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ABSTRACT OF THE THESIS

ANALYSIS OF DUAL-GRIPPER MANIPULATORS AND FINITE ELEMENT
ANALYSIS OF THE FLEXIBLE LAMINATED HOSE FOR UNDERGROUND
STORAGE TANK CLEANUP

by
Badrinath Srikanth Eluri
Florida International University, 1999
Miami, Florida
Professor Tachung Yih, Major Professor

The second generation long-reach manipulator — the dual-gripper Phase 3 Remote
Tocl Delivery (RTD) system has been developed to retrieve radioactive waste from
underground storage tanks with internal structural members. The RTD is equipped with
two grippers, one at each end of the system, to grasp the structural member. A vertical
translation mechanism is also added to the system that enables the vertical motion inside
the tank. This special feature provides greater dexterity and flexibility. Two operating
open-chain configurations are considered and modeled. The first configuration is that
gripper 1 grasps the structural member and gripper 2 is free to perform a designated task.
The other configuration is that gripper 2 grasps the structural member and gripper 1 is
free to move. The kinematics, dynamics and simulation of the system are emphasized.

Finite Element Analysis (FEA) of the flexible laminated hose used to convéy
radioactive waste materials was investigated to learn about its structural behavior. The
hose is considered relatively fixed at one end (the outlet) and subjected to different
loading conditions at the inlet. Liquid (mixture of water and sludge) with high viscosity is
sucked through the hose using a vacuum pressure.

The software package employed for FEA is ANSYS 5.2. A total of 200 cases,
with different X, Y and Z loading conditions at the inlet, for the hose under the
consideration with or without vacuum pressure have been analyzed. Numerical results
and the ANSYS graphic outputs provided for each case include the deformation, stress

distribution and strain distribution throughout the hose.
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CHAPTER 1
INTRODUCTION

The emphases of this research work are to analyze and simulate (1). the dual-
gripper manipulators developed to retrieve radioactive wastes from the underground
storage tank with internal structural members, and (2). the flexible laminated hose used to
convey the radioactive waste out of the above specified tank based on the finite element
analysis (FEA).

In 1990, the DOE (Department of Energy) initiated the ER/WM (Environmental
Restoration and Waste Management) program. This program joined the experience and
talent among the DOE national laboratories, universities, and industrial partners. Of many
critical missions specified in ER/WM program, TWR (Tank Waste Retrieval) mission is
one to retrieve and remediate the radioactive wastes stored in underground storage tanks
in various DOE sites. Limited access, presence of chemical, radiological and explosive
hazards, and need to deliver retrieval equipment to all regions of the tank exceed the
capabilities of the most conventional methods and equipment. Consequently, remotely
operated devices for mobilizing and retrieving waste materials are needed. After careful
review of a number of schemes for retrieving different types of materials from the
underground storage tank, the use of LRMs (Long Reach Manipulators) was decided.
There are two redundant TWRMS (Tank Waste Retrieval Manipulator Systems) currently
operated in various DOE sites: LDUA (Light Duty Utility Arm) and MLDUA (Modified
LDUA). These two redundant LRMs are known as the first generation TWRMS. To eamn
essential experience during the development and operation of the first generation

TWRMS, they were developed and deployed in the underground storage tanks (25 ft and



50ft in diameters) without any internal structures. The development and deployment of
the first generation TWRMS have been successfully accomplished in the early 1997.

Continuous efforts have been made for the development of the second generation
LRMs —the Remote Tool Delivery (RTD) systems. The RTD system is developed to
retrieve highly radioactive wastes from the underground storage tank (diameter of 85
feet) with internal structural members approximately 10 feet apart from each other. The
RTD system is a new concept that overcomes many of the limitations of the existing
TWRMS. The tank's internal structural beams are used as "scaffolding” to gain access to
the tank's interior, walls, ceiling and floor. The RTD system has a tethered, hydraulically
powered, multi-jointed locomotor which can transverse both horizontally and vertically
throughout the tank. It carries a dexterous manipulator which is used to perform localized
sluicing, radiation surveying, tank wall cleaning, and inspection. The Phase 3 RTD
locomotor is a four link, five jointed manipulator. The locomotor is comprised of six
major components: grippers at each end, the links, the joints, the tether termination, the
locomotor hydraulic system, and the video system.

In this thesis, a Phase 2 RTD system is investigated. This RTD system can be
descended into underground storage tank in a riser with a minimum clearance of three
feet from the bottom of the tank. Next, the Phase 3 RTD (dual-gripper) system, a super-
set of the Phase 2 RTD system, is modeled and analyzed. The Phase 3 RTD system is
equipped with one gripper at each end to grasp the deployment mast or structural member
in the underground storage tank. A vertical translation mechanism (VTM) is added to one
of its links that enables the vertical motion of the RTD system inside the tank. The

vertical movement can be processed with one of the grippers operating on a separate



structural member, or the system can fold itself so that both grippers grasp the same
structural member.

Kinematic models of both Phase 2 and Phase 3 RTD systems are developed in the
thesis. Each joint local coordinate system and its corresponding joint parameters will be
assigned based on the defimition of 4x4 homogeneous C-B (Cylindrical coordinates —
Bryant angles) notation. The characteristic matrix of each link is derived to describe
individual link shape and joint characteristics geometrically.

The dual-gripper design and inclusion of the VIM distinguish the Phase 3 RTD
system from other ordinary robotic systems. This special feature provides greater
dexterity and flexibility, but increases the complexity in modeling and analysis. Two
operating configurations of the Phase 3 RTD system are considered and modeled,
respectively. The first configuration is that gripper 1 grasps the structural member and
gripper 2 is free to move in space to perform the designated task. The second
configuration is that gripper 2 grasps the structural member and gripper 1 is free to move
in space to perform the designated task. These two configurations typify the Phase 3 RTD
system as an open-chain robotic system.

Simulations of the RTD systems, including the cases mentioned above, are
completed in Tele/IGRIP simulation software package. The Tele/IGRIP simulation
models can be useful for future real-time control applications.

The dual-gripper design of the Phase 3 RTD system distincts itself from other
robot manipulators. It is eventually the very first of its kind based on our literature
surveys for the last fifteen years. This dual-gripper system differs from the dual-arm

robot manipulators. In dual-arm robots [1] the two arms work independently and they can



function without depending upon one another. In dual-gripper robotic systems, one of the
grippers has to grab a fixed structural member so that the other gripper can perform the
required function. These two grippers actually interacts with each other during the
operation. As a two-palm robot [2] manipulates a part three basic operations can be
performed: holding or rotating the part in an equilibrium grasp if the part falls in
disequilibrium, and sliding one hand or the other relative to the part. The dual-gripper
robotic systems have four basic functions: grasping, lifting, sliding and rotating.

