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Abstract
The manipulation of an object made by a robot can be generally classified into two main

types: grasping manipulation and nonprehensile (graspless) manipulation. The former

with dexterity and precision; while the
latter uses a plate or a probe and manipulates the object without grasping it. The
nonprehensile manipulation scheme is discussed in this work, which aims to develop a
makes use of fingers to grasp or pick the object

manipulation strategy to rotate a deformable object effectively on a plate and estimate
the object's physical parameters. A novel idea in this work is to aggressively utilize the
object's dynamic deformation generated by high-speed vibrations of a simple flat plate.
Such deformation of the object can drastically contribute to produce a fast and stable

rotation. At first, for theoretical and simulation

analyses, a viscoelastic multi-nodal

model is introduced to represent the dynamic behavior of a deformable object. Then,

it

is shown how to experimentally obtain the model parameters of a real object. Through

simulation analysis, it was discovered that the object's rotational behavior changes with
respect to the plate's motion frequency in a way that is similar to a biped transitioning

from a sliding to a walking and to a running gait. Also, the optimal plate motion
and the optimal friction coefficient leading to the object's maximal angular velocity are

obtained. The first one depends on the angular acceleration ofthe plate and is achieved

with a running gait, while the second one depends on the type of gait-like behavior of
the object. Next, it is explored how to estimate the physical parameters of a deformable
object by a nonprehensile approach. In the proposed manipulation scheme, the object's

high frequency in bending vibration is converted to a low-frequency rotating motion
as a result of the friction effect together with the object's gait-like behavior. This
suggests

that the information of two physical parameters of the object: the natural

bending frequency and the friction between the object and the plate is included in the
object's rotational velocity. Based on this idea, the transition of the object's rotational

velocity is characterized by a Lorentzian distribution function. Then, the correlations
of the Lorentz function parameters with the object's physical parameters are revealed.
Using these correlations, an estimation method of these parameters by only observing

the object's rotational velocity is proposed. Simulation and experimental results are
shown to verify the validity of the proposed method.
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Chapter

1

Introduction
1.1

Background and Motivation

The word manipulation derived from the verb manipulate comes from the Latin word

of manus meaning hand, therefore manipulation
means literally an action made by or using the hands. In robotics, there is a wide
variety of manipulation schemes that can be broadly classified depending on the type
man'ipulus, which is the diminutive

of end-effector or hand into two major types: grasping manipulation and nonprehensile

or graspless manipulation, as shown in Fig. 1.1. Grasping manipulation makes use of
fingers to grasp or pick the object with dexterity and precision, using a gripper or an
anthropomorphic robot hand to carry out pick and place tasks, as shown in Fig. 1.1(a).
Nonprehensile manipulation uses a plate or a probe and manipulates the object without

grasping

itl

48), as shown

in Fig. 1.1(b).

Robotic manipulation can also be classified depending on the resting or moving state

of the object to be manipulated into two types: static/quasi-static manipulation and
dynamic manipulation. Static manipulation copes with objects at rest and discusses
stable grasping of many kinds of objects, pick and place tasks. etc. In contrast, dynamic

manipulation deals with objects in motion, using mainly high-speed robots to achieve
tasks such as catching, juggling, and dribbling of ballsae-57).
Besides these two classifications in robotic manipulation, the works done in this area

can be further classified depending on the type of object they deal

with: manipulation

of rigid bodies and manipulation of deformable objects58-e1). The manipulation of
rigid bodies being the most common since it is convenient from the point view of both

CHAPTER l.INTRODUCTION

(a) Grasping/picking type
by hand/gripper

(b) Nonprehensile type
by plate/probe

Figure l.L: Types of manipulation depending on the end-effector utilized, in (a) grasping
type and in (b) nonprehensile type.
dynamic and geometric analyses. AII of these different classifications are illustrated in

Fig.

1.2.

The nonprehensile manipulation scheme has attracted many researchers in the past

two decades, which have mainly focused on the manipulation of rigid objects or particles on vibrating plates aimed for practical uses in factories as parts feeders, sorters,
etc2-7'r2 16'19'30'3s'37-43). However,

for manipulating deformable objects, most of the
works utilize the grasp manipulation approach to handle the object that is typically
consider to be a linear object e.g. ropes, wires, cords, etc58'59,62-68'71-76,78-82,84'88). 4t
far as we know, there are no works discussing the manipulation of deformable objects
by a nonprehensile approach.

Let us consider which are the advantages of a nonprehensile manipulation scheme
when handling deformable objects, over a grasp manipulation one. Since the object is

not grasped, one advantage is the reduction of the stress concentration on the object,
therefore the object's destruction can be avoided. This is a very important point,

particularly when dealing with delicate objects. Another advantage is that

it

can

remotely manipulate objects by using a simple plate, therefore allowing the robot to
operate the object

in

areas

with high temperatures, high humidity, electromagnetic

fields, etc, where a gripper or a robot hand with precision devices or electrical hardware

is not available or where humans can be in danger. Considering these advantages,

this dissertation intends to develop a dynamic nonprehensile manipulation strategy
to handle a deformable object on a flat rigid plate, as shown in Fig. 1.1(b). This is
classified as illustrated in Fig. 1.2. What does actually happen when a deformable

object is placed on a high-speed plate? Is there any effective strategy to manipulate
the object and which is? The goal of this dissertation is to answer these questions.

It

1-.2

Dynamic

￨￨￨一

￨●

Objective

→

Static (quasi-static)

￨

Grasping
Rigid
Object
ＡＴＩ

Nonprehensile

ｌ■▼

Deformable
Object
This wcprk

Figure 1.2: Classification of robotic manipulation by the type of end-effector

employed

into: grasping and nonprehensile; by the type of object into: rigid and deformable; and by
the state of motion of the object into: dynamic and static(quasi-static).

is expected that the outcome of this research can remarkably contribute to the food
industry automation and speed up of its processes. Also, as this manipulation scheme
can prevent a large concentration of stress,

it

is expected to significantly contribute to

the cell/tissue processing technology in the bioscience research.

L.2

Objective

The aim of this work is to develop a dynamic nonprehensile manipulation strategy to
manipulate a thin deformable object by actively using its dynamic behavior caused

by high-speed motions of a rigid flat plate. This dissertation reveals what actually
happens

in the manipulation for rotating deformable objects. It also explores the

optimal conditions for the plate to achieve an effective rotating motion of the object.
Finally, it proposes an estimation method for two physical parameters of the object by
characterizing the transition of the object's rotational velocity on the plate.

CHAPTER l.INTRODUCTION

1.3

Dissertation Outline

This dissertation is organized as follows.

