

DSP PCI Register Name Description
0x00 0x00 MC_PIT Programmable interval timer
0x01 0x02 MC-WD Watchdog timer
0x02 0x04 MC_GATE Timer gate
0x03 0x06 MC_SYNCCTRL SYNC control
0x04 - 0x0B | 0x08 - 0xOF MC_DACO -7 Digital to analog converter
0x15 0x22 MC_DIGINB Port B (Digital in)
0x20 0x34 MC_INTFLGHOST Host interrupt flags
0x21 0x35 MC_INTENAHOST Host interrupt enable
0x30 - 0x37 | 0x40 - 0x4E | MC_QDCOUNTO0 — 7 Decoder0 - 7 count
0x38 - 0x3F | 0x50 - OxbE | MC_QDMODEQ —T7 Decoder0 - 7 mode

Multi-threaded approach is employed in the application software design. It consists of
three threads, one main thread (Graphic Display thread) and two child threads (Haptic
Control thread and F/T sensor thread) as shown in figure 3.8. The Graphic Display thread
is responsible for initializing the two MC4000 DSP boards and graphics rendering (e.g. the
GUI, the graphic display of the haptic device configuration and the virtual environment).
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Table 3.2: The summary of the board communication and register functions that are used
in the application software

Header File

Board Communication and

Register Functions

Description

mcprim.h mcOpen() Initialize and allocate
board data structure
mcClose() Free board data structures
mcReadReg() Read from one MC4000 register
mcWriteReg() Write to one MC4000 register
mcinitnt.h | mcIntStart() Start interrupt handling
mclntStop() Stop interrupt handling
mclntWait() Wait until next interrupt occurs
mcreg.h mcDACwrite() Write one DAC channel
mcDIOreadPortB() Read digital input port B
mcEncPhase() Set phase inversion of
one encoder input
mcEncSoftPreloadN() Force a preload of the encoder counter
of multiple sequential encoder inputs
mcEncWriteN() Write encoder preload registers of
multiple sequential encoder inputs
mclruptClear() Clear host interrupt flags
mclruptEnable() Enable host interrupt mask bit
mclruptReadFlags() Read host interrupt flags
mcPITload() Load the programmable interval timer
mcSYNCconfig() Configure the source of the on-board

and external SYNC signals

The Haptic Control thread is in charge of background computations such as forward kine-

matic calculations, force mapping, collision detection, and mechanics-base interaction. The

F /T sensor thread is in charge of initiating the communication port, initializing the F /T sen-

sor controller and collecting the F/T sensor data. The operating frequencies of the Graphic

Display thread is set to be 50 Hz. The Haptic Control thread is running at 1 KHz to provide

more realistic force feedback. The F/T sensor thread is running at 40 Hz in correspond to

the operating frequency of the F/T sensor controller.
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3.3.2 Graphic Display Thread

The Graphic Display thread starts with initialization task of the MC4000 PRO and MC4000
LITE DSP boards. Figure 3.9 describes the flowchart of initialization task. The task begins
with allocating and initializing the data structure for communication with the two MC4000
boards to facilitate the implementation of the board communication and register functions.
The MC4000 PRO board is identified as board #0 while MC4000 LITE board is identified
as board #1.

Initialize and allocate board
data structures for MC4000
PRO (board #0) and
MC4000 LITE (board #1)

Y
Enable PIT timer and

disable WD timer for
board #0 and board #1

Y

Configure PIT timer to be

the internal SYNC signal

and external SYNC output
| for board #0

Y

Configure the internal
SYNC signal of board #1
to be the external SYNC

output | of board #0

Y

Configure the quadrature
decoders for board #0
and board #1

Figure 3.9: The flowchart of initialization of MC4000 PRO and MC4000 LITE board

There are two timers available on the MC4000 board: the Programmable Interval Timer
(PIT) and the Watch Dog (WD) timer. The PIT is enabled for both boards because it
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is capable of generating a SYNC pulse to latch the encoders, DACs and ADCs at regular
intervals. The WD timer is disabled for both boards because it interferes the operation
of DACs (WD timer counts at 1/8 of the PIT clock rate and forces the DAC outputs to
zero every time when timeout of the WD timer occurs). In order to synchronize board #0
and board #1, SYNC signals of both boards need to be configured. There are three SYNC
signals on each boards: internal SYNC (for the DACs, ADCs and quadrature encoders on
the board), external SYNC output 1 and external SYNC output 2. The internal SYNC of
board #0 is configured to be the PIT timer to latch the encoders and DACs. The external
SYNC output 1 of board #0 and the internal SYNC of the board #1 are configured to be
the PIT timer of board #0 to synchronize the board #1 with board #0. Having completed
the configuration of the timer of the two MC4000 boards, the quadrature encoders inputs
can be configured. Figure 3.10 exhibits the block diagram of the encoder read and write
interface. The encoder latch latches the encoder count on the SYNC pulse and remains
unchanged until a new SYNC pulse is generated. To ensure the encoder count starts from

0, we write 0 to the encoder preload register and enable the software preload for every axis.

READ

I

Encoder count

- SYNC

latch
/T
Up/down from
Counter «— quadrature

decode logic

/T
Preload enable
P[‘?%ﬁd Software preload

WRITE

Figure 3.10: The block diagram of the encoder read and write interface

The next task of the Graphic Display thread is orientation recognition. It determines
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whether the device is at the physical home configuration. The application software proceeds
if a permission is issued by the orientation recognition task. For more detail regarding the
orientation recognition system, please refer to section 3.4.1.

The third task of the Graphic Display thread is initial graphic rendering, which includes
graphical representation of the haptic device, virtual environment and GUI as shown in

figure 3.11.a, figure 3.11.b and figure 3.12 respectively.

6DOF Haptic Device _ _ B2 Virtual Environment [;HE‘@

(a) (b)

Figure 3.11: The initial graphic rendering, (a): the graphical representation of the haptic
device; (b): the virtual environment

The graphical representation of the haptic device reflects the starting configuration of the
device. The GUI displays the key measurements and calculation results at the initial stage
(e.g. the actuator joint angles, the orientation matrix of the mobile platform, the forward
kinematic matrix, the actuator joint torques and the desired force at the stylus of the device).
The blue cursor in the virtual environment represents the stylus of the device; the red, green
and blue lines on the cursor represent the X, Y and Z axes of the end-effector; the three
sides of the vertical notch which are located at the back, left side and right side of the stylus
represent three virtual walls. Please note that the virtual environment shown in figure 3.11
is only one example. A number of different geometric shapes of the blue cursor and the

virtual object are designed for different experiments. Please refer to section 3.7 for more
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Graphic User Interface
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Figure 3.12: The initial graphic user interface

detail. These three graphic rendering units are updated once human operator manipulates
the device. Specifically, the graphic representation of the haptic device is updated based
on the encoder values and forward kinematic calculations. The blue cursor in the virtual
environment is updated based on the forward kinematic calculations. For the GUI display,
the actuator joint angles are updated based on encoder values; the orientation matrix of
the mobile platform and the forward kinematic matrix are updated based on the forward
kinematic calculations; the actuator joint torques are updated based on the force mapping
calculations; the desired force at the stylus is updated based on the collision detection and

simulation law.
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3.3.3 Haptic Control Thread

With the permission from the orientation recognition task of the Graphic Display thread,

the Haptic Control thread proceeds. It begins with the forward kinematic calculation task.

Obtain six
axes encoder |«
values

encoder values
valid?

Calibrate
encoder
values

Y

Initialize joint
angles

Y
Determine the
orientation of
the mobile
platform

Y
Determine the
position and
orientation of
the stylus

Figure 3.13: Forward kinematic calculation flowchart

Figure 3.13 depicts the process of forward kinematic calculation. At this stage, the
six axes encoder registers are properly configured in Graphic Display thread as discussed

in previous section. The encoder values can be obtained by calling the register function
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(mcEncReadN ()) of both MC4000 boards. After the validation process, calibration process
is executed to convert the encoder values to joint angles. The calibration process consists
of two steps. Firstly, convert the decoder count value into degree of rotation of the motor
shaft. As discussed in section 3.2.2, the quadrature decoder has 2000 CPR. Thus, one degree
of rotation corresponds to 360/2000. Secondly, convert the degree of rotation of the motor
shaft into actual joint angle. Due to the mechanical design of the haptic device, motor shaft
is routed with the corresponding joint pulley by ultra high strength fiber wire. Therefore,
the actual joint angle equals to the rotation of the motor shaft multiply by the ratio between

the diameter of joint pulley and motor shaft. Equation 3.1 summaries the conversion.

360 g@motor_shaft

3.1
500 x4 gjoint_pulley (3:-1)

Joint_angle =

Having completed the conversion process, the six joint angles need to be initialized
to accurately reflect the starting configuration of the haptic device. The initial values of
the six joint angles are summarized in table 3.3. For the detail on the initial joint angle
values, please refer to section 3.4.1. Next, the six joint angles are utilized to determine the
orientation of the mobile platform, the position and orientation of stylus.

After the completion of the forward kinematic calculation, the data (e.g. joint angles,
orientation matrix of the mobile platform, the forward kinematic matrix) is shared by the
Graphic Display thread to update the graphical representation of the haptic device and the

virtual environment.
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End Point of
the Stylus

Figure 3.14: Point-based haptic interaction
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Figure 3.15: Collision detection algorithm

The next task of the Haptic Control thread is collision detection, which checks if the
stylus of the device collides with the virtual object and returns collision information to
the mechanics-based interaction task. Over the past decade, many researchers have studied
different haptic rendering techniques to render 3D objects. The representation of 3D objects
can be either surface-based [36] or volume-based [37] for the purposes of haptic rendering.
The surface models are based on parametric or polygonal representations, while the volume
models are based on voxels. The surface model is implemented in the proposed application

software. An alternative way of distinguishing the existing haptic rendering techniques is
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based on the type of haptic interaction: ray-based [38] or point-based [39]. In ray-based
haptic interactions, the generic probe of the haptic device is modeled as a finite ray whose
orientation is taken into account, and the collisions are checked between the ray and the
objects. Point-based haptic interactions only consider the end point of the stylus interacts
with objects. The stylus may penetrate into the virtual object after collision because the
virtual surfaces have finite stiffness. The point-based collision detection algorithm checks
if the stylus of the haptic device collides with the virtual object while the user moves the
stylus. If the collision occurs, the depth of indentation is calculated as the distance between
the current position of the stylus and a surface point, such as the nearest surface point.
Figure 3.14 describes the concept of point-based haptic interaction. Figure 3.15 describes
the point-based algorithm used in the application software. The algorithm begins with
initializing the collision detection flag and two variables (the nearest surface point and the
depth of indentation). Then, it obtains the position and orientation information of the
stylus from the forward kinematic calculation task and latches the geometric information of
the virtual object from Graphic Display thread. Comparison between the aforementioned
information is performed to determine whether the stylus collides with the virtual object.
If collision occurs, the collision detection flag is set true. The calculation of nearest surface

point and the depth of indentation is then executed.
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Figure 3.16: Torque calculation in point-base haptic interaction
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Figure 3.17: The flowchart of mechanics of interaction task

After the completion of the collision detection task, the mechanics of interaction task
proceeds. This task determines the desired force/torque at the stylus of the haptic device
based on the nearest surface point and the depth of indentation. The desired force at

the stylus F, is calculated using the spring model, F, = kay, where k is the stiffness of
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the virtual object, z; is the depth of indentation mapped to stylus frame. The desired
torque/moment at the stylus Md is determined based on F_’;l, Md =7 X F_’;l, where 7 is the
position vector pointing from the end point of the stylus to the origin of the stylus (Figure
3.16). Over the past decade, extensive research has been conducted to render rigid object
(high stiffness) [40], [41]. In the optimal case scenario, the haptic interface should be able to
render absolute rigid object with infinite stiffness. However, it is not possible in real world
because of mechanical and electrical limitations of the haptic interface (e.g. the mechanical
structure of the haptic device, the maximum torque of the motor, the latency issue in the
haptic loop, etc.) [35]. Methods to render higher stiffness object without sacrificing the
stability has been studied in later chapter of this thesis work. The values of k various in
different experiments. Please refer to the Section 3.7 and Chapter 4 for detail discussion.
Figure 3.17 depicts the flowchart of the mechanics of interaction task. The task proceeds
when the collision detection flag becomes true. The value of k is then initialized. After that,
it obtains the depth of indentation Z and the position of the end point of the stylus from
the collision detection task, and the orientation matrix of stylus frame from the forward
kinematic calculation task. The depth of indentation & is then mapped to the stylus frame
and resulted in zj. Lastly, the desired force F:l at the stylus is determined based on the
equation ﬁd = kx;. The desired torque is then calculated based on the equation Md =T F_’:i.