The new type of notation called C-B (Cylindrical coordinates —Bryant angles)
notation [3] is used to model and analyze the dual-gripper RTD system. The method is
formulated based on the homogeneous cylindrical coordinates and Byrant angles
transformation matrices and thus termed as " C-B notation". It is superior to the other
popular notations in modeling 3-D mechanical systems. It is noticed that D-H notation [4]
only defines the "relative" joint positions, due to its joint definition, for spatial robots and
mechanisms if the adjacent joint axes are not parallel or normal to each other. Moreover,
identification of the joint parameters may be difficult because of the necessity of locating
the common perpendiculars between lines of adjacent joint axes in the space [5]. A
modified symbolism was presented by Sheth and Uicker [6] to extend the "exact " joint
positions in the space. The S-U notation consists of 6 constant joint parameters
(a,b,c,a, B,y ) and a distinct variable part that contains the same number of parameters
as the degrees of freedom of the kinetic joint. In the C-B notion, characteristic matrices
for 5 kinematics lower pairs: revolve, prismatic, cylindrical, helical, and spherical are

derived based on homogeneous cylindrical coordinates and Bryant angles transformation



matrices. Only five principal joint parameters (8,4, 7,a, ) are introduced to describe the
link shape and to locate the "exact" joint position in space.

As a second part of this thesis, Finite Element Analysis (FEA) of the flexible
laminated hose used to convey radioactive waste materials is emphasized to learn about
its structural behaviors during operation. The flexible laminated hose utilized is an AQP
2661-32 elastomer tube. This hose is reinforced with helical wire between the textile
braids and AQP cover. It is generally used for suction and transfer of radioactive fluid
waste. The suction hose is a bent elastic tube with six degrees-of-freedom. The hose is
considered relatively fixed at one end (the outlet) and subjected to different loading
conditions at the inlet. Liquid with high viscosity is sucked through the hose using a
vacuum pressure.

The software package employed for FEA is ANSYS 5.2. To construct a mesh for
FEA, mixed node elements are used. Material properties such as Young's Modulus and
Poison's ratio of the hose are estimated. A total of 200 cases, with different X, Y and Z
loading conditions at the inlet, for each hose under the consideration with or without
pressure, are to be analyzed. Numerical results and the ANSYS graphic outputs for each
case - including the deformation, stress distribution and strain distribution - throughout
the hose are depicted.

1.1 BACKGROUND

The present robots had their origins in both teleoperator and numerically
controlled machine tool. The first manipulator known as teleoperator was developed to
handle radioactive materials [7]. The teleoperator is a device which allows an operator to

perform a task at a distance. In order to procure advanced aircraft whose parts were



designed to be machined rather than riveted, the United States Air Force sponsored the
development a numerically controlled (NC) milling machine [8]. The NC machine tools
shapes metal automatically, based on digitally encoded cutting data. The computer
controlled industrial robot was developed by Cincinnati Milacron [9], to interact with a
moving conveyer whose position was sensed by a digital encoder. The computer was
used to compute coordinate transformations between fixed base coordinates and the
moving conveyer coordinates. As technology improved further, it became evident that
robots could contribute even more. The flexible, intelligent robots are needed in advanced
industry, hazardous environment and space exploration. With more manipulators being
installed, the more critical needs are required for different applications in robot
manipulator control.

The control of robot manipulators is based on the kinematics, especially on
inverse kinematics, and dynamics. Over the past two decades, investigation on inverse
kinematics for general manipulators have often been explicitly on the Jacobian
pseudoinverse approach for the utilization of redundancy through local optimization of
objective functions. Furthermore, most proposed methods resolve the redundancy control
in joint space and are concerned with solving the inverse kinematics problem for the
general robot manipulator.

Pseudoinverse control was proposed by Whitney [10]. Baillieu [11] developed
different approach for local optimization by extending the Jacobian matrix to include the
optimal condition. Anderson and Angeles [12] proposed a position based local
optimization scheme by solving a nonlinear minimization problem with end-effector

constrains. Wolovich and Elliott [13] solve the inverse kinematics problem on the



computation of the transpose of the Jacobian. Kovecses [14] developed the dynamic and
kinematic analysis of the flexible robots undergoing three - dimensional motion. Chen
and Yang [15] proposed an algorithm to automatically generate the closed-form equation
of the motion of a modulator robot from the kinematic graph based representation of the
assembly configuration. Zhao and Shi [16] developed a concept of dual space of the
Jacobian matrix. Pennock and Mattson [17] proposed the forward position problem of
robot manipulating. Bicci, Prattichizzo and Melchiorri [18] proposed the theory of the
force and dynamic manipulability for the general robot systems. Zhang and Yan [19]
introduced the kinematic and inverse solutions for the closed chain structure in real use.
Radane-cherif and Perdereau [20] proposed the iterative method to solve the inverse
kinematic problem for redundant and non-redundant manipulators. Yang and Chen [21]
proposed the novel kinematic calibration algorithm for reconfigurable robotic systems.
Nemic [22] developed and compared the influence of unweighted and inertia weighted
pseudoinverse on controlling space velocity of kinematically redundant manipulators.
Caccavale and Chaiverini [23] described the application of a closed-loop forward and
inverse kinematics algorithm to kinematic control of a robot manipulator. Chen and Yang
[24] described the design and kinematic issues of the modular robot aimeb for assembly
tasks. Merlet and Jean [25] addressed the problem finding all the solutions of the direct
kinematics for every possible architecture of planar fully parallel manipulators. Tachung
Yih and Kun Ji [26] proposed the generalized approach to solve the inverse kinematics
problems for robots with any combination of R, P, C and S joints. Carrera and Serna [27]
proposed a new and general technique for solving the inverse dynamics of general

robots.Chung and Youm [28] proposed the new dynamic control method that outperforms



existing local torque optimization techniques for Kinematically redundant manipulators.
Mason and Lynch [29] describe some preliminary work on dynamic manipulation.
Mayorga and Ressa [30] presented the kinematic measure of global performance for the
design evaluation and optimization of robot manipulators.

Computer is an important tool in the control of robot manipulators. Early robot
manipulator or teleoperators were programmed either mechanically or electrically to
repeat a task once they were taught to perform. The first robot software for computer
implementation was developed in 1973 at the Stanford Artificial Intelligence Laboratory
[31] as an experimental research language. Later, a more advanced robot programming
language based on Algol software was developed at Stanford Artificial Intelligence
Laboratory and was named AL. This new software had the capability of programming
assembly operations using force-sensing devices. IBM, in the meantime, was developing
much more advanced robot software among which were Emily, Mi and AML. Software
packages such as Tele/IGRIP and KINMAC etc, were developed for Unix systems and

main frame computer to analyze and simulate the mechanical systems.



CHAPTER 2
KINEMATICS AND DYNAMICS OF DUAL-GRIPPER MANIPULATOR
2.1 Introduction

Kinematically, a robot manipulator is considered an open-chain articulation of
links connected in series or in parallel by prismatic, revolute, or spherical joint, etc. One
end is relatively free and commonly attached with a specialized tool such as a multi-
fingered hand or gripper, while the other end of the open-chain system is attached to a
stationary base. It is apparent that the position and orientation of the robot gripper is the
result of the collective effects of translation and rotation of each joint of the robotic links.
Such joint motions are generated by actuators either locally activated at each joint or
remotely controlled at a distance by belts, sheaves, chains, or hydraulic fluid lines.