In chapter 2, the design guideline of the robot manipulator with a plate as an
end-effector, used in this dissertation is given. Then, after explaining why we used in

particular a two-DOFs plate, the experimental system utilized is described. Next, the
essence

of the principle of rotating an object on the plate is explained. Finally, some

basic experiments are shown to demonstrate that in fact a deformable object can rotate

faster than a rigid one.

In chapter 3, a simulation model for a deformable object is introduced to approximate the dynamic behavior of the object on the plate. This model is composed of
mass nodes connected by viscoelastic

joint units. Each viscoelastic joint unit has three

DOFs: bending, tension/compression and torsion, where the first two DOFs have viscoelastic elements and the

third one is left free. It is explained how to experimentally

estimate the parameters of the model for a real deformable object, and the result of

estimating these parameters is shown.

In chapter 4, the optimal problem to produce the fastest object's rotation is solved.
Simulation analysis based on real food is utilized and

it

is shown that the simulation

results qualitatively correspond with the experimental ones, validating the model in-

troduced. Then,

it is shown that

the behavior of the deformable object on the plate

mimics either a sliding, walking or a running gait of a biped. The optimal plate motion
leading to the maximal angular velocity of the object is obtained and

it

is revealed that

the most dominant factor for a dynamically stable and fast object's rotation is the an-

gular acceleration of the plate. Finally,
exists and

it

it

is shown that the optimal friction coefficient

depends on the type of gait-like behavior of the object.

In chapter 5, the estimation of physical parameters of an object is discussed. It

is

shown that the line shape of the object's angular velocity with respect to the plate's mo-

tion frequency has a resonance-like behavior. Based on this nature, it is demonstrated

that

it

can be represented with a simple mathematical expression like the Lorentz

distribution one. Then it is shown that two physical parameters: the object's first nat-

ural angular frequency in bending and the friction between the object and the plate,
dominate the Lorentzian curve characteristics. Using this relationship, an estimation

1.4 Related Works

method for these two physical parameters is proposed. Finally, the simulation and
experimental results of estimating these parameters are shown.

In Chapter 6, the conclusions and future works of this dissertation are given.

L.4

Related Works

In this section, we give a review of the

closest works

to this dissertation. We classify

this works in three areas: nonprehensile manipulation, dynamic manipulation and manipulation of deformable objects, which are the main areas involved in this dissertation.

L.4.L Nonprehensile Manipulation
In this manipulation

scheme,

the robot-system can compensate for its lack of degrees

of freedom (DOFs) and sensors when using a simple end-effector, by utilizing dynamic
effects produced by high-speed robot motions and by using an appropriate manipulation

strategy 1-48).

Arai et al. discussed a manipulation strategy where a cube is rotated around its

flat plate attached at the tip of a six-DOFs manipulator, and the rotation
of the object is controlledl). Bohringer ef al. developed a model for the mechanics
of microactuators together with a sensorless parallel manipulation theory2) and they
also analyzed the dynamics involved to predict the behavior of the objects on a viedge on a

brating plate3). They proposed microassembly of parts using ultrasonic vibration and
electrostatic forces to position and align parts in parallel on a vibratory tablea). They
also discussed algorithms for sensorless positioning and orienting of planar parts us-

ing different vibration patterns to generate force fieldss). Zrmel and Erdmann have
discussed the nonprehensile orientation of planar objects by two palms joined at a cen-

tral hinge and presented a method for planning part orientation6). They also showed
how to reorient a part from an unknown initial state, and treated sliding and rolling
contactsT). Lynch and Mason presented a one-DOF arm with a single revolute joint
that perform tasks such as snatching an object from a table, rolling an object on the
surface of an anm, and throwing and catching

it,

these were accomplished by finding

(planning) trajectories to move the object8'g). They also discussed controllability, mo-

tion planning, and implementation of planar dynamic nonprehensile manipulationll).
Lynch et aI. examined the juggling skill called "Butterfly", where a ball is transported
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along the inside and the outside of a palm surface, and discussed the shape of the robot

palm and motion planningl0). Reznik and Canny presented a simple feeder design

in which parts are in permanent contact with a horizontally-vibrating flat plate, they
called each plate vibration a "pump-like" motion12). They also developed the Universal

Planar Manipulator (UPM) based on a single horizontally-vibrating plate with three
DOFs and demonstrated that multiple objects were simultaneously moved toward target directionsl3 15). Using this UPM, Reznik et al. generated a special plate vibration

that creates an average force field that they called "jet", they used it to move a single
object enabling full parallel manipulationi6). Erd.mann discussed the manipulation of
an object with two robots with flat palms attached to each of their wrist. Different
manipulations were developed which include holding the object, rotating the object
and slipping one palm on the other against the surface of the objectlT). Mason made

a review in nonprehensile manipulation and its potential future workl8). Safarid ef
al. presented a programmable and position closed-loop controllable pneumatic active
surface device, and showed the position and orientation control of rigid objects such as

VLSI chips and MEMS and of flexible objects such as PVC polyvinyl foil and paperle).
Amagai et al. showed the experiments where an object is manipulated on a plate attached at the tip of a six-DOFs manipulator based on visual information20). Huang and
Holden discussed a nonprehensile manipulation using a mobile robot equipped with low-

DOF palm manipulators. They showed how to pick up a box from a specific place by
using the developed motion planner2l). Maeda et al. presented a planning method for
graspless manipulation by multiple robot fingers.

A rigid object is moved to a goal po-

sition by tumbling and sliding operations and discussed the stability of the object

22'23).

They also discussed how to automatically determine which kind of control mode (posi-

tion and force control) is best for the robot fingers to manipulate an object2a). Based
on this, they considered the motion planning of the robot fingers25'26) and investigated

the robustness of the graspless manipulation2T). Tabata and Aiyama discussed tossing
manipulation by a one-DOF manipulator that swings its arm to roll/slide an object
on it, and then tosses

it to a desire

position28). They also discussed what they called

passing manipulation which consist in one manipulator tossing an object and another
one catching the tossed object without impact2e). Frei presented a vibratory conveyor

consisting of a flat rigid plate with three translational DOFs that is capable of moving
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objects in two dimensions3O). Gupta and Huang discussed a carrying task by two mo-

bile robots equipped with a flat palm with two DOFs, they developed an algorithm to
maintain the contact with the object at a nominal position on the palms so the robots
do not drop the object3l). Hara et al. proposed an estimation method of the position
and velocity of a crystal sphere on a flat disk that is supported by three robot fingers

with three DOFs, each of the fingers has a three-directional force sensor placed at its
tip. Based on force information only, they successfully controlled the sphere on the
disk32) and analyzed the stability of their controller33). Manee-arn and Detudorn presented a nonprehensile manipulation done by multiple robots that pull an object along

a desired path using a rope3a). Mitani et

al.