The last task of the Haptic Control thread is force mapping. It determines the desired
actuator joint torque based on the desired force/torque at the stylus using the force model
established in Chapter 2.6. Figure 3.18 describes the flowchart of the force mapping task. It
starts with obtaining desired force/torque vector at the stylus from mechanics of interaction
task. The actuator joint torques of the serial mechanism (joint 6, 5 and 4) and the moment
vector at the mobile platform are then determined based on the force model of the serial
mechanism established in Chapter 2.7. Next, it calculates the Jacobian matrix of the spher-
ical parallel mechanism according to Chapter 2.6. Then, the actuator joint torques of the
spherical parallel mechanism (joint 1, 2 and 3) are determined giving the moment vector at
the mobile platform and the Jacobian matrix of the spherical parallel mechanism. Next, the
actuator torques are converted to reference voltages based on the motor characteristics. The
detail of the conversion is discussed in Section 3.4.2. Lastly, it supplies the reference voltages

to the corresponding servo amplifiers by calling the register function meD ACwrite().
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Figure 3.18: The flowchart of force mapping task

3.4 Calibrations

In this section, calibration work prior to the actual haptics experimentations is investigated.
We first discuss the calibration of the physical home configuration. Then, we explain the

relationship between the actuator torque and the voltage.
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3.4.1 Calibration of the Physical Home Configuration

Figure 3.19: Kinematic home configuration

The physical home configuration is the starting configuration of manipulator and, in our
case, is where the six quadrature decoders read zero from the encoders which are coupled
with the joint actuators. If the physical home configuration and the kinematic home config-
uration are identical, the kinematic model can be directly used in the experimental study.
However, assigning the physical home configuration to be the same as the the kinematic
home configuration is not applicable due to the position of the end-effector based on the
kinematic home configuration is away from the base of the haptic device as shown in Figure

3.19. Therefore, a physical home configuration of the haptic device needs to be defined.
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Figure 3.20: The mechanical stand of the end-effector: (a): the structure of the stand; (b):
the stand holding the end-effector and the location of the origin of the end-effector frame
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Figure 3.21: Calibration of the position of the end-effector of the physical home configuration

(Unit is mm)

We propose two-step approach to define the physical home configuration. First, we

define the position of the end-effector frame with respect to the hypothetical WCF {W'}.

In order to define the position of the end-effector, an end-effector stand is designed and

manufactured as shown in Figure 3.20.a. It can be mounted to the middle of the front edge

of the base. The stand can be easily taken away when the end-effector is detached. Thus,
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the stand will not interfere the workspace of the haptic device. Figure 3.20.b describes how
the stand holds the end-effector of the haptic device and the position of the origin of the
end-effector frame “Og”. Through the knowledge of the position of the origin of the end-
effector frame in physical home configuration, the position vector of the end-effector frame
with respect to the {IW'} frame, w’ Ps, can be measured. Referring the Figure 3.21, W’ Py
is {0; —6; —272}.

L X

Orientation
Coupler

Figure 3.22: Physical home configuration: (a): The front view of the actual device in
physical home configuration; (b): The corresponding view in OpenGL

In addition to the position, the orientation of the end-effector at the physical home con-
figuration needs to be defined. Figure 3.22.a shows the desired physical home configuration
and the frame assignment of the end-effector while Figure 3.22.b exhibits the corresponding
view from OpenGL. In order to determine whether the orientation of the end-effector aligns
with the pre-defined orientation of the physical home configuration as depicted in Figure
3.22.a and 3.22.b. An orientation recognition system is designed and implemented which
consists of an orientation coupler, a pair of infrared transmitter and receiver, voltage regu-
lating and noise filtering circuitry, a housing for the infrared sensors and a digital interface.

Specifically, a pair of infrared transmitter and receiver manufactured by Honeywell (SE5455
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and SD5600) (see Appendix A) are selected to govern the orientation of the end-effector
at the physical home configuration. In order to avoid the physical interference at the end-
effector, we designed and manufactured a housing for the pair of infrared sensors as shown
in Figure 3.23.b. It is to be clamped on the mechanical stand of the end-effector and the

base on the haptic device and can be easily taken away as well.

Figure 3.23: Components of the orientation recognition system: (a): The orientation cou-
pler; (b): The housing of the infrared transmitter and receiver

For the purpose of allowing the pair of infrared sensors to recognize the orientation
of the end-effector at the physical home configuration, a mechanical orientation coupler is
manufactured and mounted on the handle of the end-effector as shown in Figure 3.23.a.
The orientation coupler ensures that the infrared light emitted by the infrared transmitter
can be received by the infrared receiver if and only if the orientation of the end-effector
aligns with the pre-defined orientation of the physical home configuration. Figure 3.24.a
describes the concept of the orientation coupling while Figure 3.24.b shows a view when the
housing of the infrared transmitter and receiver is clamped on the mechanical stand of the
end-effector and the orientation of the end-effector aligns with the pre-defined orientation
of the physical home configuration.

The voltage regulating and noise filtering circuitry of the orientation recognition sys-
tem, as shown in Figure 3.25, is designed to have three functionalities. Firstly, it provides

appropriate DC voltage to the infrared transmitter. In addition, it filters the noise of the
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Figure 3.24: Orientation coupling: (a): Orientation coupling by using the mechanical orien-
tation coupler and infrared sensors; (b): A view when the housing of the infrared transmitter
and receiver is clamped on the mechanical stand of the end-effector

output signal from infrared receiver, which is to be supplied to the digital input of micro-
controller. Lastly, it provides indication when the orientation of the end-effector aligns with
the predefined orientation of the physical home configuration.

Components are selected to ensure that the voltage regulating and noise filtering circuitry
is able to provide the aforementioned three functionalities. In particular, the infrared trans-
mitter (SE-5455) has glass lensed cans providing a narrow beam angle which is particularly
suitable for our application. The peak output wavelength of the infrared light emitted by the
infrared emitter is 935nm. Since the maximum forward voltage of the infrared transmitter
is 1.7V DC, a 3-terminal adjustable voltage regulator (LM317) is implemented to transfer
the 5V DC voltage supplied by the micro-controller to 1.3V DC which is determined to
maximize the power efficiency giving the fix distance between the infrared transmitter and
receiver. The infrared receiver (SE-5600) is mechanically and spectrally matched with the
infrared transmitter (SE-5455), in other words, the peak input wavelength is 935nm. The
infrared receiver consists of a photodiode, amplifier, voltage regulator and Schmitt trigger.
Thus, it is able to provide constant voltage output once the infrared light is received. The
output of the infrared receiver has high signal to noise ratio and is TTL/CMOS compatible.
It is connected in series with a light emitting diode (LED), a current limit resistor and one
of the digital inputs of the micro-controller. Hence, as soon as the infrared light is received,
the LED will on and the corresponding digital input bit of the micro-controller will be logic
high. For the purpose of stabilizing the power supply line of the infrared receiver, a 0.1V
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Figure 3.25: Orientation recognition system

capacitor is connected between Vcc and GND pins of the infrared receiver.

So far, the position of the end-effector at the physical home configuration have been
determined and the desired orientation of the end-effector have been monitored. The ana-
lytical expression of the orientation of the end-effector at the physical home configuration
can be determined by geometric mapping from {W,} frame to the frame of end-effector as

shown in equation (3.2). The resulting transformation matrix is shown in equation (3.3).

X6 . XW/ }/6 . XW/ Z@' . XW’
§'R=| X¢- Y Yo -Ywr Zo-Yip (32)
Xe - Zw Yo -Zwr Zg- Zwr

0 -1 0 0
. 0 0 -1 -6
W = (3.3)
1 0 0 —272

0 0 O 1

Having obtain the position and orientation of the end-effector of the physical home
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configuration, we utilize the inverse kinematic model to determine corresponding six actu-
ator joint angles. Table 3.3 summaries the six actuator joint angles of the physical home

configuration.

Table 3.3: Summary of the six actuator joint angles of the physical home configuration

91 92 93 (94 95 96
42.19° | 47.76° | 45° | —13.65° | —81.49° | O°
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and send go ahead

signal to the main
thread

Figure 3.26: The flowchart of the interrupt service routine that checks for the orientation

of the end-effector

Figure 3.26 describes the software process of checking the orientation of the end-effector
at home configuration. This process serves as an interrupt service routine of the Graphic
Display thread. This interrupt takes place the beginning stage of experimentations to ensure

that the haptic device is at the physical home configuration.
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3.4.2 Motor Characteristics

As discussed in Section 3.2.1, six Maxon RE 25mm DC motors are used in this thesis. The
data sheet of the motor specification is attached in Appendix A. Table 3.4 summaries the

key characteristics of the motor which are used in torque calibrations.

Table 3.4: Key specifications of Maxon RE 25 Brushed DC motor

Motor Data Value
Assigned power rating 20 W
Nominal voltage 24V
No load speed 9660 rpm
Stall torque 240 mNm
No load current 37 mA
Starting current 10300 mA
Terminal resistance 2.32 Ohm
Torque constant 23.2 mNm/A

For a DC permanent magnet motor, the torque is inverse proportional to the speed. In
contrast, the torque is proportional to the current induced through the motor [43]. Figure
3.27 depicts the relationship between the motor torque and the speed at the nominal voltage
while Figure 3.28 shows the relationship between the motor torque and the current at the
nominal voltage. Note that the starting current can be regarded as stall current because
neither start nor stall condition has back Electro-Magnetic Field (EMF) [43]. Using this
linear relationship, no matter what load is applied to the motor, we can estimate the speed
of the motor shaft and the current induced through the motor. For example, suppose we
use this motor at a load of 100 mNm, using the above plot, we can see that the motor will

run at approximately 5600 rpm and it will draw about 4.5 A from the power supply.
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Figure 3.27: Speed VS Torque characteristic at nominal voltage
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Figure 3.28: Current VS Torque characteristic at nominal voltage
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In our application, for safety concern, the voltage supplied to the motor is limited to -10V
to 10V. We can scale the plot accordingly to fit our operating range. We assume a permanent
magnet motors such as Maxon RE 25 DC motor have the following characteristics: the
no-load speed is directly proportional to the voltage, the slope of the speed/torque curve
remains constant, and the current/torque curve does not change when the voltage varies
[43]. For example, the no load speed at 5V can be determined by 9660rpm /24V x5V which
equals to 2013 rpm. Figure 3.29 exhibits the speed-torque characteristic of the motor at
1V, 2V, 3V, 4V and 5V. Figure 3.30 depicts the current-torque characteristic when torque

range from 0 to 50mNm.
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Figure 3.29: Speed VS Torque characteristic at 1V, 2V, 3V, 4V and 5V

The stall torque of the motor is the key characteristic for haptics application. Referring
to Figure 3.29, one can observe that the stall torques at 1V, 2V, 3V, 4V and 5V are 10 mNm,
20 mNm, 30 mNm, 40 mNm and 50 mNm respectively. Referring to Figure 3.30, one can
observe that the stall current at 1V, 2V, 3V, 4V and 5V are 0.43A, 0.86A, 1.29A, 1.72A,
2.15A. In stall condition, the armature of the motor appears in the circuit as a resistor.

Therefore, the stall current and stall torque are directly proportional to the applied voltage.
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Using the terminal resistance (2.32 Ohm) and torque constant (23.2 mNm/A), the conversion
between the desired torque , the current and the terminal voltage can be determined. For
example, if the desired torque is 40 mNm, the motor should draw approximately 1.72 A
(40mNm/23.2mNm/A = 1.72A) from the power supply. The terminal voltage across the
motor leads should be about 4V (1.72A4 * 2.320hm = 4V).
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Figure 3.30: Current VS Torque characteristic when torque range from 0 to 50mNm

3.4.3 Precision

The ratio between the diameter of joint pulley (& joint_pulley) and motor shaft (gmotor_shaft)
is 0.23. According to equation 3.1, the resolution of joint angle is 0.04°. Substituting the
0.04° change of joint angles at physical home configuration into forward kinematic model,
we notice that the minimum change of the position of the stylus occurs when there is 0.04°
increase on 3. Table 3.6 illustrates the set of joint angles in this case. Equation (3.4) shows
the transformation matrix. Comparing equation (3.3) with equation (3.4), we can see that
the minimum change is along the Z axis of the stylus frame which is 0.02 mm. Overall,

the rotational precision of the proposed haptic device is 0.04°; the linear precision of the
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proposed haptic device is 0.02 mm.

Table 3.5: Summary of the six actuator joint angles

91 92 93 94 6’5 96
42.19° | 47.76° | 45.04° | —13.65° | —81.49° | 0°

-0.14 —-0.99 O 0.35

. 0 0 -1 -591
W= (3.4)
099 —0.14 0 —272.02
0 0 0 1

3.5 Kinematic Correspondence

In this section, the forward and inverse kinematic models of the haptic device are examined
through the kinematic correspondence system. In particular, the user moves the stylus of
the haptic device along an arbitrary trajectory which starts from and terminates at the
physical home position. While the user manipulates the stylus of the haptic device, the
kinematic correspondence system collects the six individual joint angles, determines the
position and orientation of the stylus based on the forward kinematic model, and renders
the corresponding graphical representation of the haptic device in real time.