The study of robot manipulation is concerned with the relationship between
objects, and between the objects and manipulators. In this thesis the 4x4 homogeneous C-
B (Cylindrical coordinates — Bryant angles) notation is used for kinematic modeling and
analysis of the Phase 2 RTD (Remote Tool Delivery) system and Phase 3 RTD system.

The direct kinematics applies the known joint space coordinates to find the space
coordinates of the end-effector. The inverse kinematics concerns the process of designing
or controlling a robot to accomplish a desired task. It determines the joint configurations
from the available motions of end-effector. The direct kinematics can simply acquire a
unique solution corresponding to the given joint parameters by straightforward matrix

multiplication. The inverse kinematics is difficult to solve by simple computation.



2.2 Review of C-B Notation

The shape geometry of the spatial binary linkage, Fig. 2.1, can be described using
the transformations of cylindrical coordinates and Bryant angles; thus termed "C-B
notation."

To transform the joint reference frame from Xi-Yi-Z; to Xiri-Yir1-Zisq; first, X;-Yi-
Z; is transformed to ey-eyi-€; in the sequence (6, h;, r;) which corresponds to the
cylindrical coordinate transformations; second, eyi-eyi-€,; is transformed to the resultant
Xi+1-Yir1-Zir through Bryant angles (¢, £;, y,); with y,= 0°.

The joint reference frame (Xi-Yi-Z;) and principal joint parameters
(6.,h;,r,a,, B,) for the ith joint J; are defined as follows.

Reference Frame
The local origin of the ith reference frame is chosen at the physical joint center J;, and:

Z;— along the ith joint axis in the designed direction.
Xj— mnormal to Z; in the plane Zi-e, ; as Z; is parallel to e, , X; and X;; are
perpendicular to each other. Usually, X is chosen in the same direction as e X,

Yi— in the direction to form the right-handed Cartesian coordinate system.

Principal Joint Parameters

6,—  rotating angle of the ith joint axis, measured about Z;, as the angle between planes
Zi-X;and Z;-e X, -

hj—~  distance between joints J; and Ji+1, measured along Z;.

r; — distance between Z; and Jiq.

10



Fig. 2.1. The C-B (Cylindrical coordinate — Bryant angles) notation.
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a,—  twist angle between planes eyi-€;; and e-Zi+1, measured about ey;. It is noticed that

i

Xi+11s on the plane exj-Zi+1.
f;— deviation angle between e,; and Z;+1, measured from ey;.
The shape matrix T; of the ith link formulated by C-B notation is, therefore,
Ti=Te( 8, 1, 7;) Toi @, ;> 0)

cOcf, —sOsasp, —sOca;, cOsp, + sOsacP, rch,
stcp +cOsasf, clca, sOsp - cOsa,cf;, rsé, @1
—co,sp,; sa; ca,cf, h; '

i i

0 0 0 1

in which the orientation and position of Xi+i-Yiii-Zis1, relative to Xi-Yi-Z;, can be

expressed by the direction cosine matrix D; and position vector P; as

p, P
Ti( 6., k510, ;) =

0 0 0 1

2.3  Modeling of Dual-Gripper Manipulator Using C-B Notation

Kinematic models of the Phase 2 RTD system and the Phase 3 system are
developed in this section. Fixed frame reference and each joint axis are assigned based on
the definition of 4x4 homogeneous C-B notation. The characteristic matrix T; of the ith
link is derived to geometrically describe individual joint characteristics and link shape.
2.3.1 The Phase 2 RTD System

As shown in Fig. 2.2, a fixed frame of reference is designated at the center of

rotek bearing (elevation 101") which is 3 feet above the ground surface. The RTD system

12



Fig. 22  The fixed frame of reference for Phase 2 RTD system
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can be descended in the riser into the underground storage tank with a minimum
clearance of 3 feet from the bottom of the tank. The descent h;, measured from the center
of the rotek bearing, then has its range of motion -98'<h, <0'. To convert the measurement
of the RTD system from the bottom of the tank, the elevation h;*=101+h;; hence
3'<h;*<101'. The angle 6, is the rotation of the riser with range of motion -
180°<4,<180°.

Fig. 2.3 describes the second joint of the RTD system, which deploys the entire
arm from its stowed position. The rotating angle 6, indicates the deployment position of

the arm. The arm is stowed while 6,equals to 0° whereas the arm is deployed in

horizontal position (normal to the deployment mast) as 6, equals to 90°. The distance
between the centers of the second joint and its subsequent joint describes the link length
1.

Detailed illustration of joint axes of the Phase 2 RTD system is given in Fig. 2.4.
These joint axes are assigned for further geometrical modeling and analysis.
Corresponding joint parameters defined in 4x4 homogeneous C-B notation are tabulated
in Table 2.1. An initialized two-dimensional kinematic stick diagram is also provided
accordingly. The positive sign in the figure indicates that the axis, such as z, or ys, is
pointing vertically out of the paper. Determination of hs and r5 vary with the motion of
vertical translation mechanism (VTM) will be discussed in section 2.4.

According to the parameters defined in Table 2.1, the 4x4 homogeneous

characteristic matrix T; of each joint/link is derived below.
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Fig. 2.3  Definition of Joint #2, Phase 2 RTD systém, far arm deploymeﬁt
15
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equal to 42.75" at initial position.
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Table 2.1 Definition of joint parameters for Phase 2 RTD system in C-B notation
Joint 1 2 h; i o yik Remarks
1 +180° (-98,0) 0 -90° 0° 1
2 (0°,90% 0' 37.75" +90° 0° 2
3 +135° 0" 36" 0’ 0° -
4 +135° 0" 36" 0’ 0’ -
5 +135° hs s 0’ 0’ 3
6 +135° 4 36" 0° 0° -
1. RTD descended from the riser. The measurement of RTD from the bottom of the
tank is h;*=101"+h; (3'<h;*<101").
2. Arm deployed at &, =90; arm stowed at &, =0.
3. hs resulted from the elevation of the VIM (Vertical translation Mechanism). rs is




cosd, 0 -—sinfg, 0
T.= sing, 0 cos§ O -
“lo -1 0 & (2-22)

0 0 0 1

[cosd, 0 sin#, rcosé,
sinf, 0 -cosf, r,sind
T,= 2 2 N 2 b
o1 0 0 (2-20)
0 0 0 1
[cosf, —sinf, 0 7 cosé,
sinf, cosd, 0 rsind,
Ts= (2-2¢)
0 0 1 0
0 0o 0 1
[cos®, -sind, 0 r,cosé,
T sind, cosf, O rssiné, (2-24)
0 0 1 0
0 0 0 1
(cosf; —sinf; 0 r,cosb,
o sind; cosd; O rsind, (2-2¢)
0 0 1
0 o 0 1
[cosf, -sind, 0 r, cos6,]
Te sinf;, cosf, 0O rssind, 226
0 0 1 hg
0 o 0 1 |

The direction (orientation) of each joint axis and the location (position) of each joint

center relative to the universal frame of reference X-Y-Z (x;-y;-z1) can be determined by

H=IIT; (2.3)
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where T; is the characteristic matrix of the ith joint and H is the resultant 4x4
homogeneous matrix that contains the numerical data of orientation and position of the
axis of gripper center x7-y7-27.