exarnined a saw-toothed feeder surface

for a unidirectional feeding of microparts. They analyzed the influence of the driving
forces, the point contacts and the angle of the saw-toothed surface3s). Akbarimajd el

al. discussed a manipulation method by an array of one-DOF arms based on backward
throws where a polygonal object is manipulated to a goal configuration by a sequence
ofjuggles36). Vot" et al. examined how to create force and velocity fields by a plate ro-

tating about an axis below the plate3T). They also discussed sensorless control methods
for point parts sliding on a rigid plate by estimating the programmable velocity fields
for point parts, and showed basic experiments by using a six-DOFs vibrating plate3s).
They demonstrated that translation and rotation of a rigid plate induces parts on the
plate to move toward or away from a nodal line aligned with the rotational u"ir3e); and
how to find frictional velocity fields generated by plate motionsa0). They also showed

that the trajectory of a rigid part sliding on a rigid vibrated plate can be described by
a first-order systemal). Umbanhowar and Lynch discussed a vibratory part transport
mechanism that uses both static and dynamic frictions to linearly transport parts in
a horizontal directiona2). Umbanhowar et al. examined the role of anisotropic friction
properties in vibratory parts manipulation and showed experimental results that quan-

tify the anisotropic friction

effects on the generation

of asymptotic velocity fields on

a rigid vibrating platea3). Mori ef al. developed a one-DOF planer manipulator that
throws a disk in a frictionless plane, controlling the translational velocity, angular veloc-

ity and direction of the diskaa). Mettin et al. andBatz et al. examined a ball dribbling
task by proposing a manipulator equipped with a spring that gets compressed when
the ball bounces against it and presented a planning motion for this modified dribbling
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motion45'46)

. Betz ef al. discussed the nonprehensile

catching of a ball using an indus-

trial robot with six revolute joints and a force/torque sensor at the end-effector, which
is a circular plate. They achieved the nonprehensile ball catching based on visual and
force/torque sensor informationaT). Ryu el al. presented a stabilization control of a
nonprehensile rolling manipulation system that they called the disk-on-disk. An upper
disk (target object) is free to roll on to the lower disk (hand or end-effector) under the
influence of gravitya8).
Most of these works done on manipulation utilizing a simple end-effector have supposed that the object is a particle(s) or a rigid body(ies) since it is convenient from the
viewpoint of both geometric and dynamic analyses.

I.4.2 Dynamic Manipulation
The increasingly rapid evolution of technology has allowed the development of dynamic

skills in robots, making possible human-like tasks which include quick motions and
continuous movements

49-57)

.

Namiki et al. andlmai et a/. developed a high-speed robotic hand with eight joints
and three fingers that can close its joints at 180 deg per 0.1 sae). They also developed

a hand control system to catch a falling ball and a falling cylinder using feedback
from a high-speed vision systernso). Kaneko et al. discussed the design of a highspeed capturing robot and show through experiments that its maximal acceleration is
91G with a capturing time of 25 ms51). Higashi et al. designed the 100G capturing
robot from the viewpoint of dynamic pre-shaping, they discussed how to determine
the mechanical parameters to successfully catch a balls2). Furukawa et al. discttssed a
strategy for the dynamic re-grasp of an object by throwing it up and then catching it.
They divide the re-grasp task into throwing strategy and catching strategy using a high-

to compute the position and orientation of the object53). Higashi
et al. proposed a dynamic capturing strategy for a 2-D stick-shaped object that has
both translational and rotational velocities, the object is on an air table and captured
speed vision system

by two robotic fingers that stopped the object completelysa). Haddadin et al. showed
a cyclic ball dribbling task achieved with a seven-DOFs articulated anthropomorphic
robot equipped with an elastic compliant hand. They used only force sensing, without
any visual information

55)

. Bat" et al.

presented a control structure to equip humanoid

robots with dynamic skills, they achieved ball dribbling and catching tasks using an
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anthropomorphic dual-arm robot with 14 DOFs56). Kizaki and Namiki achieved a
two-ball juggling task using a single high-speed hand-arm with seven DOFs and three
general purpose fi.ngers. One ball is tossed by a commercially available toss machine
and the other is thrown by the hand-arm, a stereo vision system is used to calculate the

ball trajectories to catch the balls and continue with the juggling task. They showed
experimental results where the robot hand-arm achieved the juggling of two balls five
times5T).

All of these works

in motion, this type of
manipulation is called dynamic manipulation, it typically deals with rigid objects and
in most of the cases a robot hand is used as the end-effector.
discussed the manipulation of an object

L.4.3 Manipulation of Deformable Objects
For the manipulation of deformable objects there is an important consideration to be
made in comparison with the manipulation of rigid objects, which is the deformation

of the object that can be permanent or momentary. Conventional works treating a deformable object have generally supposed two or more fingers for grasping and handling

the objects8

e1).

Wakamatsu et

al.

analyzed stable grasping of deformable objects and formulated

the deformation of linear objects e.g. ropes, wires, cords, etc58). Sun ef a/. discussed

the handling of a general flexible object by two manipulators, they showed that the
object achieves the desired position/orientationse). Howard and Bekey modeled a 3D
deformable object and calculated its deformation characteristics to learn the required
forces needed to grasp the object60'61). Henrich et aI. investigated the handling of non-

rigid one-dimensional objects by a robot manipulation system. They analyzed stable
point contacts and possible contact states of a one-dimensional object with polyhedral
obstacles62) and Remd,e et

al. additionally discussed the transitions

between contact

states and its conditions63). Yue and Henrich presented different adjustment-motions

that eliminate vibration of deformable linear objects when handled by robot manipulators6a). They also discussed fast manipulation using a force/rorque sensor mounted on

the robot's wrist to recognize the vibrational phase of the deformable linear object6s).
Schlechter and Henrich analyzed oscillations that occur while handling deformable linear objects and presented a method for active open-loop damping66). Acker and Henrich

investigated a formulation for assembly or disassembly tasks based on contact states for
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the handling of deformable linear objects in a polyhedral environment6T). Fukuda et
a/. discussed the manipulation of a flexible object by a dual manipulator system, they
tied a cylinder object with a rope based on vision and force information68). Hirai el
al. presented a robust control law for the grasping manipulation of deformable objects
using three 2-DOFs fingers and a real-time vision system. They showed that transla-

tion, rotation and deformation of a planar sponge made of polyester can be achieved
with the control law they proposed6e). Foresti and Pellegrino developed avision-based
system

that is able to automatically recognize deformable objects to estimate their po-

sition/orientation and select suitable picking points for the robot arm70). Hashimoto et