Comparing with the overall software sequence diagram (Figure 3.8), the software se-
quence diagram of the kinematic correspondence experiment (Figure 3.31) only has two
threads (Haptic Control thread and Graphic Display thread) since there is no need for ac-
tual force/torque data collection. In addition, collision detection, mechanics of interaction
and force mapping tasks of the Haptic Control thread are omitted because we only examine
the kinematic correspondence characteristic of the haptic interface in this experiment.

Three sets of joint angles at 1%¢, 1500®" and 2500"" sample are utilized to examine the
forward kinematic model. After that, these forward kinematic solutions are utilized to
examine the inverse kinematic model. Figure 3.32 records the six individual joint angles
which are collected from the encoder in real time. Table 3.6 illustrates the six joint angles
at the three selected samples (5] is recorded at the 15¢ sample, S is recorded at the 1500t"
sample and S5 is recorded at the 2500 sample).

The three sets of joint angles are fed to the forward kinematic model to solve for the
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Figure 3.31: Software sequence diagram of kinematic correspondence experiment

position and orientation of the stylus at the corresponding selected sample. The resulting
forward kinematic solutions are listed below. Please note that § T, (i = 1,2,3) represents

the forward kinematic solution of the .S; sample.

0 -1 0 0.15
-016 0 -099 5.9
099 0 -0.16 -—-272.02
0 0 0 1

w'’ _
6 TSl -
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Figure 3.32: Six individual joint angles

Table 3.6: List of joint angles at the three selected samples (S is recorded at the 15! sample,
Sy is recorded at the 1500t" sample and S3 is recorded at the 25005 sample)

01 0o 03 04 05 s
S1 | 42.19° | 47.76° 45° —13.65° | —81.49° 0°
So | 64.14° | 59.65° | 42.03° | —28.74° | —78.23° | —42.37°
S3 | 35.33° | 27.64° | 49.57° | —59.6° | —87.42° | —95.41°

[ 0.89 —0.44 —0.07 —94.81

/ 0.13 0.41 —0.9 —83.93
gv TSQ =
0.42 0.8 0.43 —232.58
0 0 0 1

[ 096 —0.17 —0.2  75.62

/ 0.08 0.9 —0.41 -136.44
IG/V Tsy =
0.25 0.38 0.89 —178.28
0 0 0 1

Figure 3.33 records the position of the end-effector while Figure 3.34 records the trajectory

of the end-effector in real time. These two figures are able to verify the position solution of
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the forward kinematic model.

Location (mm)

Sample

Figure 3.33: The position of the end-effector

In order to verify the orientation solution of the forward kinematic model and to visualize
the physical change of the device along the trajectory, three graphic representations of the
device are generated through OpenGL as depicted in Figure 3.35. These three graphic
representations are overlapped by aligning the {W/} frame. In addition, they are black,

gray and light gray colored which correspond to device configuration at S, So and S3

respectively.
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I Axis

Figure 3.35: Device configurations generated by OpenGL
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The above forward kinematic solutions are fed to the inverse kinematic model. Table
3.7 concludes the inverse kinematic solutions. Comparing the result with table 3.6, one is
able to observe that the inverse kinematic result agrees with the forward kinematic result.
Overall, the kinematic correspondence experiment results indicate that the proposed haptic
interface has good kinematic correspondence given by the user and those applied to the

virtual environment.

Table 3.7: The inverse kinematic solutions based on position and orientation of the end-
effector at the selected samples

th 0o 03 04 05 06
S1 | 42.19° | 47.68° | 45.09° | —13.88° | —81.43° 0°
So | 64.13° | 59.18° | 42.13° | —29.81° | —77.82° | —42.37°
S3 | 36.13° | 27.34° | 50.77° | —59.19° | —88.46° | —95.41°

3.6 Force Correspondence

% -,
& Center of
| “7 Rotation “0”"

Figure 3.36: The haptic device with F/T sensor mounted at the stylus

The force correspondence experiment is aimed to verify the correspondence of the desired
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force/torque at the stylus assigned by the virtual environment and the actual force/torque
rendered at the stylus. Six experiments are designed, each of which takes the desired force or
torque value at the stylus as input, determines the corresponding six actuator joint torques
and renders the force feedback accordingly. Specifically, the first four experiments take the
desired force magnitude of 1 N along +74 axis and +Yg axis respectively. The last two
experiments take the desired torque magnitude of 1 Nm along +Xg axis restively. The
actual force and torque results are measured by the F/T sensor which is mounted at the

end-effector as shown in Figure 3.36.

Haptic DAS Haptic Graphic
l User I P P fap FIT Sensor
Device Control Control Display
operate device initialize
update encoder Initial settings of quadrature MC4000
decoders, intprrupts, timers etc. controller
Initial
digital input|PortB value > settings
of FIT
orientation sensor
process latch data recognition controller
encoder value A (o:pé;ahr;
haptic :
device Por
calculations establish clear
update GuUI memory
shared "
memol raw
o virtual create file
lateh data environment in directory
_ _ share data_
update
device
configuration
computed update
torque value virtual
drive motors environment
force feedback __sharedata _
update
visual feedback GuI
-
force feedback ek
i write FIT
data to
the file

Figure 3.37: Software sequence diagram of force correspondence experiment
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Comparing with the overall software sequence diagram (Figure 3.8), the Haptic Control
thread of the software sequence diagram of the force correspondence experiment (Figure
3.37) does not require collision detection and mechanics of interaction tasks. The reason is

that, for the case of force correspondence experiment, the desired force/torque values at the

stylus are predefined as previously mentioned.

KB Axis

- Y6 Axis

Figure 3.38: Directional errors of the actual force vectors (in red) with respect to the desired

force vectors (in blue)

HB Axis

@ "

R W Axis

05 4

Figure 3.39: Directional errors of the actual torque vectors (in red) with respect to the

desired torque vectors (in blue)
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Figure 3.38 and Figure 3.39 show the desired force or torque vectors and the normalized
actual force or torque vectors of the six experiments. The vectors of red color are the
normalized actual force or torque vectors while the vectors of blue color are the desired force
or torque vectors. The direction errors between the desired and actual force or torque vectors
are denoted by ¢1, ..., vg. The values of these angles are 4.29°,6.91°,7.85°,11.43°,2.11° and
1.32° respectively. The relatively significant error occurs when the desired force vectors are
along positive or negative Yy axis. This can be attributed to the posture of the user holding

the force sensor.

3.7 Interaction with Virtual Environment

Having established the kinematic and force correspondence characteristics of the haptic
interface, we present some preliminary results when the haptic device interacts with virtual
environments. We firstly demonstrate the force feedback along the Yg and Zg axes. We then

present the torque display along the Xg, Ys and Zg axes.

Xep
Y+
v
Zﬁ

Figure 3.40: The virtual environment of the first experiment

Figure 3.40 exhibits the virtual environment of this experiment, the blue cursor repre-
sents the stylus; the red, green and blue lines on the cursor represent the X, Y and Z axes
of the end-effector; the three sides of the vertical notch which are located at the back, left
side and right side of the end-effector, represent three virtual walls. A spring model with
the stiffness coefficient k& of 20 N/m is applied to model the virtual wall. Since we have

not yet included any stability enhancement methods into the haptic interface, the stiffness
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coefficient is selected at relatively low level. The overall software sequence diagram (Figure
3.8) describes the general structure of the application software implemented in the exper-
iments of this section. In this experiment, as depicted in Figure 3.41, the user moves the
stylus of the haptic device starting from the physical home position and then makes contact
with the virtual walls located at the left side, the right side and back side sequentially. The
desired force is computed based on the collision detection and mechanics-base interaction.
It is recorded at 1 KHz. The actual force exerted at the stylus is measured by the F/T
force sensor. It is collected at 40 Hz. Figure 3.42 shows the desired force along the Yy axis
(upper portion) and along the Zg axis (lower portion), while Figure 3.43 depicts the actual

force along the Y axis (upper portion) and along the Zg axis (lower portion).

Figure 3.41: User interact with virtual environment

The results reflect the three contact events. For example, the first contact event takes
place at the left side virtual wall at between 7.62 second and 8.98 second, and the expected
reaction force is along the negative Yy direction. This can be observed between A (7626
sample) and B (8985 sample) of the desired force plot along Yy axis (sampling rate is 1
KHz) in Figure 3.42 and between A" (310" sample) and B" (386" sample) of the actual
force plot along Yy axis (sampling rate is 40 Hz) in Figure 3.43. The 0.15 second time delay
of the actual force display is noticed according to the time difference between A and A'.
This can be attributed to the delays from varies different components in the haptic control
loop (i.e. quantization delay and amplifier delay) and the serial communication with F/T

controller.
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Figure 3.42: The desired force along Yy axis (upper portion) and Zg axis (lower portion)
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Figure 3.43: The actual force along Yy axis (upper portion) and Zg axis (lower portion)

The magnitude of the actual force display is proportional to the amplifier gain (which is
assigned to be 5 in this experiment). This can be observed by comparing the Y axis scale
of the desired and actual force plots in Figure 3.42 and Figure 3.43. The user can be
active during the manipulation, which affects the results of the actual force. For example,
a significant jitter of the force along Zg axis occurs at 5 second which corresponds to E
(200" sample) of the actual force plot along Zg axis in Figure 3.43. This is caused by the

user dragging the stylus away from the rest position. In addition, depending on the way
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user grasping the stylus, the response of the actual force exerted at the user’s hand to the
abrupt change of the desired force can be relatively slow. For example, at 10.5 second, the
stylus makes initial contact with the right side virtual wall (the second contact event), which
corresponds to C (1048 sample) of the desired force plot along Ys axis in Figure 3.42 and
Cl(435th sample) of the actual force plot along Yg axis in Figure 3.43, the slope of the actual
force plot is less steep which indicates longer response time.

The next experiment is aim to demonstrate the torque display along Xg axis. Figure
3.47.a depicts the start of the interaction where the stylus (the blue cylinder) is sitting at the
rest position, while Figure 3.47.b describes the moment when the stylus makes contact with
the virtual cube. The coordinate frame located at the upper right corner of Figure 3.47.a
and 3.47.b represents the orientation of the stylus at the rest position and at the moment
of initial contact respectively. During the entire process, the stylus is made contact twice
with the virtual cube with the same fashion as shown in Figure 3.47.b. F, represents the
contact force when contact takes place. Based on the orientation of the stylus, the torque
along the positive X¢ axis should be the dominant component of the overall force/torque

feedback. In addition, there should be force along positive Zg axis and negative Yy axis.

& ﬁ.
P Y,

Y, Ls & 7

¥

-]

Figure 3.44: The virtual environment of the second experiment, (a): initial condition; (b):
stylus makes contact with the virtual cube

Figure 3.45 presents the desired torque (computed based on the collision detection and
mechanics-base interaction) along Xg axis, while Figure 3.46 exhibits the actual torque
(measured by the F/T sensor) along Xg axis (the upper plot), the actual force along Y axis
(the middle plot) and the actual force along Zg axis (the lower plot). The results reflect

the two contact events. For example, the first contact event takes place at between 10.15
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second and 15.65 second. It can be observed between G (1015"" sample) and H; (1565
sample) in Figure 3.45, and between G5 (465" sample) and Hy(717"" sample) of the plot of
actual torque along Xg axis in Figure 3.46. In addition, this contact event can be observed
between G3 (465" sample) and Hsz (717" sample) of the plot of actual force along Yy axis
and between G4 (465" sample) and Hy (717" sample) of the plot of actual force along Zg
axis in Figure 3.46. As expected, the results indicate that there are forces along negative

Ys axis and positive Zg axis.
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Figure 3.45: The desired torque along Xg¢ axis
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Figure 3.46: The actual torque along X4 axis (in red), along Ys axis (in black) and along
Z axis (in magenta)

The third experiment is aim to demonstrate the torque display along Yg axis. Figure
3.47.a depicts the start of the interaction where the stylus (the blue cylinder) is sitting at
the rest position, while Figure 3.47.b describes the moment when the stylus makes contact
with the upper surface of the virtual cube. The coordinate frame located at the upper

right corner of Figure 3.47.a and 3.47.b represents the orientation of the stylus at the rest
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position and at the moment of initial contact respectively. During the entire process, the
stylus is made contact with the upper surface twice with the same fashion as shown in Figure
3.47.b. F, represents the contact force when contact takes place. Based on the orientation
of the stylus, the torque along the positive Yy axis should be the dominant component of
the overall force/torque feedback. In addition, there should be comparatively larger force

along positive Xg axis than negative Zg axis.