2.3.2 The Phase 3 RTD System

The Phase 3 RTD, Fig. 2.5, system is a superset of the Phase 2 RTD System. Each
end of the system is equipped with a gripper to grasp the deployment mast or structural
member in the tank. A vertical translation mechanism (VTM) is added which enables
vertical motion of the system inside the tank. Two vertical translation modes are possible:
1) the vertical movement can be processed and performed with each gripper operating on
a separate structural member, and 2) the system can fold so that both grippers grasp the
same structural member. The first mode typifies the open-chain robotic system and will
be the emphasis of this thesis. The second mode exemplifies the standard closed-chain
mechanism and will be studied as a separate topic.

For the first mode of open-chain robotic system, two possible configurations are
investigated. They are 1) gripper 1 grasps the deployment mast or structural member in
the tank, and 2) gripper 2 grasps the deployment mast or structural member in the tank.

The dual-gripper design and the inclusion of VTM distinguish the Phase 3 RTD
system from other ordinary robotic systems. These special features provide greater
dexterity and flexibility; yet, increases the complexity in modeling and analysis.

As shown in Fig. 2.5, local frame of reference for each joint is designated at its
joint center. Due to the symmetry of the structure, gripper joint 2 is redefined as joint 1',
with link length r'y. The VTM is located between joints 2 and 3. The middle section of the

system is defined between joints 3 and 3' with link length 15 equals r's. Since the VIM is
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able to elevate or descend the system vertically, the distance between joints 2 and 3 (ry)
varies with vertical elevation h,. However, other link lengths will remain constant at all
times.

Based on the joint and link parameters assigned in Fig. 2.5, their corresponding
magnitudes or variables defined in 4x4 homogeneous C-B notation are listed in Table
2.2. A two-dimensional kinematic stick diagram is provided to specify its initialized
configuration. The negative sign in the figure indicates that the joint axis, such as y,, is
pointing vertically into the page.

The 4x4 homogeneous characteristic matrix of each joint/link then can be derived

as follows.
1 0 0 7
T 01 0 0 (2.43)
= Ada
“loo1 o0
000 1
[cos@, —sinf, 0 r,cosé,
iné 6, 0 iné.
1,-| 506 cosd, r, sin @, 2.45)
0 0 1
0 0 0 1
[cos@, —sinf, 0 r cosb,
iné g, 0 in &
T,=| 265 cosd; r,sin 6, 2.40)
0 0 1 0
0 0 0 1
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Table 2.2 Definition of joint parameters for case 1 study of the Phase 3 RTD

system

Joint 1 o, h; T a, yis
1 0° 0" 36" 0° 0°
2 +135° +8" (40.931" 42.75")" 0° 0’
3 +135° 0" 36" 0° 0°
3 +135° 0" 36" 0° 0°
2! +135° 0" 36" 0° 0°
I 0° 0" 0" 0° 0°

* 1, is equal to 42.75" at initial position
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[cos@', —sind', 0 7',cosd", ]
T sind'; cosd', 0 r',sind', 5 4d
1o 0o 1 0 (24d)
0 o o 1
[cos@', —sin@', 0 r' cos@',]
sind', cos@', 0 7' sind,
Ts= .
5 0 0 1 0 (2.4e)
0 o 0 1 ]
1 0 0 0
SR .
“lo o1 0 (2:49)
00 0 1

The direction (orientation) of each joint axis and location (position) of each joint

center relative to X;-Y-Z; can be determined by

H=TT, @.5)

i=1
where T; is the characteristic matrix derived above, and H is the resultant 4x4

homogeneous matrix that specifies the orientation and position of gripper 2 relative to

gripper 1.

Subsequently, the two possible configurations of the phase 3 RTD system as an
open-chain system are studied.
a). Case 1 - Gripper 1 grasps the deployment mast or structural member in the tank
The first possible operating configuration for the Phase 3 RTD system is shown
Fig. 2.6, where gripper 1 grasps the deployment mast or structural member in the tank
whereas gripper 2 is free to move in space. This configuration typifies an open-chain

robotic system. The joint and link parameters defined in Table 2.2 are applicable to this

23



Fig.2.6  Case 1 - Gripper L grasps the deployment mast or structural
member in the tank
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Table 2.3 Definition of joint parameters for case 2 study of the Phase 3 RTD

system

Joint 1 6, h; i Q, B,
1 0° 0" -36" 0° 0°
2' +135° 0" -36" 0° 0°
3' +135° 0" -36" 0° 0°
3 +135° +8" (-42.75", -40.931") 0° 0°
2 +135° 0" -36" 0° 0°
1 0° 0" 0" 0’ 0°

* 17 is equal to 42,75" at the initial position,
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case, and the characteristic matrices derived in equations (2.4a) through (2.4f) and 2.5 are
also valid for this application.

b). Case 2 - Gripper 2 grasps the deployment mast or structural member in the tank

It can be appropriate, in some occasions, that gripper 2 grasps the deployment
mast or structural member in the tank while gripper 1 performs the necessary task.
Configuration of the Phase 3 RTD system operated in this case is depicted in Fig. 2.7.
The joint and link variables, also referring to Fig. 2.5, defined in 4x4 homogeneous C-B
notation are listed in Table 2.3.

The 4x4 homogeneous matrix of each joint/link are derived as

1 00 -7,

T 010 0 (2.6a)
- .6a
“loo1 o0

000 1
(cos¢, -sind', 0 -r',cosd',
ing' o. 0 —~#._sind
T,=| 02 COSE 72 ST (2.6b)
0 0o 1 0
0 0 0 1
[cos@', —sinf', 0 -rcosd',
ing' 9, 0 -rsing' ,
T sinf'; cosd', hSmo, (2.6¢)
0 0o 1 0
0 0 0 1
[cos@, —sind;, 0 -rcosb,
T sinf,  cosé 0 —r,sin, (2.6d)
0 0 1 h,
0 0 0 1
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Fig. 2.7 Case 2 — Gripper 2 grasps the deployment mast or structural
member in the tank
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[cos@, —sind, 0 rcosb,
T singd, cos@, 0 #sing, 2.60)
0 0 1 0
0 0 0 1
1 0 0 0
Te= 0190 (2.69)
0010
00 01

The direction (orientation) of each joint axis and location (position) of each joint

center relative to X'1-Y";-Z'; can be determined by

H-——ﬁ T; 2.7

i1
where T; is the characteristic matrix derived in equations (2.6a) to (2.6f), and H is the
resultant 4x4 homogeneous matrix that contains the numerical data of orientation and
position of gripper 1 relative to gripper 2.
2.4 Vertical Translation Mechanism

One of the special features of the Phase 3 RTD system is the vertical translation
mechanism (VTM). The VIM has four modes of operations: up, down, limp, and hold.
The up and down modes are used to move the mechanism in the vertical direction. The
hold mode is to hold the vertical motion at a fixed position. The fail-safe condition of the
VTM is the limp mode. The vertical translation mechanism, a parallelogram four-bar
mechanism, is associated with link 2 in the Phase 3 RTD system as shown in Fig. 2.8.
The VTM is located at a distance of 12.125" from both Z, and Z;. Since the VTM

elevates or descents the system vertically, both vertical (h,) and horizontal (r;) distances
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between the two adjacent joints vary. However, other link lengths will remain constant all

the time.