al. proposed a rigid body link model of a string as an example of deformable object to
manipulate it dynamically by a robot manipulator. They showed experimental results
of flinging-up motion of a string as an example of dynamic manipulationTl). Wakamatsu

et al. presented a planning method for linear object manipulation such as knotting and
raveling using only a single six-DOFs manipulator and a CCD camera. They showed
experiments where a linear object made of rubber is placed on a table, its shape is cap-

tured by the camera to generate a plan for knotting or unknottingl the objectT2) and
for tightly tying the objectT3). They also classified the unraveling process into crossing
state transitions and planned the manipulation process based on the initial crossing
state of the objectTa'zs). lryulrmatsu et

al. additionally introduced a criteria for

eval-

uating the manipulation plans to reduce its numberzo). Garg and Dutta analyzed the
internal force requirements when grasping and manipulating deformable objects by a
three finger robot. They clarified that the required internal force varies depending on

the size of the object and the finger contact angle with the objectTT). Matsuno et al.
proposed an algorithm for shape recognition of a rope and conducted an experiment of

knotting a rope using a dual manipulator system. Their algorithm is used to evaluate

if the rope is deformed or not78'7e).

Saha and Isto developed a motion planner for ma-

nipulating deformable linear objects using two cooperating robot arms. The planner is
able to tie self-knots and knots around simple static objects8o). Yamakawa et al. proposed a strategy for making knots

with a single high-speed multifingered robot hand

equipped with tactile sensors, which are used in the sensor based control8l). They also
tThe term "unknotting" is used by Wakamatsu et aI. to refer to the inverse process
of knotting.
It does not refer to the unknot in the mathematical theory of knots, which is defined as a closed loop
that is not knottede2).
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proposed the dynamic knotting of a flexible rope by a single high-speed robot arm, a

model for the linear flexible object was derived and used for the motion planning of
the robot arm82). They additionally considered the dynamic folding of a cloth by two
high-speed multifingered hands mounted on two sliders and using a high-speed vision

system for feedback to the control system. They extended their model for linear ob-

jects to a sheet-like flexible object model and used

it

for the motion planning of the

robot hands83). They also analyzed the mechanics of a flexible rope and demonstrated
deformation control of the rope84)

. Kita et al. proposed a strategy for a dual-arm

robot to pick up a specific part of a cloth with one hand while holding it with its other
hand, using a trinocular stereo vision system8s). Shibata et

al. disctrssed the wiping

motion of a deformable object by a robotic hand with two grippers, each of which can
move independently in both vertical and horizontal directions therefore allowing the

robot hand to pinch and wrinkle the deformable object to achieve the wiping motion86).
Bersch et

al.

presented a

fully autonomous system capable of transforming a T-shirt

from a random configuration into a folded state. The robot used has two 7-DOFs arms

jaw grippers mounted on its rotating wrists, it also has
stereo cameras mounted on its head and mono-cameras mounted on its forearms along
with pressure sensor arrays in each gripper's fingertips8T). Vitrh et al. proposed a new

that

have two-finger parallel

strategy for knotting a deformable rope. A seven-DOFs manipulator arm was taught to

tie a knot by using a Wii remote controller as a teaching pennant88). Cretu et al. d\scussed the design and implementation of a framework

that automatically extracts and

monitors the shape of deformations of soft objects using a video sequence and mapping

them with force measurements with the aim of providing the necessary information

to a three-finger robotic hand controller in order to manipulate deformable objectsse).
Khalil and Payeur made a review on robotic manipulation of deformable objects that
uses vision, force and tactile information as feedback into their systemsg0). Jimenez
made a survey on manipulation planning of deformable objects that use a model of
the deformable object to achieve tasks like path planning, folding/unfolding, topology
modifications, and assemblyel).
As far as we know, there are no works dealing with a deformable object as the main

target in nonprehensile manipulation.
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Chapter

2

Manipulation Scheme
2.I

Introduction

A typical nonprehensile manipulation scheme consists of a vibrating plate placed close

to the necessary sensors and actuators to

generate the desired motions/vibrations in

order to manipulate the targeted object(s). However, this type of design has space
and environmental limitations. Instead, we consider a design where the robot can
remotely manipulate the object as shown in Fig. 2.1(a). Also, most of the works done

in nonprehensile manipulation have supposed that the object is rigid or a particle. On
the contrary. we will deal with the dynamic nonprehensile manipulation of a deformable

object, as shown in Fig. 2.1(b). In this chapter, the details of the robot design and

the experimental system constructed are given in section 2.2. Next, the principle for
manipulating an object, especially for rotating it on a rigid plate, is explained in section

2.3. Finally, in section 2.4 basic experiments with both rigid and deformable objects
are shown and compared.

2.2

Robot System for Nonprehensile Manipulation

In this section we describe the manipulation scheme used in this dissertation, and
explain why we chose it. Then we show the experimental system constructed to achieve
this manipulation.
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Contact force
distribution

Figure 2.1: Dynamic nonprehensile manipulation for rotating: (a)

a rigid body and (b) a
deformable body. The object's deformation generated by dynamic effects as shown in (b),
can decrease the negative moment. As a result, the object can rotate faster.

2.2.L Design Guideline
A typical nonprehensile manipulation scheme consists of a vibrating plate placed close

to the necessary sensors and actuators to generate the desired motions/vibrations,

as

previously introduced in section 1.4.1. This type of design has space and environmental

limitations, since the plate itself has underneath mechanical and electronic/electrical

that may not work adequately depending on climate conditions, etc. Instead,
we consider a design where the robot can remotely manipulate the object even in ardevices

eas where electrical hardware and electronic precision instruments cannot approach. To

achieve this, we choose a simple flat plate as end-effector, handled by a long bar which is

driven by actuators, as shown in Fig. 2.2(c), where a supporter is placed to compensate

for the gravitational effect. In this case, we no longer have the hardware restriction of
implementing a complex actuation/transmission mechanism near the plate, and we can
design and choose the robot mechanism freely. Here, an important point is to appropri-

ately choose the arrangement of DOFs of the plate for the reduction of the inertial load
towards the feasibility of high-speed motions. Let us discuss which DOFs are suitable to
achieve these high-speed motions. Fig.2.2(a) shows a plate and its six DOFs around

its

center of mass at the handling position, under no gravitational effects. Let the displace-

ment vector of the plate and the inertial load vector applied to the handling position
[Xr, Yt, Zt,Oxr, Oyr, Ozt]r and n1 ! [*o,ffip,ffip,Iy,Iy,I2)r,
respectively; where TrLp, Ir,1y, and 1, express the mass, the moments of inertia around
be expressed by z1