Xﬁ
Y;S;
' Zﬁ

(a) (b)
Figure 3.47: The virtual environment of the third experiment, (a): initial condition; (b):
stylus makes contact with the virtual cube

Figure 3.48 presents the desired torque along Yy axis, while Figure 3.49 exhibits the
actual torque along Y axis (the upper plot), the actual force along Xg axis (the middle
plot) and the actual force along Zg axis (the lower plot). The results reflect the two contact
events. For example, the first contact event takes place at between 6.98 second and 9.35
second. It can be observed between A; (6980 sample) and B;(9350"" sample) in Figure
3.48, and between A (287" sample) and B(434"" sample) of the plot of actual torque
along Ys axis in Figure 3.49. In addition, this contact event can be observed between Aj
(287" sample) and Bs (434" sample) of the plot of actual force along Xg axis and between
Ay (287" sample) and By (434" sample) of the plot of actual force along Zg axis in Figure
3.49. The magnitude of the force along positive X axis (the difference between Az and C'3)
is larger than that of the force along negative Zg axis (the difference between A4 and Cjy)
as shown in Figure 3.49, which also agree with the expectation. The negative value of the
force along X¢ axis before first contact event (between D3 and Asz) and after the second
contact event (between E3 and F3) is resulted from the mass of the force sensor and the

force sensor fixture which is acting along the negative Xg axis.
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Figure 3.49: The actual torque along Y axis (in red), along Xg axis (in black) and along
Zg axis (in magenta)

The fourth experiment is aim to demonstrate the torque display along Zg axis. Figure
3.50.a depicts the start condition of the interaction where the stylus (the blue cylinder) is
sitting at the rest position, while Figure 3.50.b describes the moment when the stylus makes
contact with the upper surface of the virtual cube. During the entire process, the stylus
is made contact with the upper surface twice. The first collision even occurs when user
rotates the stylus along counter clock wise direction of Zg until colliding with the upper
surface of the virtual cube as depicted in Figure 3.50.b. In addition, there should be small
positive force along Xg axis and small negative force along Yy axis. The second collision
event occurs when user rotates the stylus along clock wise direction of Zg until colliding
with the upper surface of the virtual cube. F, represents the contact force when collision

takes place. Based on the orientation of the stylus, for the first collision event, the torque
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along the negative Zg axis should be the dominant component of the overall force/torque
feedback. In addition, there should be small amount of force rendered along the positive Xg
and the negative Yy axes. For the second collision event, the torque along the positive Zg
axis should be the dominant component of the overall force/torque feedback. In addition,

there should be small positive force along both Xg and Yy axes.

(a) (b)
Figure 3.50: The virtual environment of the fourth experiment, (a): initial condition; (b):
stylus makes contact with the virtual cube

Figure 3.51 presents the desired torque (the upper plot) and the actual torque (the
bottom plot) along Zg axis, while Figure 3.52 exhibits the actual force along Xg axis (the
upper plot), the actual force along Ys axis (the bottom plot). The results reflect the two
contact events. For example, the first contact event takes place at between 5.60 second and
8.70 second. It can be observed between I; (5600"" sample) and .J; (8700 sample) of the
desired torque along Zg axis (upper plot of Figure 3.51), and between I (240" sample)
and Jy (370" sample) of the actual torque along Zg axis (bottom plot of Figure 3.51). The
second contact event occurs at between 11.50 second and 14.70 second. It can be observed
between K7 (1150 sample) and L; (1470"" sample) of the desired torque along Zs axis,
and between Ko (490" sample) and Lo (615" sample) of the actual torque along Zg axis.
The positive torque along Zg axis between My and Ky (Figure 3.51) is generated by the
user when rotating the stylus in clockwise direction before the second contact event. In
addition, the two contact events can be observed from the actual force along Xg and Yj
axes (Figure 3.52). As expected, one can see small positive force along X¢ axis (between I3
and Js of Figure 3.52) and small negative force along Y5 axis (between I, and Jy of Figure

3.52) during first contact event. One can also observe small positive force along both Xg
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(between K3 and L3 of Figure 3.52) and Ys (between K4 and Ly of Figure 3.52) axes during

the second contact event.
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Figure 3.51: The desired torque along Zg axis (in blue); the actual torque along Zg axis (in

red)
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To sum up, this chapter presented the design and development of electronic interface
and application software of the proposed haptic user interface. The electronic interface was
able to perform desired functionalities and to provide 1 KHz update rates which satisfies
the requirement of rendering realistic haptic feedback force. Multi-threaded programming
approach was used to develop the application softwares for the haptic user interface. The
application softwares were developed under one software framework and modified according
to the objectives of haptic interaction experiments. Kinematic and force correspondence
experiments were designed and performed to evaluate the displacements and forces/torques
correspondence given by user and those applied to the virtual environment. The results
indicated sufficient correspondences on these two critical factors of the haptic interface.
Three preliminary experiments of virtual interaction with test-based environments were
demonstrated to examine the performance of the haptic interface. The results suggested
that the haptic user interface was able to provide 6 axes force/torque display. The results
demonstrated that the actual force/torque exerted at the user well reflected the computed
or desired force/torque provided that the magnitude of the force interaction is relatively
small and the stiffness of the virtual object is relatively low. The results also indicated
time delay of the actual force/torque measurements which can be attributed to the serial
communication with F/T controller and the various different delays in the haptic control

loop, such as quantization delay and amplifier delay.



Chapter 4

Performance Enhancement of the

Haptic Interaction

4.1 Introduction

The proposed haptic interface can be used in virtual reality and remotely controlled robotic
systems, such as surgical simulators and robotic surgery. The most important criteria of
the haptic interface is the transparency. The transparency of a haptic interface means that
it should transmit as faithfully as possible the desired forces to the user when there is
interaction in the virtual environments and be otherwise not felt by the user. Transparency
requires the haptic interface to be a light interface and is able to stably render high stiffness
virtual object.

The light interface ensures that there is no or minimal resistance force felt by the user
when he/she moves the stylus of the haptic device in free space. In order to achieve this goal,
the gravity and friction effects of the haptic device are required to be eliminated. Researchers
have proposed feed-forward gravity and friction compensation method in haptic interface
to resolve this issue [44]-[47]. Due to the nonlinearity nature, the gravity and friction
parameters are often estimated through system identification which requires the knowledge

of dynamic model of the haptic device [48] and [49].

99
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To create a stable control system that provides high fidelity under any operating con-
ditions and any virtual environment parameters is another important aspect of the trans-
parency of haptic interface. An unstable haptic control system exhibits vibration or di-
vergent behavior which significantly degrade the fidelity of haptic force feedback. In the
optimal case scenario, the haptic interface should be able to render absolute rigid object
with infinite stiffness. However, it is not possible in real world because of mechanical and
electrical limitations of the haptic interface (e.g. the mechanical structure of the haptic
device, the maximum torque of the motor, the latency issue in the haptic loop, etc.)[35].
As a result, the realism of the haptic interface often be reduced in order to guarantee the
overall stability of the system.

In pervious chapter, the electronic interface and the application software have been es-
tablished. Kinematic and force correspondence characteristics of the haptic interface have
been verified. The preliminary experiments of virtual interaction with test-based environ-
ments have been demonstrated to examine the performance of the haptic interface. In this
chapter, we investigate the methods to enhance the performance of the haptic interface.
The chapter is organized as follows. In Section 4.2, we investigate feed-forward gravity

compensation method. In Section 2, we present the passivity control method.

4.2 Gravity Compensation

Gravity compensation is aimed to eliminate gravitational effect in haptic rendering and
to enhance the transparency of the haptic interface. In this section, we first establish
an analytical model of the gravity forces and the resulting torques of the haptic device.
Then, we determine the corresponding six actuator joint torques which are used to cancel
to gravitational effect on each actuator joint. Lastly, the gravity compensation method is

verified through experiments.

4.2.1 Gravity Force Decomposition

According to the design of the hybrid manipulator, the weight of the mobile platform is
supported by the passive links of the spherical parallel mechanism. Therefore, the gravity
compensation is aimed to compensate the gravity force of the serial mechanism. The weight

of serial mechanism consists of two parts G; and Go.
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Figure 4.2: The view of the actual device
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Figure 4.1 depicts the gravity force vectors (G1, G2) and the resulting torque vectors
(Mp,, My, and My). Specifically, G; includes the weight of three Maxon RE 25 DC motors
and the serial link /1. Figure 4.2 depicts the location of the three Maxon motors on the
actual device. G includes the weight of the serial link o and the stylus. r; and rs3 are
the position vectors of the center of mass of Gy and G with respect to {IW'} frame which
coincides with the center of rotation “O”, while 75 is the position vector of G5 with respect
to joint 4 frame. M,, and M), are the moment vectors acting at the center of rotation “O”
caused by G1 and G respectively. My, which is caused by G, is the moment vector acting

at the origin of joint 4 frame.

L

Figure 4.3: Position of the center of mass (G; at physical home configuration: (a) Position
of the three weight components; (b) Position of the center of mass of G;

In order to solve for the three moment vectors, we need to determine the position of the
center of mass of G1 and G3. Due to the complexity of the geometrical shape and the uneven
mass distribution of the mechanism, we regard G; as combination of three discrete weight
components. Figure 4.3.a describes the position of three weight components at physical
home configuration. The first weight component is the weight of two Maxon motors whose
center of mass is located at point A. The second weight component is the weight of serial

link /1 whose center of mass is located at point B. The third weight component is the weight
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of one Maxon motor whose center of mass is located at point C. Table 4.1 summarizes the
weight of the three mass components and the corresponding position of centers of mass with
respect to {W'} frame at physical home configuration. The position of the center of mass

of (31 is solved based on the three discrete weight components.

Table 4.1: The summary of the weight of three mass components of G; and the corresponding
position of centers of mass

Weight (N) | X (mm) | Y (mm) | Z (mm)
A 3.21 12.5 0 9.5
B 0.20 0 0 -73
C 1.61 -12.5 0 -146

Figure 4.3.b depicts the position of the center of mass of G; (point D) at the physical
home configuration. 7y is the position vector from the center of rotation “O” to point D.
OF is the projection of 7 to the serial link in such condition. Equation (4.1) and (4.2)
exhibit the analytical expression of the position of point D at home configuration. Zp,
stands for the position of point D along Z; axis while m4 represents the weight of the

weight component A. Xp, ome is 0 at the physical home configuration.

maZa+mpZp+mclc

= —43.53mm (4.1)
ma+mp+ mg

ZDhome =

maXa+mpXp+meXco
= —4.0mm
ma+mp -+ mg

YDhome = (42)

Equation (4.3) describes the position of point D if and only if there is a rotation along

Z, axis. Yp, = stands for the position of point D along }7; axis in such condition while

0z , represents the angle of rotation along ZJ axis.

YDZ / = _|YDhome|COS(ezw/); (43)

w

XDZ ’ = |YDhome|sin(0Zw/); ZDZ ’ :O
w w

Equation (4.4) describes the position of point D if and only if there is a rotation along

X, axis. Zp, , stands for the position of point D along Z; in such condition while fx ,

represents the angle of rotation along )?;/ axis. § is the angle between r; and ED as shown

in Figure 4.3.b which can be determined by equation 4.5.
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Zpy , = —|'r1]sin(ﬁ—9Xw,); Ypy, , = —\r1|cos(ﬂ—9Xw,); Xpy , =0 (4.4)

B = atan2(|OE|,|ED|) = atan2(|Zp,,. |, |Yp,. |) = 84.75° (4.5)

Equation (4.6) describes the position of point D if and only if there is a rotation along

Y, axis. Yp,  stands for the position of point D along }71; in such condition while Hyw,

represents the angle of rotation along )//; axis.

XDY ’ = _‘ZDhonle‘Sin(er/ )’ ZDX ’ = _’ZDhome’COS(HY;U/); YDY / = 0 (46)

Overall, the position of the center of mass of G (point D) is the combination of above

three conditions as formulated in equation (4.7). The position vector 1 can be formulated
as [XD, YD, ZD]T.

XD:XDZ , —I—XDYI; YD:YDZ , —I—YDX . ZD:ZDY, +ZDX , (4.7)

Since the weight of stylus is significantly greater than that of the serial link I, we assign
the center of mass of G5 to coincide with the origin of the stylus frame. Therefore the
position vector rs is the same as the position vector of the stylus frame with respect to
frame {W'}, which can be obtained from the forward kinematic result.

Having solved for the position vectors of G; and G2, the resulting moment vectors M, ,

M, and M, can be determined by equation (4.8).

M, = m xG;
M,, = r3xGs (4.8)
My= 19 x Gy
where,
r1 = [Xp,Yp, Zp]"

’ i ! ’ ’ !
— T
ro = [w PGZ _w P4z,w Pﬁy _w P4y7w Pﬁz _w P4z]

! ! !
T
r3=[" Ps,," Ps,," Ps.]
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Gy =0,0,-5.02]7; Gy =[0,0,—0.76]"

In order to determine actuator joint torques resulted from the gravity force of the serial
mechanism, we need to map the moment vectors M, , M,, and M, to the corresponding
actuator joint torques. We denote the moment vector acting at the mobile platform as M),
which is the sum of M), and M,p,. Equation (4.9) maps M, to the three spherical parallel
actuator joints torques (71, 72 and 73). J is the Jacobian matrix of the spherical parallel
mechanism determined in Chapter 2. Equation (4.9) maps My to the torque of actuator

joint 4, 74.