a). Case 1 — Analysis of VIM while gripper 1 is fixed.
Schematic diagram of the elevated motion of the VIM with gripper 1 relatively
fixed is shown in Fig. 2.9. At its initialized configuration, the length a between V; and V;

18.5" is and length b between V; and V; is 9.5". The diagonal length e measured between
V, and V3 is 20.79", and the initial angle n (£V,V,V,) is 27.18", Linkage V,V;3'V4'V,
represents the new position of the VIM after moving up in vertical direction. ¢' is the
diagonal distance between V; and V3'. An, ZV,V,V,', is the increment or decrement of
angle 7 that describes the upward or downward motion of the VTM, respectively. Az is
measured from e to ¢, and

] 0° <A <19.1928° while VIM moves  upwards
-22.0416° < An<0°  while VIM moves downwards

From AVV,V,', the governing equation for solving e' for both upward and downward
motions is

a’ =b*e?-2 b e sin(n+An)
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Fig. 2.9 Analysis of VIM while gripper 1 is fixed

31



Rearranging the above equation,
e+e' [-2 b sin(r7+An) [+ (b™-2) = 0 2.8)

Solving the quadratic equation for €', yields,

_ 2bsin(y + An) £ 4b% sin* (7 + An) —4b° +4a’

e!
2
Since €' must be greater than zero,
e = bsin(77+A?;!)+\/a2 —b*cos*(7+ An) (2.9)

where e™>e when VTM moves upwards and e'<e when VTM moves downwards.
Also from Fig. 2.9,
a' = e'cos(n+An)
b' = e'sin(n+An)
The local displacement of the VIM can be decomposed into both horizontal and vertical
directions as
' =a-a =a-e'cos(n+An) (2.10)
h'=b'-b=¢sin(n+An) -b (2.11)
Therefore, the horizontal (r;) and vertical (h,) distances between joints Z, and Z; can be
calculated as
rp=a +24.25"=4275" -1 (2.12)
h,=h' (2.13)
b). Case 2 — Analysis of VIM while gripper 2 is fixed.
With reference to Fig. 2.10, the descendent motion of the VIM with gripper 2

relatively fixed is depicted. At its initialized configuration, the lengths a, b, and e are
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Fig. 2.10 Analysis of VTM while gripper 2 is fixed
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18.5", 9.5", and 20.79", respectively. The initial angle 77(LVV}V,) is 27.18° Linkage
V3V1'V;'Vy indicates the new position of the VIM after moving down in vertical
direction. €' is the distance between V, and V3'. An, ZV,V,V,', is the increment or

decrement of n to describe the upward or downward motion of the VTM,

respectively. A7 is measured from e to ¢', and Az is positive in counter-clockwise
direction and negative while in clockwise direction.

Ap =" 22.0416° < Anp <0° while VIM moves  upwards
0° < Anp<19.1928° while VIM moves downwards

From AV,V,V,', the governing equation for solving €' for both upward and downward
motions is

a’> =b*e-2 b ¢ sin(n+An)
Rearranging the above equation

e+e' [-2 bsin(n+An) + (b*-a?) =0 (2.14)

Solving the quadratic equation for €',

_ 2bsin( + An) £ J4b% sin? (5 + Ay) — 4b* + 4a’

e?
2
Since €' must be greater than zero,
e'= bsin(17+A77)+\/a2 ~b* cos’ (7 +An) (2.15)

where e">e when VIM moves downwards and e<e' when VIM moves upwards.

Also from Fig. 2.10,

t

I

a' = e'cos(nt+An)

bl

i

e'sin(n+An)
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The local displacement of the VTM can be decomposed into both horizontal and vertical
directions as

r =a-a =a-ecos(n+An) (2.16)

h'=b-b=¢sin(n+An) -b 2.17)
Therefore, the horizontal (r2) and vertical (h;) distances between joints Z, and Z3 can be
calculated as

rp=a +2425"=4275" -1 (2.18)

h, =h' (2.19)
2.5 Kinematic and Dynamic Analyses

Kinematic and dynamic analyses of the Phase 3 RTD system will be carried out in

this section based on the model defined in C-B notation. Moreover, the Phase 3 RTD
system will be simulated using a DOE standardized software package — Tele/IGRIP.

Tele/IGRIP is an interactive, 3-D graphic simulation tool for the design and
analysis of the robotic system. Any robotic system can be generated in Tele/IGRIP by
creating parts, assembling the created parts, specifying the link/joint properties, and
integrating with an user developed interface program to analyze the cycle time, collisions
and motion constrains. The Tele/IGRIP package provides a mouse driven, point-and-click
approach to simulation. There are five major components in the Tele/IGRIP software
package. These include CAD, Device, Layout, Motion and Program. CAD provides
features for creating three-dimensional parts. Device is the context for creating devices
using parts constructed in the CAD system. Layout is used to assemble the devices, create

paths, and connect the necessary 1/0. Motion contains functions to test, optimize and run
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the generated model in the workeell. Program is to generate programs using on-screen
menus to script the syntax automatically into the device's program.
2.5.1 Simulation of the Phase 3 RTD System

By applying the Tele/IGRIP software package, 3-D solid model of each link of
the Phase 3 RTD system has been created according to the dimensions specified in Table
2.2. It is also simulated to obtain the kinematic and dynamic data for the RTD system
moving in the workspace. At first, with gripper 1 grasps the structural member, referring
to Figs. 2.11a and b, and the RTD system moves from tag point t1 (187, 0, 56.95) to t2
(20, 57.5662, 56.95) in a straight line trajectory in the same plane with elevation Z =
56.95". In this case motion of VIM is precluded in the simulation. Similarly the second
case with gripper 2 fixed and gripper 1 moves from tag point t1 to tag point t2 is
illustrated in Figs. 2.12a and b.

Additionally, to observe the effect of the vertical motion caused by the VTM, one
arbitrary trajectory in the workspace defined by five tag points t1 through t5, Table 2.4, is
selected. By following this trajectory, the RTD system grasps the same structural member
at the end of its motion. Two different cases have been simulated for studying its
kinematic and dynamic behaviors. First, the gripper 1 grasps one of the structural
members and gripper 2 follows the predetermined trajectory and finally grasps the same
structural member, Figs. 2.13a to e. Second, Figs. 2.14a to e, gripper 2 originally grasps
one structural member and gripper 1 approaches the same structural member by

following the given path.
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Table 2.4 Tag points through which the Phase 3 RTD system follows in

workspace
tag points X (inches) Y (inches) Z (inches)
t1 187.00 0 56.95
t2 180.080 34.6565 59.125
t3 140.002 80.8650 61.5
t4 80 92.4173 63.875
t5 0 0 66.25
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2.5.2 Numerical Examples

Throughout the above mentioned simulations, both kinematic and dynamic data
are collected with respect to the time span defined in Tele/IGRIP. The Finite Difference
Method (FDM) is used in Tele/IGRIP to determine the kinematic joint speed and
acceleration from precalculated joint positions. Torque of each joint during the motion is
also calculated accordingly.