4

the X1-axis, the Yi-axis. and the Zyaxis, respectively. Next, suppose the handling
position is located at a distance L, f.ar from the center of mass by using a bar with
a negligible small mass, as shown in Fig. 2.2(b). In this case, the inertial load vector
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(1))

４ヽ

Contact force
distribut

(

Total

and

Manipulator

(")
Figure 2.2: Conceptual image of the robot system. Six DOFs of the plate and its inertial
loads are shown, where the handling position is located on the center of mass of the plate

in (a) and on the bar with a distance I in (b). The same inertial loads are applied to the
handling position in (b) independently of the distance -L, as long as we choose two DOFs
(Xz,@xz) to generate the plate motions. This arrangement of DOFs works effectively to
produce quick plate motions through the long bar, from the viewpoint of low inertial loads
applied to actuators as shown in (c).
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E

! l*r,ffip,ffip,Ix,Iv +*pL2,I2 lmoL2]" with respect to the displacement vector of 12 L lXz,Yz, Zz,Oxz,Ovz,@zzlT. From this relationship, we can
is given by nz

confirm that the same inertial loads are applied to the handling position independently
of the distance -L, as long as we choose two DOFs (Xz, O7s2) to generate the plate motionse3). Therefore, the arrangement of DOFs (X, O) in Fig. 2.2(c) is effective from the

viewpoint of the reduction of loads applied to actuators and important for the robot to
generate quick plate motions through the long bar for manipulating both position and

orientation of an object on the plate.
As illustrated in Fig. 2.2(c), the manipulation strategy for controlling the position
and orientation of objects, has already been discussed by Higashimori et al.e3). The

object moves backward or forward in the parallel direction to the bar by giving only

a linear acceleration to the plate motion of

X,

as

this plate's acceleration

generates

an inertial force that overcomes the frictional force between the object and the plate.
Also, when we give an angular displacement to O, the object moves in the perpendicular

direction to the bar, as this angular displacement generates a slope in the plate thus
moving the object by the gravitational force that overcomes the frictional force between
the object and the plate. These two mechanisms for generating translational motions of

the object can be intuitively understood. However, the most important feature of the

in Fig. 2.2(c) is its ability to remotely rotate the object
keeping its center of rotation located on the plate. This manipulation for rotating an
nonprehensile scheme showed

object is achieved by the combination of the plate accelerations of -t and 6; a detailed
explanation is given in section 2.3. Based on the above discussion, this dissertation
focuses on the manipulation strategy for rotating an object on a plate, where dynamic

effects generated by high-speed motions of the plate are aggressively utilized.

2.2.2 Experimental

System

Fig. 2.3 shows an overview of the experimental system. A plate attached at the tip

of a manipulator generates translational and rotational motions of an object, and

a

vision system observes the object on the plate. Fig. 2.4 shows the manipulator and the

object. The manipulator

possesses

three active joints and one free joint (or passive

joint), where an AC servo motor for driving each joint is implemented at each active
joint. A plate is fixed at the tip of a bar that moves along the longitudinal axis of it
(translational DOF: X) by the rotations of the lst and the 2nd joints. The plate rotates
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DIA
Joint 4

Encoder

counter

Manipulator
Driver and
power supply

Figure 2.3: Overview of the experimental

Figure 2.4: Experimental

system.

system of the robot manipulator.

around the longitudinal axis of the bar (rotational DOF: O) bV the rotation of the ,1th

joirrt. Here we would like to ernphasize that although the plate has actually three DOFs,
only two DOFs:

X

and O, as shown in Fig. 2.4 are utilized in the experirnetrts. The

plate rneasures 100 rnln

x

100 rnrn. and the position and the orientation of the plate

ウイ
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Figure 2.5: Model of the plate-object system for

(X and O)

are measured by the encoders integrated

analysis.

in the motors. The gravitational

load applied to the joints is supported by a bearing holding up the bar. Additionally,
since we are considering a remote manipulation scheme

that can be used in areas where

electrical/electronic hardware is not available or cannot approach, we only use a vision
system to measure the object's angular velocity, as the camera does not need to be
close

to the manipulation area. We intentionally attach to the object two rectangular

shaped markers: one in the center of the object and the other on its perimeter to form

a radial line, as shown in Fig. 2.4, so that the vision system can recognize both the
position and the orientation of the object with a frame rate of 120 fps. However, the
system can work without these markers.

2.3

Principle for Rotating an Object

Consider a plate and a deformable object as shown in Fig. 2.5. To simplify the analysis,
we set the following assumptions:

1) The plate is rigid.

2) The object

has a uniform mass distribution and a negligible thickness.

3) The plate is large enough not to drop the object.
4) The friction coefficient

based on Coulomb's law between the plate and the object

is uniform, and is given by p, where static and dynamic frictions are not distinguished.
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The meaning of the symbols in Fig. 2.5 is as follows:
E6: Reference coordinate system. The rTyyp plane is horizontal.

E-:

Coordinate system fixed at the plate. The z^-axis is perpendicular to
the plate.

Es: Coordinate

system fixed at the center of mass of the object. The z6-axis
is perpendicular to the contact plane.

Position of E6 with respect to E-.
m0e: Orientation of X6 with respect to E-.

^rs,^yp:

Rru,*AB:
R06

:

Position of E6 with respect to Xa.

Orientation of

!6

with respect to

E71.

rnB: Mass of the object.

As:

Contact area between the object and the plate.
passes through the center of mass of the object and runs
parallel with the r^-axis.

{: Axis that

g: Gravitational acceleration.
As explained in the previous section, suppose that a plate is attached at the tip
of a bar as shown in Fig. 2.5.
and the bar, where the

rrr-

,m

is fixed at the connecting point between the plate

and the zm-axes coincide with the longitudinal direction

of the bar and the perpendicular direction to the plate, respectively.

X

and O express

the linear displacement along the r--axis and the rotational angle around the r--axis.
respectively, where O

:

0 when the plate is horizontal.