T = |11, 72, Tg]T = JfTMp (4.9)

71 =MX (4.10)

4.2.2 Implementation of Gravity Compensation

In this section, we implement the gravity compensation model. The gravity compensation
experiment is aimed to demonstrate that the gravity effect of the haptic device is effec-
tively eliminated. In other words, the haptic device should be able to maintain any given
configuration if there is no external force applies to the device.

In the gravity compensation experiment, the user moves the stylus of the device to num-
ber of arbitrary positions and orientations at low speed. The haptic device should be able to
maintain the position and orientation of the stylus if the user stop moving the stylus. Figure
4.4 describes the software sequence diagram of the gravity compensation experiment. Com-
paring with the overall software sequence diagram (Figure 3.8), the Haptic Control thread
of the gravity compensation experiment does not require collision detection and mechanics
of interaction tasks but the gravity compensation task. The gravity compensation task de-
termines the moment vectors (M,,, M,, and M) based on the kinematic configuration of

the device. The force mapping task maps the moment vectors to the actuator joint torques.
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Figure 4.4: Software sequence diagram of gravity compensation experiment

Figure 4.5 and Figure 4.6 depict the six actuator joint angles and actuator joint torques

which are collected in real time through the gravity compensation experiment. The user

moves the stylus to four arbitrary positions and orientations at four sample times (S7 - S4).

Figure 4.7 and 4.8 exhibits the actual device configuration at these four sample times.
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Figure 4.5: Actuator joint angles of the gravity compensation experiment
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Figure 4.6: Actuator joint torques of the gravity compensation experiment
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(a) S1 (b) S
Figure 4.7: The actual device configurations of the gravity compensation experiment, (a):

the device configuration at S ; (b): the device configuration at Sa

(a) S (b) Sa

Figure 4.8: The actual device configurations of the gravity compensation experiment, (a):

the device configuration at S3 ; (b): the device configuration at Sy
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The gravity compensation model is able to maintain the device configurations at the four
sample times. This can be observed from the values of joint angles and the corresponding
joint torques at the four sample times. For examples, the values of six joint angles remains
unchange from sample time S7 until the user moves the stylus to the next position and
orientation at S3. Meanwhile, the values of six joint torques remains unchange from sample
time S until the user moves the stylus to the next position and orientation at Ss. Referring
to Figure 4.6, the value of 75 is 0 for all time which represents that there is no gravitational
compensation of the stylus. The reason is that the center of mass of G2 is assigned at the
origin of the stylus (Figure 4.1). Nevertheless, the stylus is still able to maintain its desired
configuration. The reason is that the mechanical structural friction of the stylus plays the
role of compensating the gravity of the stylus. Based on the experimental results, we can
conclude that the gravity compensation model is able to largely eliminate the gravity effect

of the haptic device.

4.3 Passivity Control

During the past decade, extensive research has been conducted in the design of haptic
interface which is able to render more rigid object without sacrificing the stability. Virtual
coupling between the virtual environment and the haptic device is one of the well-known
method ([50], [51], [40]). The virtual coupling is a virtual mechanical system containing a
combination of series and parallel elements interposed between the haptic device and the
virtual environment to limit the maximum or minimum impedance presented by the virtual
environment in such a way as to guarantee stability. Virtual coupling design depends on
various parameters of the virtual environment as well as the haptic device. For example,
the dynamic parameters of the haptic device; the position/velocity input and force output
(for an impedance-based haptic interface) of the virtual environment. As matter of the
fact, the dynamic parameters of the haptic device (especially the proposed hybrid structure
haptic device) are very difficult to identify. Moreover, parameters of virtual environments
are always nonlinear and the dynamic properties of a human operator are always involved.
Therefore, the aforementioned factors indicates that the virtual coupling method is not the
best approach for the proposed haptic interface.

Energy-based approaches ([52]-[54] and [35]) have been used to analyze the limitations

and provide stability conditions of haptic interface. It has been proven that passivity is
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sufficient for stability, if the human operator is described as unknown passive elements
[55]. Comparing with virtual coupling method, passivity approach does not restricted by
the dynamic parameters of the haptic device and allows a global stability conclusion to be
drawn from considering system blocks individually.

The passivity concept has its roots in the analysis of passive circuit elements and circuit
networks [56]. The electric power is defined as the time rate of change of energy. For passive
circuit elements (e.g. resistor, inductor and capacitor), any gain in power must be due to the
application of an external energy source (voltage and current sources). Active elements (e.g.
transistors) can exhibits power gain because they can amplify an input signal to produce
an output signal having greater power than input.

The passivity theory has been used in stability analysis of haptic interface system for the
past two decades ([54], [57], [58], [41]). In general, the energy of a haptic interface system
can be characterized by the integration of the product of force and velocity over time. The
force and velocity are analogous to the voltage and current respectively in electric circuit
perspective. There is another analogy which relates the force to current; the velocity to
force [42]. For this thesis work, we use force to voltage and velocity to current analogy.
Using intuitive energy concepts, we know that a system is passive if and only if the energy
flowing in exceeds the energy flowing out for all time. The excess energy can be generated by
the latency issues in the haptic control loop (e.g. computational delay, quantization delay,
amplifier delay) and the interactions between the discrete time system and the continuous
time device/human operator. The excess energy may cause instability if not dissipated by
the haptic device’s intrinsic friction or through system energy control. Ellis et al. [59] predict
the position of the device at the next time step to reduce the generation of excess energy.
Stramigioli et al. [57] implement a port-Hamiltonian approach to track and dissipate the
excess energy.

In this section, we design and implement passivity observer combined with passivity
controller to enhance the stability of the proposed haptic interface when interacting with
virtual environment. Section 4.3.1 discusses passivity properties of different network config-
urations. Section 4.3.2 investigates processes of establishing passivity observer and passivity
controller in proposed haptic interface system. Section 4.3.3 presents the experimental stud-

ies of implementing the passivity control in the proposed haptic interface system.



CHAPTER 4. PERFORMANCE ENHANCEMENT OF THE HAPTIC INTERACTION111

4.3.1 Passivity Properties of Network

One-port and Multi-port networks as shown in Figure 4.9 can be used to represent a haptic
interface system. We define the sign convention for all forces and velocities so that their

product is positive when power enters the system port.

ﬁ. Vkt1
O— o)
f]_ fk+1
0, 0
Ny
Vg Uny
(4 i
—T o
o—— N oF =
f fk fu
- 0= 9]

(a) (b)

Figure 4.9: Network models: (a) One-port network; (b) Multi-port network

The definitions of the passivity of one-port network and multi-port network are shown
in equation (4.11) and (4.12) respectively [41], where E(0) is the system stored energy at
t = 0. These two equations state that the energy supplied to a passive network must be

greater than negative F(0) for all time in order to maintain the passivity of the system [40].

/Ot F(r)o()dr + E(0) > 0, Vi >0 (4.11)

t
[ (i@0() + o+ far (Do (n)dr + E(0) 2 0, V>0 (4.12)
0
It is a common goal to make the haptic system appear passive to the user. The network

is passive if and only if the overall energy in the system is greater than zero [61],[56].

4.3.2 Passivity Observer and Passivity Controller

In this thesis work, we focus on the energy supply to the virtual environment. Hence, we
use the one-port network model to represent the haptic interface system as described in
Figure 4.10, where v; is the velocity of the stylus of the device while f; is the desired force
to be rendered at the stylus which is determined based on the simulation law in the virtual

environment.
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Figure 4.10: The network model of the haptic interface system

In order to maintain the passivity of the system, we need to monitor the system energy
in real time. Hence, we design a passivity observer to monitor the energy flow of the system
in real time. Equation 4.13 depicts the discrete time expression of passivity observer of a
one-port network model, where k stands for the time index; n represents the current time

index; AT represents the sampling time interval.

Enpon) = AT " f()o(k) (4.13)
k=0

If Eopsp(n) > 0 for every n, the system is passive and dissipates energy. If there is an
instance that Eys,(n) < 0, the system is active and generates energy. The amount of the
generated energy is —F,psy(n). Having established the passivity observer, the energy flow
in the system is able to be monitored and the amount of generated energy at any time
instance, if any, is able to be determined.

In order to keep the system passive at all time, we then design a passivity controller
which is a time-varying dissipative element absorbing the exact amount of generated energy
at each time sample [41]. There are two different configurations of the passivity controller,
series and parallel. The series passivity controller is designated for impedance type of haptic
interface system while the parallel passivity controller is designated for admittance type of
haptic interface system.

We first examine the characteristic of a series passivity controller. Referring to Figure
4.11, fy is the desired force at the stylus of the haptic device determined based on the
simulation law of the virtual environment and the passivity controller; fo is the desired
force at the stylus determined based on the simulation law of the virtual environment; vq

is the actual linear velocity of the stylus; vo is the linear velocity of the stylus interpreted
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by the virtual environment (v; is identical with vy in series passivity controller model); « is
the adaptive elements determined by the passivity controller. Comparing with the electric
circuit system, f, v and « are analogous to voltage, current and impedance respectively.
Therefore, we can describe the relationship of these three parameters as equation (4.14) -
(4.16).

PG,

V1 et Uz

o H a [0
i Ak

g : B b Virtual
h i ! f2 Environment

- | -
0 ; —0

f=av (4.14)
V1 = V2 (415)
fi=fat+av (4.16)

We compute « in real time as follow:
1) Determine the system energy at time n as shown in equation 4.17. fa(n)va(n) is the
energy supply to the system at time n, while 725 (f2(k)va(k) + a(k)va(k)?) is the initial

system energy at time n.

n—1
W(n) = o Eopsn(n) = fa(n)va(n) + > (Fa(k)va(k) + a(k)va(k)?) (4.17)
k=0

2) Determine « at time n based on W (n) as shown in equation (4.18). One is able to observe

that a(n) is activated when the system generates energy (i.e. W(n) < 0).

a(n) =

W)
{ wmw? W (n) <0, (4.18)

0 ifW(n) > 0.
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With the knowledge of a(n), the output of the passivity controller, fi, at time n can be
determined as equation (4.19). a(n)va(n) is regarded as passivity controlled force at time

n.

fi(n) = fa(n) + a(n)uvz(n) (4.19)

As for the parallel passivity controller, the input is force while the output is velocity.
Referring to Figure 4.12, f1, which is identical with fo, is the force exerted at the stylus of
the haptic device; vy is the desired velocity of the stylus determined based on simulation
law of the virtual environment; vs is the actual velocity determined based on the simulation
law of the virtual environment and the parallel passivity controller. Equation (4.20) and

(4.21)describe the relationship among these parameters.

---------- v,

Virtual
Environment

o, = 0
I
@, & Q

Figure 4.12: The parallel passivity controller

fi=F (4.20)

Vo =0V1 — — (4.21)

We compute « in real time as follow:
1) Determine the system energy at time n as shown in equation (4.22). fa(n)va(n) is the
energy supply to the system at time n, while S720 (f2(k)v2(k) + ﬁ f2(k)?) is the initial

system energy at time n.

L
a(k)

2) Determine « at time n based on W (n) as shown in equation (4.23).

1

Wn) = 5~ fa(k)?) (4.22)

n—1
Eopso(n) = fa(n)va(n) + > (fa(k)va(k) +
k=0
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W)
1 { Rz W) <0, (4.23)

0 ifW(n) > 0.

With the knowledge of a(n), the output of the parallel passivity controller, vy, at time n

fa(n)

can be determined as equation (4.24). o) is regarded as passivity controlled velocity at

time n.

fa(n)

a(n)

v1(n) = va(n) — (4.24)

4.3.3 Implementation of Passivity Control

In this section, we implement the passivity observer and passivity controller in the haptic
control loop when interacting with the virtual environment. The series passivity controller
is implemented since our haptic interface system is impedance type.

Before implementing the passivity control function, the velocity of the stylus needs to
be determined in real time. The analytical model of determining the velocity of the stylus
based on actuator joint velocities is established in section 2.6. The actuator joint velocity
signals are usually very noisy. In order to obtain clean actuator joint velocities, we design
an algorithm to serve as velocity signal filter.

Figure 4.13 describes the software sequence diagram of the gravity compensation ex-
periment. Comparing with the overall software sequence diagram (Figure 3.8), the Haptic
Control thread of the passivity control has passivity control task between the mechanics of

interaction task and force mapping task.
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Figure 4.13: Software sequence diagram of passivity control experiment
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The algorithm of implementation of the passivity control task is shown in Algorithm

2. The function firstly observers the system energy by computing W (n).

After that, it

determines a based on the value of the system energy. At last, it computes fi; which is to

be used to determine the actuator joint torques. The passivity control function is running

in the haptic control thread at 1KHz, which means that the function updates f; every 1 ms.
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input : fo,uo

output: f;

currentEnergy «— f5 - vo;

acculCurrentEnergy < acculCurrentEnergy + currentEnergy ; /1 > h—o fa(k)va(k)
11 W(n) = Y0_g falk)va(k) + Sp2g a(k)va(k)?

netEnergy < acculCurrentEnergy + prePassConEnergy;

// determine « based on W(n)

if netEnergy < 0 then
| a < —netEnergy/pow(vs, 2);

else
| a0

end
fi—=fata v
prePassConEnergy < prePassConEnergy + o - pow(ve,2) ; /1 ko a(k)ve(k)?