The governing equations of the FDM to compute joint speed from already known

position, and joint acceleration from calculated speed are

9.' - ‘91'-1 _

, (1= 2,3,4ccececneen. ) (2.192)
L=t
ﬁ;—lt“-’-i =a, (=3, dueeenen..., ) (2.19b)
i i

The initial time and position are defined as t; and 8, , respectively. Apparently, the
joint speed at the first tag point and joint acceleration at the first two tag points cannot be

calculated.

Example 1:  Gripper 1 grasps the structural member in the tank and gripper 2 moves

from t1 to t2 along a straight line trajectory.

As simulated in Figs. 2.11a and b, both kinematic and dynamic data — angular
displacement, velocity, acceleration, and joint torque — for each joint have been collected
in Tele/IGRIP. The end-effector (gripper 2) of the RTD system is moving with a steady
speed of 20 inches per second and carrying a payload of 110 1b. In addition, gripper 2
moves from its initial position t1 to final position t2 within 18 seconds, which is defined

automatically by Tele/IGRIP. The graph in Fig. 2.15a represents the angular
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displacement of gripper 2 relative to joint 2'. By analyzing this graph, angular
displacement first increases in magnitude till it reaches its maximum limit (135°) half the
way of the motion and then starts decreasing. The curve shown in Fig. 2.15b gives the
angular velocity of the end-effector. The angular velocity is decreasing to zero degree per
second at middle of the path and, afterwards, changing direction until it reaches the
maximum angular velocity of 10 deg/sec. To interpret Fig. 2.15c¢, it shows that gripper 2
decelerates rapidly within the first 1.25 seconds and then gradually decelerates to stall in
18 seconds. Torque of joint 2', connected to gripper 2, is shown in Fig. 2.15d. It decreases
steeply in the first 2 seconds and reaches a relatively minimum possible joint torque.
Similar interpretations can be made joints 3', 3, and 2 by referring to Figs. 2.16a to d,
Figs. 2.17a to d, and Figs. 2.18a to d, respectively. The torque applied to the structural

member, exerted by gripper 1, is identical to the torque of joint 2, Fig. 2.18d.
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Example 2:  Gripper 2 grasps the structural member in the tank and eripper 1 moves

from t1 to t2 along a straight line trajectory.

Data of angular displacement, velocity and acceleration, and joint torque have
been collected from Tele/IGRIP through simulated results as shown in Figs. 2.12 a and b.
The end-effector (gripper 1) takes 18 seconds to move from its initial position t1 to final
position t2 while moving in a steady speed of 20 inches per second and carrying a
payload of 110 Ib. Angular displacement of gripper 1with respect to joint 2 is shown in
Fig. 2.19a. It increases in magnitude for the first half of its path and then changes
direction with magnitude decreased till its final position has been reached. Fig. 2.19b
shows the angular velocity of the gripper 1. It slows down rapidly within the first 1.5
seconds and gradually increases after 9.5 seconds until gripper 1 reaches the maximum
angular velocity of 10 deg/sec. Angular acceleration of gripper 1, Fig. 2.19c¢, also
decelerates rapidly in 1.25 seconds and then decreases gradually till it reaches the
minimum value of zero degree per second square at the end of 18 seconds. Torque of
joint 2 decreases in the first 1.5 seconds and then fluctuates between —2 and 0.75 1b-ft as
shown in Fig. 2.19d. In a similar manner, Figs. 2.20a to d, Figs. 2.21a to d, and Figs. 2.22
a to d can be analyzed for joints 3, 3' and 2' respectively. Gripper 2 produces a torque of

the same magnitude as joint 2', Fig. 2.22d, on the structural member.
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Example 3:  Gripper 1 grasps the structural member in the tank and gripper 2 moves
from t1 to t5 to grasp the same structural member.

As simulated in Figs. 2.13a to e, both kinematic and dynamic data — angular
displacement, velocity, acceleration, and joint torque — for each joint have been collected
in Tele/IGRIP. The end-effector (gripper 2) of the RTD system is moving with a steady
speed of 20 inches per second and carrying a payload of 110 Ib. In addition, gripper 2
moves from its initial position t1 to the final position t5 passing through intermediate tag
points 12, t3 and t4, within 23 seconds which is defined automatically by Tele/IGRIP.
Tele/IGRIP collects the data with a time interval of 0.1 seconds ( A¢ = 0.1sec). Gripper 2
follows a straight line trajectory between two adjacent tag points. Each joint kinematic
data are divided into four figures for four trajectory segments from t1 to t2, t2 to t3, t3 to
t4, and t4 to t5.

Graphs in Fig. 2.23a show the angular displacement of gripper 2 relative to joint
2'. It gradually increases in magnitude and never exceeds the maximum limit (+135°).
Angular velocity of gripper 2, Fig. 2.23b, slows down while approaching each of the
subsequent point in the trajectory segment. It is observed that discontinuity of the curve
occurs at some points, which must have been caused due to the small time interval Az.
Any of such sudden changes in the curve can be neglected, and the data between
discontinuous points should be interpolated by connecting their adjacent points that
follow the general trend of the curve. To interpret Fig. 2.23c, it shows that gripper 2
decelerates between each trajectory segment. Discontinuities are also seen in these
figures and data should be interpolated between discontinuous points. Torque of joint 2/,

connected to gripper 2, decreases in magnitude at the end of each trajectory segment.
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Discontinuous points have to be interpolated in this case too. Torques in joint 2'
approximates to zero 1b-ft between tag points 3 and 4, and 4 and 5. Similar interpretations
can be made for joints 3', 3 and 2 by referring to Figs 2.24a to d, Figs 2.25a to d, and Figs
2.27ato d, respectively.

The VTM elevates gripper 2 from 56.95" to 66.25" so that it is able to grasps the
same structural member. Fig. 2.26a shows the angular displacement of the VIM. It is
obvious that it decreases linearly. The angular velocity, Fig. 2.26b, of the VITM is
constant between trajectory segments since the angular displacements are varied linearly.
Angular acceleration of the VTM is represented in Fig. 2.26c¢. It is almost zero degree per
second square throughout the entire path because of constant angular velocity in each
trajectory segment. Discontinuous points in the curves must be interpolated as well.
Torque associated with the VTM is shown in Fig. 2.26d. The resultant torque on VIM is
small, between —0.5 Ib-ft and 0.025 Ib-ft. The torque applied to the structural member,

exerted by gripper 1, is equal to the torque at joint 2, Fig. 2.27d.
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Example 4:  Gripper 2 grasps the structural member in the tank and gripper 1 moves

from tl to t5 to grasp the same structural member.

Data of angular displacement, velocity and acceleration, and joint torque have
been collected from Tele/IGRIP through simulated results as shown in Figs. 2.14 a to e.
The end-effector (gripper 1) takes 23 seconds to move from its initial position t1 to final
position t5 by passing through intermediate tag points t2, t3, t4. It moves with a steady
speed of 20 inches per second and carrying a payload of 110 1b. To analyze the motion
kinematics between straight line trajectory segments, each graph is divided into four
figures.