Fig. 2.6 shows the top view and the side view of the object on the plate. The
object as well as the plate are stationary

(X:0, O:0) in Fig.2.6(a). As shown

in Fig. 2.6(b), suppose that the object starts to slip and moves along the r--direction
by the motion of the plate when

lxl > LLg. In this case, as the pressure distribution

on the object is uniform, the frictional force distribution is also uniform, as shown in
Fig. 2.6(b), where we simply draw the frictional distribution on the line segment that
passes

through the center of mass of the object and runs parallel with the y^-axis. Let

us now consider the case when the plate motion of

In this

case,

6

is added, as shown in Fig. 2.6(c).

the pressure distribution on the object results in a slope by the inertial

force generated by

O. ttr"

pressure applied
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論 朧

(b)

ζl￢
鵬 需К

Figure 2.6: Rotation mechanism: (a) Both the plate and the object a,re stationary, i.e.
no motion is given to the plate (b) Only a translational motion -t is given to the plate,
(c) Both translational -t a"nd rotational 6 motions are given to the plate, (d) Due to the
object's deformation the contact area decreases.
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point of the object denoted by

(^"r,*yr) i, givene4 g7) by

rQ・
ν
ズ →=指 針π
mν

(2.1)

As shown in equation (2.1), the pressure distribution on the object is a function of mgr.
From equation (2.1), the total moment applied around the center of mass of the object
can be expressed by

̲陶 ju陶 →
η― 鵠 μ
颯
ttBr防
+π ν
=一 場μ
30)lB(mν 7̲mν Bソ m
千計。
一
OAB(mν r̲mν 3)2dm,
μ
推論
千

(2.2)

(2.3)

)

0 and n < 0 coincide with the moments of the clockwise and the counter
clockwise directions. respectively. *6 > 0 and X6 < 0 generate the moments for the
where n

> 0) and for the counter clockwise one (n ( 0), respectivelyes).
We now consider the effect of the elasticity of a deformable object. Let us separate
the moment of. n into two parts by (-axis as shown in Fig. 2.6(c), where ??1 and
n,- express the moments generated by the friction for the positive and the negative
clockwise direction (r,

directions, respectively. This means n

:

TL+

* n-. In this case, when the object has

the enough elasticity to be deformed by the plate motion of

6, the non-contact

between the object and the plate can be generated as shown

area

in Fig. 2.6(d). From

this behavior of the deformable object, the negative moment n- caused by friction
decreases, as a result, the net moment n increases. Therefore, a deformable object can
be expected to rotate faster than a rigid one, when both have the same shape, mass,
and friction coefficient.

2.4

Basic Experiment

A small circular

pancake is utilized as a deformable

object.

It

has a mass

of 10 g,

a

radius of.42 mm, and a thickness of 1.0 mm. Additionally, as a rigid body, we prepare
another object made of plastic with the same physical properties except for the bending
stiffness. We give to the plate's two DOFs of motion the sinusoidal trajectories given by

X(t) :2sin(I&rt) mm and O(r) : -Arsin(74;rt) deg. The object rotates continuously
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(a)

f

:

(b)

0.la[s]

t

:

6.5a;.1

Figure 2.7: Rotational motion of a rigid object: the object is rotating with an angular
velocity of

1,5.7 deg/s,

for ,4p : 16 deg.

(a)1:0.1a[s]

(b)t:6.521.1

Figure 2.8: Rotational motion of a deformable object: the object is rotating u'ith
angular velocity of 56.6 deg/s, for

Ao:

an

16 deg.

on the plate by cyclically changing the frictional force distribution. Fig. 2.7 shows
a series of photos of the rigid object's rotational rnotiou. where the arnplitr-rde of O is

giveu lry Ap

:

16 deg. From Fig. 2.7.

it

can be seen that the object does not bend
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and full contact between the plate and the object is maintained. Here, the object
rotates with an angular velocity of I5.7 deg/s, as shown in Fig. 2.10(a), where the

rotational angle of the object with respect to time is plotted. Moreover, if we give an
amplitude larger than

A, :

16 deg, the object becomes unstable and violently falls

from the plate. On the contrary, Fig. 2.8 shows a series of photos of the deformable
object's rotational motion, for the same plate's amplitude Ap

it

:

16 deg. From

Fig. 2.8,

can be seen that the object is bent by the inertial force given by the plate, thus

the contact area between the plate and the object is decreased. This object's behavior
works effectively for decreasing the braking moment, as explained in Fig. 2.6(d). As
a result, the deformable object can rotate faster than the rigid one on the plate. The

object rotates with an angular velocity of 56.6 deg/s, which is more than three times
faster than the rigid object with the same plate motion. Additionally, Fig. 2.9 shows

a series of photos of the deformable object's rotational motion, where the amplitude
of O is given by Ap
even more than

:

24 deg. From Fig. 2.9,

it

can be seen that the object is bent

in Fig. 2.8, reducing the contact area between the plate and the object

to almost a half, decreasing even more the braking moment and thus rotating faster.
In this case, the object rotates with an angular velocity of. 251.7 deg/s, as shown in
Fig.2.10(b), where the rotational angle of the object with respect to time is plotted.
Here. the marker placed on the object to measure its position and orientation is hidden

by its own deformation at some periods of time, which causes the angle data to have
noise. The straight line shown in Fig. 2.10(b) is the linear approximation of the angle
data.

Fig. 2.11 shows the relationship between the plate's angular amplitude Ao and the
angular velocity of the object for the rigid (Q) and the deformable

(!)

objects of the

previous experiments. The hatched areas represent the amplitudes at which the object

cannot rotate stable and/or falls from the plate. As shown in Fig. 2.11 the angular
velocity of the object increases as the plate amplitude increases, for both rigid and
deformable objects. In particular, when the amplitude of the plate is ,4o

it

>

10 deg

can be seen that the angular velocity of the deformable object begins to increase

drastically, while the angular velocity of the rigid object is almost the same as when

A, <

10 deg. Fig. 2.12(a)-(d) shows the bending motions of the deformable object

6, Ap - 16, Ap : 24 and
26 deg, respectively. These amplitudes correspond to Fig. 2.11(a) (d), in the

during rotational motions for plate amplitudes of Ao
Ap

:
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Figure 2.12: Bending motions of the deformable object during rotational motion for four
rotational amplitudes of the plate.

2.5

Summarv

A typical nonprehensile

scheme has space and environmental limitations since the ac-

tuators and sensors needed for manipulation are placed close to the end-effector. In
contrast. the nonprehensile scheme used in this dissertation is remotely rnanipulated
allowing us to utilize

it with less space and less environmental

limitations. as well

as

without increasing the inertial loads applied to the handling position when we use only
two DOFs. The combination of these two DOFs: a translational motion

X with a

rotational motion O generates the rotational rnoment n which allows the object to ro-
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tate on the plate. Additionally, when using a deformable object its dynamical behavior
yields two advantages: the first is the reduction of the moment breaking rotation thus
enabling the deformable object to rotate faster than a rigid one, and the second is a
more stable contact with the plate due to the softness of the deformable object. The
experiments shown, demonstrated that a deformable object can actually rotate faster

than a rigid one, under the same plate's motion conditions. It was also shown that
as the plate amplitude increases the deformable object's deformation became larger,
therefore enabling the object to rotate faster since the contact area with the plate was
decreased,

for a plate amplitude of 0

< A, <

24 deg. The result discussed in this

chapter is the starting point for investigating which parameters dominate the dynamic
behavior of the object and how we should actively utilize them towards the optimal
manipulation.
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3

Modeling
3.1

Introduction

In preparation for the motion analysis, in this chapter the analytical model used in
this dissertation to approximate the dynamic behavior of a thin deformable object on
a plate, is introduced. Then, the experimental estimation of the model parameters for

a real deformable object is shown. First, in section 3.2 the analytical model used for

simulation analysis is introduced. In 3.2.1 the assumptions of the model are given.

h

3.2.2 the viscoelastic model for a deformable object is introduced, and

in

3.2.3

the contact model of the object with the plate is shown. Finally, in section 3.3 the
experimental estimation of the analytical model parameters is shown.