Algorithm 2: Passivity Control

179 Series P.C.
. vl vz - .
Human 5 Haptic » Virtual
Operator Interface Environment
fr Device
O' <
h f2

Figure 4.14: Block diagram of the haptic control loop with series passivity controller

Figure 4.14 depicts the block diagram of the haptic control loop with the series passivity
controller. The system consists of human operator, haptic interface device, the passivity
controller and the virtual environment as shown in Figure 3.40. The system is entirely
synchronized at 1 KHz.

Having created the passivity control function, we use the same system set-up that is
described in chapter 3 to conduct experiments of interaction with virtual environment.
Comparison of the performance of haptic rendering will be made between the system with
and without the passivity control function. The virtual environment which we use for these

experiments is depicted in Figure 3.40.
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Figure 4.15: Experimental results when the passivity controller is turned off: position of the
stylus along Yg axis (in green); the linear velocity of the stylus along Y axis (in magenta);

the force along Yy axis (in red); the system energy (in black); the passivity controlled force
(in blue)

For the first experiment, the passivity control function is turned off. The user moves
the stylus of the haptic device starting from the physical home position and then makes
one-time contact with the right side virtual wall (k = 150N/m). Figure 4.15 depicts the
experimental results of the position of the stylus along its Y axis (in green); the velocity
of the stylus along its Y axis (in magenta); the force fi (in red); the net energy W(n) (in
black); the passivity controlled force awvg (in blue). The operator approaches the right side
virtual wall which is located at 0.03 m along the negative Y axis of the stylus coordinate
frame with the initial contact velocity of 0.45 m/s. The initial contact event takes place at
3.64 second (3640 sample). The significant oscillation of the position, velocity and force

indicates that the system becomes unstable after the initial contact. Meanwhile, the system
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net energy W (n) is accumulated to a large negative value, which represents that the system
is constantly generating energy and doesn’t have ability to dissipate the generated energy.
The system becomes, however, stable at 4.3 second (4302!" sample), which indicates that

the operator plays an active role in stabilizing the system.
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Figure 4.16: Experimental results when the passivity controller is turned on: position of the
stylus along Ys axis (in green); the linear velocity of the stylus along Y axis (in magenta);
the force along Yg axis (in red); the system energy (in black); the passivity controlled force
(in blue)

For the second experiment, the passivity control function is turned on. The user interacts
with the virtual environment with the same fashion as the first experiment. The stiffness
of the virtual object remains at k& = 150N/m. Referring to Figure 4.16, the operator
approaches the right side virtual wall with the initial contact velocity of 0.44 m/s. The

initial contact event takes place at 3.76 second (3761*" sample). Unlike the first experiment,
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the passivity controller is turned on immediately after the initial contact because the system
net energy W(n) becomes negative when the initial contact occurs. The value of passivity
controlled force aws is relatively large at the time of initial contact because it tries to help
the system to effectively dissipate the generated energy. The system becomes stable 0.17
second after the initial contact with the assistance of the passivity controller as shown in
the force plot of Figure 4.16.

Figure 4.17 depicts the haptic control loop with passivity controller and gravity compen-
sator. Comparison of the performance of haptic rendering will be made between the system

with and without the gravity compensator.
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L

Figure 4.17: Block diagram of the haptic control loop with series passivity controller and

gravity compensator
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Figure 4.18: Experimental results with passivity controller and gravity compensation: po-
sition of the stylus along Yy axis (in green); the linear velocity of the stylus along Yg axis
(in magenta); the force along Ys axis (in red); the system energy (in black); the passivity

controlled force (in blue)

This experiment utilize the same virtual object as the previous two experiments. The
user interacts with the virtual environment with the same fashion as those two experiments.
Referring to Figure 4.18, the operator approaches the right side virtual wall with the initial
contact velocity of 0.96 m/s. The initial contact event takes place at 2.97 second (2974"
sample). The system becomes stable 0.08 second after the initial contact with the assistance
of the passivity controller and gravity compensator as shown in the force plot of Figure 4.18.
Comparing to Figure 4.16 (the experimental result when the haptic control loop has passivity
control function but no gravity compensation function), the system has shorter settling time

and less overshot even through the initial contact velocity is significantly larger.



Chapter 5

Conclusion and Future Works

5.1 Discussion and Conclusion

In this thesis, we designed, integrated, evaluated and enhanced the proposed haptic user
interface towards surgical training simulator. We derived the mathematical models of the
forward and inverse kinematics, Jacobians and static force of the novel 6-DOF hybrid struc-
ture haptic device. Numerical examples of the forward and inverse kinematic models were
presented to further clarify the derivation. These mathematical models can be used as a
general example of the class of hybrid spherical parallel/serial manipulators. In addition,
we designed and developed the electronic interface and application softwares for the haptic
user interface. The electronic interface was able to perform the desired functionalities and
to provide 1 KHz update rates (chapter 3.7) which satisfies the requirement of rendering
realistic haptic feed-back force. Multi-threaded programming approach was used to develop
the application softwares for the haptic user interface. The application softwares were de-
veloped under one software framework and modified according to the objectives of haptic
interaction experiments.

We designed and performed kinematic and force correspondence experiments to evaluate
the displacements and forces/torques correspondence given by user and those applied to
the virtual environment. The results indicated sufficient correspondences on these two
critical factors of the haptic interface. Three preliminary experiments of virtual interaction
with test-based environments were demonstrated to examine the performance of the haptic
interface. The results suggested that the haptic user interface was able to provide 6 axes

force/torque display. The results demonstrated that the actual force/torque exerted at the
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user well reflected the computed or desired force/torque provided that the magnitude of the
force interaction is relatively small and the stiffness of the virtual object is relatively low.
The results also indicated time delay of the actual force/torque measurements which can be
attributed to the serial communication with F/T controller and the various different delays
in the haptic control loop, such as quantization delay and amplifier delay.

To enhance the performance of the proposed haptic interface, we developed and imple-
mented feed-forward gravity compensation and passivity control methods to largely elimi-
nate the gravitational effect of the haptic device and to increase the stability of the haptic
user interface. The results of the gravity compensation experiment suggested that the pro-
posed feed-forward gravity compensation method was able to largely eliminate the gravity
effect of the haptic device. The results of the passivity control experiment indicated that
with the passivity control algorithm built-in, the haptic user interface is able to maintain
stability when interacting with more demanding virtual environments (e.g. higher stiffness

and contact velocity).

5.2 Future Works

In this thesis, feed-forward gravity compensation method was applied in order to largely
eliminate the gravitational effect of the haptic device during the haptic interaction. Due to
the complexity of the mechanical structure of the device, various assumptions were made in
order to develop the gravity model. Firstly, the gravitational effect of the mobile platform
and the active and passive links of the spherical parallel mechanism was considered negligible
given that the mobile platform is supported by the passive links. In addition, the center of
mass of Gy (Figure 4.1) was assumed to be located at the origin of the end-effector given
that the weight of the stylus is significantly greater than that of the serial link l5. The
experimental results were satisfactory given that the user moves the device with low speed
(the inertial effect was minimized). The result indicated that there was no gravitational
compensation of the stylus because the center of mass of Gy was assigned at the origin of
the stylus. It is the mechanical structural friction of the stylus plays the role of compensating
the gravity of the stylus. The system identification method can be implemented in the future
to systematically estimate the gravitational parameter as well as other dynamic parameters
of the haptic device such as inertial, coulomb and viscous friction [48], [49]. With the

knowledge of these dynamic parameters, feed-forward gravity and friction compensation
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models can be developed [44], [46]. These two compensation models will be able to further
minimize the resistance force felt by the user when he/she moves the stylus of the haptic
device in free space. Hence, the transparency of the haptic user interface can be further
increased.

At current stage, the stylus of the haptic device has one rotational DOF about the Zg
axis as shown in Figure 5.1. To make the device better suited for the application of surgical
training, the pinching sensing become critical because it conveys the realistic sensation of
the tissue or organ. The pinching mechanism can be designed to create a prismatic motion
along the axis that is perpendicular to the revolute joint axis of the stylus. In order to
provide the force feedback to the pinch, these two axes of motion can be cooperated. To
be specific, the prismatic motion of the pinch can be linked to the prismatic motion along
with revolute joint axis by coupling two gears along with these two perpendicular axes. The
pinching force feedback can be applied by generating the inverse prismatic motion along
the revolute joint axis. An alternative approach for prototyping the pinching force feedback
can be implemented by utilizing the potentiometer. Specifically, the prismatic pinching
motion can be converted to the change of resistance of the potentiometer. By combining
potentiometer with the driver circuit of the servo motor, the resistance change will result in
the change of supply voltage to the motor. Hence, the force feedback to the pinch can be
provided through.

Figure 5.1: The stylus of the haptic device
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Since the main focus of this thesis work was to develop a reliable haptic user interface,
the virtual environments used in this thesis are simple test-base environments. A surgical
training simulator requires not only a reliable haptic user interface but also a comprehen-
sive virtual reality simulation environment which is able to simulate the patient’s organs.
Researchers from the Experimental Robotics Laboratory at Simon Fraser University have
been developing the Virtual Training Environment (VTE) [62] which is aimed to incorpo-
rate various important surgical tasks on realistically simulated human tissues and organs.
The proposed haptic user interface can be integrated with VTE so that the surgeons can
be trained on various important surgical tasks in an advanced virtual reality simulation

environment having realistic haptic sensation.
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RE 25 25 mm, Graphite Brushes, 20 Watt

-
o
-
o @
£ e * [=]
~
(8] e 8707 (& 42529 fif/deep
(=] 4 o 82
c £5/93|
o . ] 4B
of o g I
£ g s 5
@ Terminal 2.8x0.4 =
=
& 99-01 135 -0,
== R <275
128 08, <HS 157-u
I Stock program
[__Istandard program Order Number
Special program (on requestt)
118756 118757
Motor Data ] . 1 [ [ [ [ [ [ |
1 Assigned power rating 20 20 20 20
2 Nominal voltage Voltt 90 150 180 240 300 420 480 480 480
3 No load speed rpm 10100 9760 10300 9660 9970 11200 10500 8320 5100
4 Stall torque mNm 220 222 218 240 246 280 261 207 127
5 Speed/ lorque gradient rpm/mNm 476 457 490 412 413 406 405 406 406
6 No load current mA 111 62 55 37 31 26 20 15 9
7 Starling current mA 29100 15700 13500 10300 8720 7940 6030 3810 1440
8 Terminal resistance Ohm 0309 0953 133 232 344 529 796 126 334
9 Max. permissible speed rpm 11000 11000 11000 11000 11000 11000 11000 11000 11000
10 Max. conlinuous current mA 1500 1500 1500 1230 1030 841 695 560 350
11 Max. continuous torque mNm 118 212 242 284 290 297 301 305 310
12 Max. power oulpul at nominal voltage mwW 52800 52900 55600 58400 62200 80400 70200 44400 16800
13 Max. efficiency % 17 82 83 85 86 87 87 87 84
14 Torque constant mNm/A 783 141 161 232 282 353 433 544 887
15 Speed constant rpm/V 1210 677 592 412 338 271 220 175 108
16 Mechanical ime constant ms 6 5 5 5 4 4 4 4 4
17 Rolor inerlia gem? 113 1000 911 103 101 101 1000 996 991
18 Terminal inductance mH 003 009 012 024 035 055 083 131 348
19 Thermal resistance housing-ambient K/W 14 14 14 14 14 14 14 14 14
20 Thermal resistance rotor-housing K/W 31 31 3.1 31 31 31 31 31 31
21 Thermal ime constant winding s 13 1" 10 12 12 12 12 1" 11
ations Operating Range Comments
©  Axial play 0.05-0.15mm  n [rpm] I Recommended operating range
® Max. ball bearing loads 12000
axial (dynamic) 20 Watt [ continuous operation
nol preloaded 32N 10000 In observation of above listed thermal resistances
preloaded 32N 8000 (lines 19 and 20) the maximum permissible rotor
radial (5 mm from flange) 16N temperalure will be reached during continuous ope-
Press-iil force (slalic) 84N g0 raion at 25°C ambient
(slalic, shaft supporled) 270N = Thermal limit
® Radial play ball bearing 0.025 mm 4000
o Short term operation
® Ambient temperature range 20/+100°C Fo44 The motor may be briefly overloaded (recurring).
® Max. rotor temperature +125°C
: ‘r;‘llum?:r <f>fco|mmula|or segments 13011 20 s %0 % W imNm]
‘eight of motor g 05 10 15 2,0 1 [A] 3 i
® Values listed in the table are nominal L oS Wml,]mg
Motor wilh low resislance winding

For applicable tolerances (see page 43) 3 P I A 1
For additional details please use the maxon [Al

seleclion program on the enclosed CD-Rom.
prog maxon Modular System

Digital MR Encoder
128 - 1000 CPT,

= 3 channels

Details page 201

Planetary Gearhead
226 mm

2-18Nm
Details page 180

Planetary Gearhead Digital Encoder
@26 mm = 22 mm
05-20Nm 100 CPT, 2 channels
Details page 181 P Details page 203
Digital Encoder
HP HED_ 55

500 CPT, 3 channels
Details page 205 / 207

Planetary Gearhead

@32 mm B

0.75-6.0Nm

Details page 183 /186

Planetary Gearhead DC-Tacho

232 mm = 222 mm
04-20Nm 052V

Delails page 189 Delails page 213

Brake
240 mm

24 VDC, 04 Nm
Details page 236

74 maxon DC motor
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Analog Servo Drive 12A8

Description Power Range

The 12A8 PWM servo drive is designed to drive brush
type DC motors at a high switching frequency. A
single red/green LED indicates operating status. The
drive is fully protected against over-voltage, under
voltage, over-current, over-heating and short-circuits
across motor, ground and power leads. Furthermore,
the drive can interface with digital controllers or be
used stand-alone and requires only a single
unregulated DC power supply. Loop gain, current
limit, input gain and offset can be adjusted using 14-
turn potentiometers. The offset adjusting
potentiometer can also be used as an on-board input
signal for testing purposes.