Angular displacement of gripper 1 with respect to joint 2 is shown in Fig. 2.28a.
As seen in the graphs, angular displacement is increasing in magnitude most of the time
and always in the permissible limits (+135%). Angular velocity of gripper 1, Fig. 2.28b,
slows down gradually and varies in a linear pattern at the end of its motion.
Discontinuous points must be always interpolated by joining the adjacent points to follow
the general trend of the curve. Fig. 2.28c shows the angular acceleration of gripper 1. It
decelerates to the end tag point in each trajectory segment. Discontinuous points ought to
be interpolated in this case too. Torque of joint 2 associated with gripper 1 is given Fig.
2.28d. For the first two trajectory segments, i.e. when it moves from t1 to t2 and t2 to t3,
joint torque decreases in magnitude. However, it increases in the last two trajectory
segments. Interpolation has to be done for discontinuous points in the curves. Similar
interpretations can be made for joints 3, 3', and 2' by referring to Figs. 2.30a to d, Figs.
2.31a to d, and Figs. 2.32a to d, respectively. The torque applied to the structural

member, exerted by gripper 2, is identical to the torque of joint 2', Fig. 2.32d.
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The VIM elevates gripper 1 from 56.95" to 66.25" so that the RTD system can
grasp the same structural member. Angular displacement of the VIM is shown in Fig.
2.29a. It increases linearly with respect to time. The graph in Fig. 2.29b shows the
angular velocity of the VIM. It is constant for the motions between the first three
trajectory segments. Moreover, angular acceleration between the last trajectory segment
varies as a step function. Angular accelerations of the VIM are about zero degree per
second square for the entire motion as in shown Fig. 2.29¢ since the angular velocities are

constants. Torque of the VIM is also represented in Fig 2.29d.
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CHAPTER 3
FINITE ELEMENT ANALYSIS OF THE FLEXIBLE LAMINATED HOSE
3.1 Introduction

The first generation tank waste retrieval manipulator systems (TWRMS) are
utilized to retrieve radioactive wastes from underground storage tanks. For the TWRMS
currently deployed at ORNL (Oak Ridge National Laboratory), there are two major
components operated simultaneously to accomplish the desired task. One of the
components is the long-reach redundant manipulator- Modified Light Duty Utility Arm
(MLDUA). Another critical component is the waste dislodging and conveyance (WD&C)
system. The focus in this chapter is to develop a finite element model of the flexible
laminated hose, which is one of the critical parts in the WD&C system, to investigate the
deformation of the hose, stress and strain distribution on the hose and vibration of the
manipulator resulted from the hose.

The flexible laminated hose utilized in WD&C system is AQP 2661-32 elastomer
tube Fig. 3.1. The suction hose is a bent elastic pipe with six degrees of freedom:
translation in X, Y, Z directions and rotation about X, Y, Z axes. The tube is fixed at one
end and subjected to different loading conditions at the other end, and liquid (mixture of
water and waste materials) with very high viscosity is sucked through the hose using a
vacuum pressure from the lower part (inlet) of the hose to the upper part (outlet) of the
hose. The outer diameter of the hose is 2.55"" and inner diameter of the hose is 2.00"". The
hose has a radius of curvature of 81.082". Both 7.5 feet and 10.5feet hoses are used for

the 25 feet and 50 feet tanks, respectively. The vacuum pressure in the hose is around 70
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Fig. 3.1 The flexible laminated hose used in the WD&C system
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psi. The structural behaviors of this elastomer tube are analyzed subjected to different
loading conditions and ANSYS 52 finite element package is used.
3.2 Properties of the Hose

The hose is an elastomer tube with reinforcement consisting of a helical wire
between two textile braids. The properties of this elastomer tube with reinforcement are
not specified in any handbook. Hence, calculation of material properties of the hose is
need.

Based on the known properties of elastomer and helical wire, the properties of the
hose can be estimated. The Young’s Modulus (E) of the hose is estimated as 5E+5 psi
from the known material properties of polyester elastomer (E=3E+4 psi) and steel
(E=3E+7 psi). Two layers of elastomer and one layer of helical steel wire are considered.
In this case, Young's modulus of the elastomer tube is estimated as the average of 2
layers of polyester elastomer and one layer of steel. Similarly, poison’s ratio (0<y<1/2)
of the hose is estimated as 0.23. Density (p) of the tube is calculated as 1.84E-3 lbm/in’
from the known weight (1.4 Ib/ft) and volume per foot (1.365E-2 ﬁ3).

33 Structural Analysis of the Hose

The purpose of the structural analysis of the hose is to investigate the
deformation, stress distribution, and strain distribution on the entire laminated elastic
hose. The procedures adopted to complete the analysis are 1). construction of the hose
and mesh generation, 2). application of boundary conditions and loads on the system, and

3). FEA of deformation, stress and strain distributions of the hose.
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3.3.1 Construction of the hose and mesh generation

The construction of the hose and mesh generation is accomplished
simultaneously. To generate the mesh, mixed node elements are used; that is,
combination of the 2-D four-node plane 42 and the 3-D eight-node solid 45 elements are
consodered. The plane 42 elements are used for the cross section of the hose, and the
solid 45 elements are used for the entire section.

a). Plane 42 elements

The plane 42 elements are useful for modeling 2-D surfaces of a solid structure as
shown in Fig. 3.2. One plane 42 element is defined by four nodes with two degrees of
freedom at each node: translations in x and y directions. The element has plasticity,
creep, swelling, stress, stiffening, large deflection and large strain capabilities.

b). Solid 45 elements

The solid 45 elements are used for defining 3-D elements of a solid structure, Fig.
3.3. One single solid 45 element consists of eight nodes with six degrees of freedom at
each node: translations in X, Y and Z directions and rotation about X, Y and Z axes. The
element has plasticity, creep, and swelling, stress stiffening, large deflection and large
strain capabilities.

First, cross section of the hose is constructed using the plane 42 elements
according to the known dimensions. The outer diameter of the hose is 2.55" and inner
diameter is 2.00"". Next, the 2-D plane 42 brick node elements are generated in ANSYS
as shown in Fig. 3.4. Cross-section of the hose is extruded along the centerline of the

hose with a radius of curvature of 81.082". While extruding along the centerline, 20
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System

Y

(or Axial) (Triangle option)

X (or Radial)

Fig. 3.2 A Plane 42 element defined in ANSYS
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Fig. 3.3 A solid 45 element defined in ANSYS
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elements of 3-D eight-node solid 45 elements are defined, and a 3-D mesh is depicted in

Fig. 3.5.

3.3.2 Boundary conditions and applied loads

The flexible laminated hose is relatively fixed at its outlet (upper part). Hence its

translation in x, y and z directions and rotation about X, y, and z axes are considered zero

at this point. Also referring to Fig. 3.5, applied loads and pressure on the hose are

calculated as follows:

1.

The vacuum pressure of a pneumatic pump exerted on the internal wall of the tube is
estimated as 70 psi. Behaviors of the hose with and without the vacuum pressure are
studied.