3.2

Simulation Model

Fig. 3.1 shows the entire model used for simulation analysis. The model is approximating a circular shaped object on a rigid plate with two DOFs.

3.2.L Assumptions
Consider a plate and a thin deformable object as shown in Fig. 2.1(b). To simplify the
analysis, we set the following assumptions:

1) The plate is rigid.
2) The plate's surface area is larger than that of the object.

3) The object is deformable, and its thickness is small.

27

CHAPTER 3.N10DELING

Figure 3.1: Analytical model of the plate-object

4) The object

is isotropic. and

it

has uniform mass

system.

distribution and uniform viscoelas-

ticity.

5) The nominal pressure distribution on the object is uniform.
6) The plate is Iarge enough not to drop the object.
7) The friction coefficient

between the plate and the object that is based on Coulomb's

Iaw is uniform and is given by

p,

and p,p for static and dynamic coefficients. respec-

tively.

3.2.2 Deformable Object Model
For a thin deformable object. we consider virtual tile links as shown in Fig. 3.2. The

link is a square with

sides of length

L

Based on the shape and the size of the modeled

object. the arrangement of virtual tiles is determined. A node with a mass of m is
located at the center of the link. where adjacent nodes are connected to each other

by a viscoelastic joint unit as shown in Fig. 3.3. The joint unit is composed of three
DOFs: bending. compression/tension. and torsion. which are supposed to be sufficient

to represent the behavior of the deforrnable object on the plate. The bending and the
compression joints have viscoelastic elements that are given by a

Kelvin Voigt model.

while the torsion joint is free for simplicity of the simulation tnodel. In Fig. 3.3. k6 and
cb express

the elasticity and viscosity. respectively. of the bending joint. Similarly.

and c. are the elasticity and viscosity. respectively. of the compression joint.
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3.2 Silnulation Model

Figure 8.2: Deformable object

model.

FiveS.3:ThreoDOFs joint unit.

3.2.3 Contact Model
Fig。

3.4 shon/s the contact lnodel between the plate and the ith‐

cOntact force ls oomゅ

宙rtual link.The

uted宙 th the penalty method that is based on the Kd宙 n―Voigt

mode19り 。The∞ ntact force r° ntact that m applied to theづ th node b JVen by

2+Qontact島
″面aCt=塩 Ⅲactイ・

(Q≧

0)

(3。

1)

where oir keontactr and c.o.1""6 are the distance between the surfa,ce of the plate and that
of the virtuat link, the elasticity, a,nd the viscosity, respectively. Also, the frictional force

tot*'o that is apptied ts the ith

node is given by,

lfiction

:

p*ff,note.

(3.2)

The coefficient of friction in equation (3.2) is defined by

whereぽ わis

the dip velocity of the tth node宙 th respect to the platQ alld yお

the

缶iction trallsition velocity that determines the threshold between static a■ ld dynamic
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Figure 3.4: Contact model

between the plate and the object.

たゎ,cb

CS暑

(a)

たS

d

(b)

Figure 3.5:Parameter estimation model of the bending joint in(a),and Ofthe compres―
sion joint in(b).

■ictbns.The■ ictbn」

nぉ h the oppostte drectbn to the shp
brce Fた
・°

Кbdty

of

the tth node with respect to the plate's surface.

3.3

Parameter Estilllllation

ln this section we show how to estimate the parameters of a rea1 0bject for the model
explained in 3.2.2.

3.3.l

How to Estimate Parameters

Viscoelasticity in Bending: Fig.3.5(a)shOWS the side view of the model that is
utilized to estilnate the viscOelasticity in bending. This rnOdelis composed of two links
and twcp bending joints.()ne joint connects the left tip to the wall,and the other joint
connects the two links,leaving the right tip free;thus,it is deforined by gra、
deformation is approxilnated by t、

Lり

ア
ity This

angles: φl and φ2,WhiCh denote the angle of the

twcl bending joints,the one between the wall and the left tip of the model,and the one
between the two links,respectivelン L The equation of lnotion of this lnodel is expressed
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□
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(3.3)

1,. . . , N), equation (3.3) is expressed by

Apa-e:o

(3.4)

where
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From the least-squares solution of equation (3.4), the viscoelastic parameters p6 4
leu

i,,l'

can be estimated by

pb=(■ TA)lAT9・

0・

0

Viscoelasticity in Compression: Fig. 3.5(b) shows the side view of the model that
is utilized to estimate the viscoelasticity in compression, where one link with a small
thickness d is put on a table. The deformation of the link is given by a displacement s,

and the viscoelastic parameters in the Kelvin-Voigt model are k", and c". The contact
force

/" that

is applied to the upper surface with area 12 and the displacement s are

utilized in the force response equation which is expressed as follows:

目□=ん
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Using the sampling data in ta (i

-

1,.

..

,l/),

equation (3.6) is expressed by

Bp"-"f":o

0。

つ

where
・Ｓ
・Ｓ

旬 Ｄ ⁝

BA

s('r)
s(tz)

s('N)

s(

礼

Ps:

A

[""

ａ件︶

f"A

1T

/"(tru)l

ｉ
ｔ
ａ
Ⅲ
・

lr"

From the least-squares solution of eq
[d"

It

I

on (3.7), the viscoelastic parameters p" A

fr"]t can be estimated by

o":
Here,

1D"

(Br B)-tB, f".

(3.o

represents the viscoelasticity parameters over the upper surface (12). Since, in

our model, we want to describe the viscoelasticity over the lateral surface of the link
(td,), we convert

p" to obtain F.1[e"

F.:

/c"]T as

F"@'lt)'

(3.9)

which expresses the scaled viscoelasticity for a contact force that is applied to the lateral
surface of the link

with arca ld and thickness l,

based on assumption 4

that the object

is isotropic.