Peak Current 12 A
Continuous Current oA
Supply Voltage 20 - 80 vDC

Four Quadrant Regenerative Operation
DIP Switch Selectable Modes
Adjustable Current Limits

High Switching Frequency

Differential Input Command

Digital Fault Output Monitor

A hhhhh

Ahhhhh

On-Board Test Potentiometer

Offset Adjustment Potentiometer
Adjustable Input Gain

Drive Status LED

Current Monitor Qutput

Directional Inhibit Inputs for Limit Switches

MODES OF OPERATION

= Current

=  Tachometer Velocity
= \bltage

FEEDBACK SUPPORTED

Tachometer

COMPLIANCES & AGENCY APPROVALS

IR Compensation - UlIJ_L
L 3
COM_MA:[L)SSli:CIE . CE Class A (LVD)
aleg = CEClass A (EMC)
" RoHS
Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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ADVANCED ,
gAMOTION CONTROLS Analog Servo Drive 12A8

BLOCK DIAGRAM

25 SERIES FUNCTIONAL BLOCK DIAGRAN e W e pis Jp-ie [Pt
JEONT . [CURRENT REFEREMCE  [INH MH- INH+ oV |FauLT
VELOCITY IHTEGRATOR ja i w N
Isk sk
01
CURRENT LOOP FiET2E22
2= GAIN  INTEGRATOR
10k R30%
s v v HIGH VOLTAGE [ P2-5
E
= ponige GROUND| P2t
LooP | L —
GATH | - LE -3
F1-2 | SIGHAL G 0y CONTROL nogpeT [ HOTORe [PE-2
< rox = Loaic DRIIE
Fiz1[+5u @ 3mn ouTEUT IF COMPENSATION [
p1-3]-5u @ 3 oUTPUT
UOLTAGE FEEDEACK
Ed
TACH GRIM OFFSET S\
A a4 CURRENT FEEBBACK
l RmI POTY s
P1=6 | TaCHOMETER- et _su oL TAGY
sk L e 10K SWt SENSE 10K
Too
pi=z| TackorETERS, GND =
I ——
25ATE ALL <L GROUNDS ARE IHTERHALLY CONMECTED CURRENT MONLTOR
MODE SELECTION THELE Pi-8
LED GREEN - MORWAL OPERATION, LED RED - FAULT
CURRENT TWODE FECOMMENIED SETTING FOR CURRCNT NMODE - POTL FULLY CCH. POT3 FULLY CW
LOLTAGE MODE AMPLIFIERS ARE SHIFPED IN CURRENT MODE WITH HARIMUM CURRENT SETTINGS
[Ik_CONPENSATION FOR OTHER SWITEH FUNCTIONS SEE SWITCH DESCRIPTION
[[ACHOMETER HODE OFF | GFF | OFF X OFTIONAL USER INSTALLED THROUGH HOLE COMPONENT
Ski2 SHOULD BE OFF FOR MOST APPLICATIONS
Information on Approvals and Compliances*

o US and Canadian safety compliance with UL 508c, the industrial standard for power conversion electronics, UL
registered under file number E140173. Note that machine components compliant with UL are considered UL
c us registered as opposed to UL listed as would be the case for commercial praducts.

Compliant with European CE for both the Class A EMC Directive 83/336/EEC on Electromagnetic Compatibility
(specifically EN 61000-6-4:2001, EN 61000-6-2:2001, EN 61000-3-2:2000, and EN 61000-3-3:1995/A1:2001} and
LVD requirements of directive 73/23/EEC (specifically EN 680204-1), a low voltage directive to protect users from
electrical shock

RoHS (Reduction of Hazardous Substances)is intended to prevent hazardous substances such as lead from being
manufactured in electrical and electronic equipment

*Approvals may be pending. See "Compliances & Agency Approvals” on page 1 of datasheet for currently held approvals

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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ADVANCED ,
gAMOTION CONTROLS Analog Servo Drive 12A8

SPECIFICATIONS

Power Specifications

Description Units
DC Supply Voltage Range vDo 20-80
DC Bus Over Voltage Limit vDe 88
| M aximum Peak Qutput Current’ A 12
|_Maxdmum Continuous Qutput Current A 8
| Maximum Power Dissipation at Continuous Current W 24
Winimurn Load Inductance (Line-To-Line)* pH 200
Spitching Frequency KHz 36

Control Specifications

Description I Units I Value

Cormmand Sources +10V Analog

Feedback Supported - Tachometer

Cormmutation Methods - External

Modes of Operation - Current, IR Compensation, Tachometer Yelocity, Voltage
votors Supported - Brushed, Voice Coil

Tver Curret, Over Temperatire, Over olage, Shor Creut (Phase-Phase &

Harchware Protection Phase-Ground

echanical Specifications

Description Units Value
Agency Appravals = CE Class A (EMC), CE Class A (LvD), cUL, RoHS, UL
Size (Hx W D) mm(in) | 129.3x 758x25.1 (51 x3x 1)
Vieight o (07) 280 (9.9)
Heatsink (Base) Ternperature Range “C(°F) 0 - B5(32- 149)
Storage Temperature Range e 40 -85 (-40 - 185)
Form Factor = Stand Alone
P1 Connectar - 16-pin, 2.54 mm spaced, friction lock header
P2 Connectar - 5-port, £.08 mm spaced, screw terminal
Notes

1.  Maximum duration of peak current is ~2 seconds.
2. Lower inductance is acceptable for bus voltages well below maximum. Use external inductance to meet requirements.
3. Additional cooling andfor heatsink may be required to achieve rated performance.

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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APPENDIX A. DATA SPECIFICATION SHEETS OF HARDWARE COMPONENTS131

ADVANCED

‘MOT[ON CONTROLS Analog Servo Drive 12A8
PIN FUNCTIONS
P1 - Signal Connector
Pin Name Description / Notes irjel
; ;\EK\S/NSXQAG?V%T 5 V@ 3 mA low power supply for custormer use. Short circuit protected. Reference GgD
ground comrman with signal ground
3 -5V 3mA OUT [e]
g +RREEFF\II\’J\‘ Differential Reference Input (£10 v Operating Range, 15 % Maxirmum Input) :
B TACH IN Negative Tachormeter Input (M aximurn +60 ). Use signal ground for positive input |
7 +TACH/ GND Positive Tachometer Input and Signal Ground GND
8 CURRENT MONITOR Current Monitor. Analog output signal proportional to the actual current output. Scaling is o
2.2 &V, Measure relative o signal ground
Measures the cormmand signal to the internal current-loop. This pin has a maximum output
a CURR REF QUT of £7.25V when the drive outputs maxdmum peak current. Measure relative to signal a
ground
Can be used to reduce the factone-preset maximum continuous current limit vithout
10 CONT CURRENT LIMIT affecting the peak current limit by attaching an external current limiting resistor between this
pin and signal ground. See pin details for resistar values
i TN TTL level (+5 v inhibiJenable inpUt. Leave open o enable drive. POl to ground to mhibit |
drive [nhibit turns off all power devices.
12 HNHIBIT [N Positive Direction Inhibit {(Does Not Cause A Fault Condition) |
13 ANHIBIT IN Negative Direction Inhibit (Does Not Cause A Fault Condition, |
TTL level (+8 ) output becomes high when power devices are disabled due to at least one
14 FAULT QUT of the following conditions: inhibit, output short circuit, over voltage, over terperature, Q
power-up reset
15 NC Not Connected (Reserved) -
16 NC Mot Connected (Reserved) -
P2 - Power Connector
Name Description / Notes
1 -MOT Negative Motar Qutput [¢]
2 +MOT Positive Motor Output [¢]
g PRGN Pawer Ground (Common With Signal Graund) GO
4 POWER GND GND
5 HIGH YOLTAGE DC Power Input |
Pin Details
CONT CURRENT LIMIT (P1-10)
This pin can be used to reduce the continuous current limit without affecting the peak current limit by connecting an external
current limiting resistor between this pin and signal ground. See table below.
15k | 66k | 34k | 21k | 12k0 | 00 | soo0 | 2500 | ok |
90% | 80% | 70% [ 60% | 50% | 40% | 30% | 20% | 10% |
Note: These values are secondary to the continuous/peak ratio set by the DIP switches
Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 4 of 9
8/5/2008 0.00 ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com g
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ADVANCED ,
gAMOTION CONTROLS Analog Servo Drive 12A8

HARDWARE SETTINGS

Switch Functions

Setting
on

Voltage feedback. Mode dependent (see mode selection table
1 on off

below)

Current loop integral gain. Activates or deactivates integration
2 OFF by default Inactive Active
3 Outer loop integration. Activates or deactivates integration. ON, rackhe Active

by default, for cumrent mode and OFF for other modes.

Test/Offset. Switches the function of the Test/Offset pot between
4 an on-board command input for testing or a command offset Test Offset
adjustment. OFF by default

Mode Selection Table

CURRENT OFF ON
VOLTAGE ON OFF
IR COMPENSATION ON OFF
TACHOMETER VELOCITY OFF OFF

Potentiometer Functions

Potentiometer | Description | Turning CW
Loop gain adjustment for voltaged elocity modes. Turn this pot

fully CCW in current mode

Current limit. It adjusts both continuous and peak current limit
while maintaining their ratio

Reference gain. Adjusts the ratio between input signal and output
variables {voltage, current, or velocity).

Offset / Test. Used to adjust anyimbalance in the input signal orin
4 the amplifier. Can also be used as an on-board signal source for Adjusts offset in negative direction
testing purposes
MNote: Potentiometers are approximately linear and have 12 active turns with 1 inactive turn on each end

1 Increases gain

2 Increases limit

< Increases gain

Through-hole Components’

Location | Description
= Current Loop Integrator. Through-hole capacitor that can be added for more precise current loop tuning. See section
[o4]4)
below on Tuning with Through-hole components for more details.
c5e Welocity Loop Integrator. Through-hole capacitor that can be added for more precise velocity loop tuning. See section
below on Tuning with Through-hole componants for more details
R1a" Tachometer Input Scaling. Through-hole resistor that can be added to change the gain of the tachometer input. See
section below on Tachometer Gain for more details
. Current Loop Proportional Gain. Through-hole resistor that can be added for more precise cument loop tuning. See
R30 3 .
section below on Tuning with Through-hole components for more details
Re* IR Compensation Scaling. Through-hole resistor that must be added to configure the amplifier for IR Compensation
mode. See section below on IR Compensation Motes for more details

Tachometer Gain

Some applications may require an increase in the gain of the tachometer input signal. This occurrence will be most common in
designs where the tachometer input has a low voltage to RPM scaling ratio. The drive offers a through-hole location listed in the
above table where a resistor can be added to increase the tachometer gain. Use the drive’s block diagram to determine an
appropriate resistor value.

Tuning With Through-hole Components

In general, the drive will not need to be further tuned with through-hole components. However, for applications requiring more
precise tuning than what is offered by the potentiometers and dipswitches, the drive can be manually modified with through-hole
resistors and capacitors as denoted in the above table. By default, the through-hole locations are not populated when the drive is
shipped. Before attempting to add through-hole components to the board, consult the section on loop tuning in the installation
notes on the manufacturer’s website. Some general rules of thumb to follow when adding through-hole components are:

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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ADVANCED ,
gAMOTION CONTROLS Analog Servo Drive 12A8

e Alarger resistor value will increase the proportional gain, and therefore create a faster response time.

e Alarger capacitor value will increase the integration time, and therefore create a slower response time.
Proper tuning using the through-hole components will require careful observation of the loop response on a digital oscilloscope to
find the optimal through-hole component values for the specific application.

IR Compensation Notes

For applications that will use IR Compensation mode, a resistor must be added to the location named in the table above. The
combination of the added resistor and correct dipswitch settings will configure the amplifier for IR Compensation mode. While in
IR Compensation mode, the amplifier will adjust the duty cycle to compensate for changes in the output current. Consult the
amplifier’s functional block diagram and the manufacturer’s website for more information.