Weight of the entire hose is lumped at the center of gravity of the hose (14.7 1b for the
10'6" hose and 10.5 1b for 7'6" hose).

Weight of the liquid (water + sludge) that passes through the hose is 21.225 Ib for
10'6" hose. The weight is equally distributed into nineteen segments excluding the
segment of inlet.

The external force acting on inlet of the hose is the sum of the weight of the end-
effector (sluicer + parts) and force from the MLDUA varying in the X, Y and Z
directions. Different loading conditions in X, Y and Z directions are examined. The
ranges of Fy, Fy, and F, are: 0 < Fx < 60 Ibs (AFx = 20), -90 < F, < 90 1bs (AF, = 45),

and -40 < F, <40 lbs (AF, = 20).
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34 Finite Element Analysis

The prescribed loading conditions are analyzed in 100 different cases by varying
the values of loads in the specified range with and without the internal vacuum pressure
of 70 psi.

Case 1: Deformation, stress and strain distribution with the internal vacuum

pressure of 70 psi

Deformation, stress and strain distribution are analyzed with loads varied in X, Y
and Z directions. Fig. 3.6 shows the deformation of the flexible laminated hose subjected
to three different loading conditions. The dotted model indicates the original hose and the
other one is the hose after deformation. It is apparent that deformation is maximum at the
inlet of hose for all three cases. Stress, Fig. 3.7, is maximum on the segment of the outlet
of the hose for all three cases. Graphs shown in Fig. 3.8 and Fig 3.9 summarize the
deformations of the 100 cases for 10'6" hose running through ANSYS. It is observed that
with constant Fy and Fy, deformation is decreasing almost linearly with increased F,.
Similarly, stress and strain are decreasing with the increment of F, for constant F, and F,,
Figs. 3.10 to 13. Moreover, stress is always in the range of 8,500 Ib/in” and 11,159 Ib/in?,
and strain varies within 1.70E-02 and 2.5E-02. Thus, these graphs can be used to predict
and interpolate the deformation, stress and strain for any combined loads within the

elastic limits.
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Fig. 3.8 Deformation on the hose with 70 psi vacuum pressure
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Deformation (Fx = 40)
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Fig. 3.9 Deformation of the hose with 70 psi vacuum pressure
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Stress(Fx=0)
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Fig. 3.10 Stress distribution on the hose with 70 psi vacuum pressure
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Fig. 3.11 Stress distribution on the hose with 70 psi vacuum pressure
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Strain (Fx = 0)
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Fig. 3.12 Strain distribution on the hose with 70 psi vacuum pressure
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Fig. 3.13 Strain distribution on the hose with 70 psi vacuum pressure
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Case 2: Deformation, stress and strain distribution without the internal vacuum

pressure of 70 psi

In this case, deformation, stress and strain distribution are solved, without the
vacuum pressure of 70 psi, for 100 cases by varying the loads in X, Y and Z directions at
the inlet of the hose. Deformation, Fig. 3.14, is maximum at the inlet where the force is
applied to it. It is decreasing from inlet of the hose to the outlet. Stress is maximum at the
segment of the outlet similar to that in case 1 as depicted in Fig. 3.15. Curves of
deformation, stress and strain for 100 different cases analyzed in ANSYS are shown in
Figs. 3.16 to 22. Deformation, stress and strain are increasing with the increment of F,, Fy
and Fy are constants. Stress varies within the range of 400 1b/in* and 4,000 Ib/in%, and
strain varies within 2.0E-4 and 4.5E-3. In comparison, deformation, stress and strain are

much higher when vacuum pressure is applied to the flexible laminated hose.
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Fig. 3.16 Deformation of the hose without 70 psi vacuum pressure
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Deformation (Fx = 40)
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Fig. 3.17 Deformation of the hose without 70 psi vacuum pressure
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Stress (Fx = 0)
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Fig. 3.18

Stress distribution on the hose without 70 psi vacuum pressure
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Fig. 3.19 Stress distribution on the hose without 70 psi vacuum pressure
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Strain (Fx = 0)
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Fig. 3.20 Strain distribution on the hose without 70 psi vacuum pressure
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Fig. 3.21 Strain distribution on the hose without 70 psi vacuum pressure
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CHAPTER 4

CONCLUSIONS AND PERSPECTIVE

A kinamatic model based on the 4X4 homogeneous matrix C-B notation for the
Phase 3 RTD system was developed successfully. The Phase 3 RTD system is used to
retrieve wastes from the underground storage tank with internal structural members. In
addition, a dynamic model of the Phase 3 RTD system was developed. The dual-gripper
design and inclusion of the VTM distinguish the Phase 3 RTD system from the other
robotic systems. The special features provide greater dexterity and flexibility. Two out of
the four possible operating configurations of the Phase 3 RTD system were focused,
analyzed and simulated. In the thesis, two open-chain configurations have been analyzed
and simulated successfully using Tele/IGRIP simulation package. Case study was done
for two trajectories followed by the Phase 3 RTD system as an open-chain robotic
system. The first open-chain configuration is gripper 1 grasp the structural member and
gripper two is free to move; and the other configuration is with gripper 2 fixed to the
structural member. Each joint angular position, velocity and acceleration and joint torque
have been calculated and graphed. Investigation of the other two closed-chain
configurations should be continued as future work. The first closed-chain configuration is
that both grippers grasp two separate structural members and the orion slave arm is
attached to link 3 to operate designated task. The second closed-chain configuration is
that both grippers grasp the same structural member.
The graphs developed can be used by the operator to select the best operation
configuration. To further analyze the collected data and to compare both cases for better

operating configuration, the optimal (minimum/maximum) values of each joint are
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tabulated in Table 4.1. Although this table does not provide definite conclusions for the
best configuration, it still can be a useful tool to select a feasible operating configuration
under the consideration of different operating conditions. For example, to minimize the
motion (displacement) of the gripper joint, case 1 (gripper 1 is fixed and gripper 2 is in
motion) will be the feasible operation configuration. If smaller torque at the VTM is
desired then case 2 (gripper 2 fixed and gripper 1 is in motion) will be a better selection.
It is also observed from the Tele/IGRIP simulation of numerous operation conditions,
case 1 is a better configuration if the RTD system is to clean the areas distal to gripper 1;
that is, the fixed structural member. However, to clean the proximal areas that surround
the fixed structural member, case 2 will be a better choice.

Finite Element Analysis (FEA) of the 10'6" flexible laminated hose used to
convey the radioactive waste out of the underground storage tank has been completed as
well. ANSYS 5.2 was used to analyze the laminated hose to learn about its deformation,
stress and strain distributions with and without the internal vacuum pressure in the hose.
Mixed node elements, i.e. the combination of plane 42 elements and solid 45 elements
was used to better understand the behavior of the hose. Two sets of curves, each
generated from a total of 100 cases, can be used to predict and interpolate the
deformation, stress and strain for any combined loads within the elastic limits. Future

work has to be done to study the behavior of the 7'6" flexible laminated hose.
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Table 4.1 Summary of optimal kinematic and dynamic data
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