"Note: Damage done to the drive while performing these modifications will void the warranty.

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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ADVANCED

gAMOTION CONTROLS Analog Servo Drive 12A8
MECHANICAL INFORMATION
P1 - Signal Connector

Cannector Information 16-pin, 2.54 mm spaced, friction lock header

| Details | Molex: PN 22-01-3167 {connector) and PM 08-50-0114 {insert terminals )
Mating Connector

I Included with Drive | Yes

18 ne
3 NHBIT

— M INHBITIN
—9 CURRREF OUT
=7 +TACH/GND

—a Rern

3 -avamanuT

|— [ e
T ‘

Al Al el

T2 sinaLonp
4 REFIN

6 -TACHIN
& CURRENT MONITOR
10 CONTCURRENTLIMIT

12 HMHEBITIN
14 FAULTOUT
L6 1o
P2 - Power Connector
Caonnector Information 5-port, 5.08 mm spaced, screw terminal
Details | Mot applicable
Mating Connector I i
I Included with Drive | Mot applicable

HEHEE
===

2 POWER SHD

4 POWER GND
5 HIGH VOLTAGE

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
8/5/2008 0.00 ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com
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ADVANCED ,
‘MOT[ON CONTROLS Analog Servo Drive 12A8

PART NUMBERING INFORMATION

12 A 8 -

Peak Current

M AU peak cument Fating in Amps

Revision
A 5510 N

aletier (A through Z) by manutaciurer.

Peak Voltag:

Power Supply

ower SUpply

AC._AC Fawer Supph

Isolation Option

I Optical Isolation

nalog Cormman
DD._PY¥M Comrmand

All analog servo drive models listed in the selection tables of the website are readily available, standard product offerings.
However, additional features and/or options are available for select drives and other possibilities can be made available for OEMs
with sufficient volume requests. Feel free to contact Applications Engineering for further information and details.

All specifications in this document are subject to change without written notice. Actual product may differ from pictures provided
in this document.

Release Date: Revision: Advanced Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
8/5/2008 0.00

ph# 805-389-1035 - fx# 805-389- 1165 www.a-m-c.com page Qiofid



APPENDIX A. DATA SPECIFICATION SHEETS OF HARDWARE COMPONENTS137

Sold by Servo Systems Co. " -
115 Main Road, P.O. Box 97 Power Supplies, Filter Cards & Shunt Regulators

Montville, NJ 07045-0097
Toll Free: (800) 922-1103

Phone: (973) 335-1007
alsrd - Ecah PS2X300W and PS4X300W SERIES POWER SUPPLIES

Wwww.servosystems.com

FEATURES:

e Multiple primary windings:
either 120 VAC or 240 VAC,
50/60 Hz operation ‘AD VAN CED

MOTION CONTROLS

e 24 VDC secondary output
winding taps

e Low cost

e Agency approvals:

s (€

BLOCK DIAGRAM:
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DESCRIPTION: The PS2X300W and PS4X300W series unregulated power supplies have been designed to
complement ADVANCED MOTION CONTROLS' servo amplifiers and to provide the user with a complete solution to
single and multi-axes DC drive applications. These unregulated DC power sources are an acceptable solution for
most applications as ADVANCED MOTION CONTROLS' servo amplifiers compensate for power supply output
variations and AC ripple components. Series PS2X300W power supplies are designed to provide the best cost-per-
watt value while mechanically hosting two of B15A, BE15A or 25A Series servo amplifiers. The PS4X300W power
supplies are identical to the PS2X300W power supplies except they have an extended mounting plate to
accommodate two additional drives. Both series have multiple primary windings for 120VAC and 240 VAC 50/60 Hz
operation. These power supplies feature four identical secondary windings that can be connected in series or in
parallel for different output voltages and currents.

MODEL

MECHANICAL SPECIFICATIONS PS2X300W and PS4X300W

AC INPUT CONNECTOR (female three prong plug) AC cord (not supplied)

DC OUTPUT CONNECTOR Flying Leads
9.00 x 5.75 x 3.47 inches
Slz& 2286 x 146.1 x 88.1 mm
9lb.
WEIGHT At Rs

ORDERING INFORMATION:

AMC PART NUMBER
Input Voltage Input voltage Output Voltage | Nominal Output
(240VAC) (120VAC) (VDC) Current (Amps)
PS2X3H24 PS2X3W24 24 12
PS2X3H48 PS2X3W48 48 6
PS2X3H72 PS2X3W72 72 3
PS2X3H96 PS2X3Wa6 96 3

Designate PS4X... instead of PS2X... to order the PS4X300WV series. Electrical ratings are identical.
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Power Supplies, Filter Cards & Shunt Regulators

MOUNTING DIMENSIONS:

PEZ2A300
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Power Supplies, Filter Cards & Shunt Regulators

MOUNTING DIMENSIONS:

PS4X300W
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Encoder HEDS 5540, 500 Counts per turn, 2 Channels
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SE3455/5455

GaAs Infrared Emitting Diode
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FEATURES

TO-46 metal can package

Choice of flat window or lensed package
90° or 20° (nominal) beam angle option
935 nm wavelength

Wide operating temperature range

(- 55°C to +125°C)

Ideal for high pulsed current applications
Mechanically and spectrally matched to
SD3421/5421 photodiode,
SD3443/5443/5491phototransistor,
SD3410/5410 photodarlington and SD5600
series Schmitt trigger

DESCRIPTION

The SE3455/5455 series consists of a gallium arsenide
infrared emitting diode mounted in a TO-46 metal can
package. The SE3455 series has flat window cans
providing a wide beam angle, while the SE5455 series
has glass lensed cans providing a narrow beam angle.
These devices are constructed with dual bond wires
suitable for pulsed current applications. The TO-46
packages offer high power dissipation capability and are
ideally suited for operation in hostile environments.

Honeywell

INFRA-E3TIF

OUTLINE DIMENSIONS in inches (mm)
Tolerance 3 plc decimals +0.005(0.12)
2 plc decimals  +0.020(0.51)
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Honeywell reserves the right to make
changes in order to improve design and
supply the best products possible
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SE3455/5455

GaAs Infrared Emitting Diode

ELECTRICAL CHARACTERISTICS (25°C uniess otherwise noted)

PARAMETER SYMBOL [ MIN _TYP MAX UNITS TEST CONDITIONS
Total Power Output Po mw IF=100 mA
SE3455-001, SE5455-001 20
SE3455-002, SE5455-002 35
SE3455-003, SE5455-003 48
SE3455-004, SE5455-004 54
Forward Voltage Ve 17 v I,=100 mA
Reverse Breakdown Voltage Ver 3.0 A In=10 pA
Peak Cutput Wavelength Fr 935 nm
Spectral Bandwidth AN 50 nm
Spectral Shift With Temperature Ahp/Ar 03 nm*C
Beam Angle (? [~} degr. Ir=Constant
SE3455 90
SE5455 20
Radiation Rise And Fall Time te i1 07 ps

Notes
1. Beam angle is defined as the total included angle between the half intensity points.

ABSOLUTE MAXIMUM RATINGS SCHEMATIC
(25°C Free-Air Temperature unless otherwise noted) Anode
Gontinuous Forward Current 100 mA
Peak Forward Current 3A

{11s pulse width, 300 pps)
Power Dissipation 150 mw (1!
Operaling Temperature Range -55°C 1o 125°C
Storage Temperalure Range -65°C 1o 150°C
Soldering Temperature (10 sec) 260°C
Notes
1. Derate lineary from 25°C free-air temperature at the rate of
143 mWiy°C

Cathode

Honeywell reserves the right to make

D ot ey g o Honewve“ 2

supply the best praciucts possible
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SE3455/5455

GaAs Infrared Emitting Diode
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GaAs Infrared Emitting Diode
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Fig. 7 Goupling Characleristics
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Fig. 8
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Datasheet -- SD5600-001

A\ WARNING

MISUSE OF DOCUMENTATION

+ The information presented in this product sheet (or catalog) is for reference only.
DO NOT USE this document as product installation information.

+« Complete installation, operation and maintenance information is provided in the
instructions supplied with each product.

Failure to comply with these instructions could result in death or serious injury.

© Copyright Honeywell Inc.1998-2004 All rights reserved.

file:///C|/D ocuments%s20and%20 Settings/rabab/Desktop/Datasheet%20--%20SD5600-001 .him (5 of 5)14/03/2005 11:27:59 O
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Diatachest -- SDESG00-001

Honeywell

_—~  SD5600-001

é‘{_—';’-:’r SD Series Optoschmitt Detector, TO-45 Metal Can Package
Represanfafive Features
photograph actual + TO-46 metal can package
product appearave + 6 2 (nominal} acceptance angle
mayp varp. + High noise immunity output

+ TTLASTTL/CMOS compatible

T + Buffer (SDS600) or inverting (SDS610) logic available

ik g!mvd + Mechanically and spectrally matched to SE3450/5450,
f@'irﬂs S SE3455/5455 and SE3470/5470 infrared emitting diodes
products may ot be
avealable inpour area.
PIe.:l:.se corifact pory Description
regiona Homepwell o ) ) ) )
office regardingyouwr The SD5E00/5610 series is afamily of single chip Optoschmitt IS
product of cheice. detectors mounted in a3 TO-46 metal can package, The

photodetectar consists of a photodiode, am plifier, voltage regul ator,
Schrnitt trigger and an MPM output transistor with 10 k Ok
fnominal) pull-up resistor, Output rise and fall times are
independent of the rate of change of incident light. Detector
sensitivity has been internally temperature compensated, The TO-
45 pack age is ideally suited for operating in hostile environments,

Device Polarity

Buffer - Output is HI when incident light intensity is above the turn-
on threshold level,

Inverter - Output is LD when incident light intensity is above the
turn-on threshold level,

Honeywell

SD5600-001

5D Series Optoschmitt Detector, TO-46 Metal Can Package

file Do com et o Mawd 2 (Gettivgsimbab, Decht op Dt cheet 3420-- #2050 5500-00 1 bem {1 of 5914052005 112759 B
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Datasheet -- SD5600-001

| Product Specifications

| Product Type

| IR Component

| Angular Response (Degree)

|12

| Turn-on Threshold Irradiance

| 2.5 mW/cm2 maximum

| Output

| 10 kOhm Pull-up

| Output Logic | Buffer
Package Style | TO-46, Dome Lensed
Package Components | Metal

Operating Temperature Range

| -40 °C to 100 °C [-40 °F to 212 °F]

Dark Current

| 250 nA

Hysteresis (H)

| 5% to 30%

| 45Vto16.0V

Supply Voltage

| 16.0 Vdc

High Level Output Voltage

| 2.4V minimum

Low Level Output Voltage

| 0.4 V maximum

|
|
|
|
|
| Operating Supply Voltage
|
|
|
|

Operating Point Temperature Coeffient

| -0.76 %/°C

Internal Pull-up Resistor

5.0 kOhm min., 10.0 kOhm typ., 20.0 kOhm
max.

| Output Rise Time | 60 ns

| Output Fall Time | 15ns

| Clock Frequency | 100 kHz
Duration of Output Short Vcc or 1.6 second

Ground

Comment

Output is HI when incident light intensity is
above the turn-on threshold level.

| Availability

| Global

| Product Name

| Optoschmitt Detector

| Supply Current max.

| 12.0 - 15.0 mA @ 25 °C

| Output Current max.

|18mA

Honeywell

SD5600-001

SD Series Optoschmitt Detector, TO-46 Metal Can Package

file:///C|/D ocuments%s20and%20 Settings/rabab/Desktop/Datasheet%20--%20SD5600-001 .him (2 of 5)14/03/2005 11:27:59 O
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Diatachest -- SDESG00-001
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208(5.28) "

N .100(2.54)DIA
{ NOM
| <
A 60 (4.06)
A,
37 (3.48)
247(6.27) | ;
224(5 £9) LEARS:
1. Voo
2.Vo
3. GND{CASE)

Honeywell

SD5600-001

5D Series Optoschmitt Detector, TO-46 Metal Can Package

file Do com et 3 Mawd 2 (Gettivgsimbab, Desht op. Dt cheet 3420-- #2050 5500-00 1 Hem (3 of 5914052005 112759 B
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Datasheet -- SD5600-001

SD5600 BUFFER, 10 kQ PULL-UP
CP Vce
[

\oltage 10 kQ
regulator
I

A | wo— T

v

Vo

O GND
Honeywell
SD5600-001
SD Series Optoschmitt Detector, TO-46 Metal Can Package
A\ WARNING

PERSONAL INJURY
DO NOT USE these products as safety or emergency stop devices, or in any other
application where failure of the product could result in personal injury.

Failure to comply with these instructions could result in death or serious injury.

file:///C|/D ocuments%s20and%20 Settings/rabab/Desktop/Datasheet%20--%20SD5600-001 .him (4 of 5)14/03/2005 11:27:59 O
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