3.3.2 Experimental Parameter Estimation
As a real deformable object, a slice of cheese is employed in the experiment since

it

is

an artificial product that can reasonably correspond to assumptions 4, 5, and 7. Based
on the model shown in Fig. 3.2, each squared link has a length of I

d:2.5

mm, and mass m

:

:

10 mm, thickness

0.285 g.

To estimate the viscoelastic parameters in bending, a slice of cheese was cut to
get the two link model shown in Fig. 3.5(a). Actually, its total length is 30 mm, and
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(a)

Figure 3.6:

t:O.O[s]

(b)

Snapshots of the experiment

t:0.20[s]

to estimate the viscoelasticity parameters in

bending.

﹁ｏユ α
ヽ ２¨・く

0

0.02 0.04 0.06 0.08 0.10 0.r2 0.14 0.16 0.r8
Time

Figure 3.7: Angle

@2

t

0.20

[s]

with respect to time during the estimation of the viscoelasticity in

bending.

its width is 10 rnm, as shown in Fig. 3.6(a), where the left 10 mm of the object

was

gripped at the wall portion. We placed three red rnarkers: the first one at the wall
boundary. the second one at the middle of the right 20 mm of the object. where the

virtual joint is located. and the third one at the right tip of the object. which is left

free. In the initial state, the cheese is supported as shown in Fig.3.6(a). and then
released to be deformed by gravity. as shown in Fig. 3.6(b). We obtain the joint's
angles data /1(t1) and dz(tt) (i : 1,...,N) by measuring the rnarkers'positions using
vision with 480 frarnes per second. Fig. 3.7 shows the angle $2 with respect to time
during the deformation by gravity. From these data and equation (3.5) with N
the parameters

lc6

:2.72 x 10-3 N.mn/deg

and i6

:97.

:4.23 x 10-6 N'mm/(deg/s)

are

obtained. In Fig. 3.7, the reconstructed result of /2 using the estimated parameters is
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Figure 3.8:

to estimate the viscoelasticity parameters in

Snapshot of the experiment

compression.

overlapped. From this figure.

it

can be seen that the reconstructed result is similar to

the experimental ones.
To estimate the viscoelastic parameters in compression, a slice of cheese was cut

to get the single-link model of length I

d:2.5

:

10 mm, width

I:

10 mm and thickness

mm. as shown in Fig. 3.5(b); as shown in Fig. 3.8 the object is cornpressed by a

parallel jaw gripper that is actuated by a linear slider. The displacement data s(t;) are

that is irnplemented in the slider. and the contact force
data /"(t;) (i : 1,...,,4/) are rneasured by a load cell that is attached to the parallel
jaw gripper. The force sensor sampling time is 1 kHz. Fig. 3.9 shows the displacement
rneasured by a linear encoder

s and the contact force

/,

with respect to time during the deformation by compressiou.

From these data and equation (3.8) with ly'

:

i" :

N/rnn and
N/mm and 6" : 4.9 x 70-a

10, the parameters

12

: 7.9 x 10-3 N/(mm/s) are obtained. Then, fr" : 0.79
"
N/(mm/s) are obtained by the conversion that is based on equation (3.9) . In Fig.
e

the reconstructed result of

/"

3.9.

using the estimated parameters and the displacement in

Experiment 1 is overlapped. From this figure.

it

can be seen that the experimental

results and the reconstructed one are similar.

3.4

Summarv

In this chapter, a simulation model for approximating the dynamic behavior of a thin
deformable object on a plate was introduced. This model is composed of multiple mass
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Figure 3.9: Displacement s and contact force J, with respect to time during the estimation
of the viscoelasticity in compression.

node and threDOFs joint units with viscoelasticity elements. It wa.s explained how
to estimate the viscoelastic para,meters of the introduced model. These para,meters
were estimated experimentally for a commercially available slice of cheese. The data
reconstructed by simulation using the estimated parameters showed qualitatively corr&
spondence with the experimental results, for the bending and the tension/compression

parameters of the introduced model for simulation.
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Chapter 4

Optimal Manipulation fbr
Rotating a Deformable Object
4.t

Introduction

In this chapter it is investigated how the object's rotational behavior and resultant
rotational velocity change with respect to the plate's motion frequency by means of
simulation analysis. In section 4.2 the simulation settings are given. Then, in section
4.3 simulation and experimental results of an object rotating on the plate shown qual-

itatively correspondence to each other, and the object's rotating behavior similarity
with a biped's gait is explained. Finally, in sections 4.4 and 4.5 it is shown the existence of the optimal plate motion and the optimal friction coefficient leading to the
object's maximal angular velocity. respectively.

4.2

Settings

A commercially available

slice of cheese as shown in Fig. 4.1(a) is used as the base

model for simulation analysis. The slice of cheese has a circular shape of radius

mm, thickness d

:

2.5 mm, and mass M

:

73.6

r:

40

g. A circular shape was chosen,

its orientation do not influence the value of the moment of rotation generated,
therefore a constant rotational velocity can be obtained. However, the manipulation
scheme used in this dissertation can be utilized to rotate different shaped objects, in
these cases the rotational velocity is not constant. The simulation software MD Adams
since

(MSC.Software Corp.) is utilized to compute the dynamic motion of the object. The
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(")

(b)

Figure 4.1:

Slice of cheese used in the experirrrents in (a) trrrd the sinrulatiou nroclel of a
slice of cheese that is cornposecl of 52 links q,itii I : 10 ulu in (b).

Table 4.1: Parameters of the obicct in exDeriment trnd siuurlaticln.
ｆ
ｌ
ｒ

Cheese

″

25n1111

262× 10 lg

ら れ

423× 10 6N111111/(deg/S)

ι

49×

10 nlnl

272× 10 3 N Inll1/deg
079N/111111
10 4N/(ll1111/S)

1186N/111111

A'co.1 act

765× 10 3N/(111ll1/S)

flt orrtact
11

40111111

川 ′ れ

Siumlatiorr triodel

136g

075
040
100 mm/s

"

p/"'
1,1

v

simulation lnodcl as sho\\'n in Fig. 1.1(b) is courposed of

I12

lirrks u'ith

l:

10 rntn. Thc

four viscoelastic paralneters that $rere ol)taiucd in se(:tiou 3.lJ are utilized together u'ith
tlre friction's coefficierts,u,
Ai.crrrtar.r

:

11.86

:

0.75 au<l

!r :0.4

obtaitteci experinrentallr'. Aclditionallt'.

N/urtn. ('c..tact :7.65 x 10-r N/(rnur/s) and V: 100 uuri/s are given

eurpiricalll'. The cxpcl'iulent ancl sirnulatiritr paraureters are sunlnrarize(l irr Talrlc

-1.1.

In orclcr to rcitatc thc obiect. we give tri thc pltrte's trvo DOFs of tuotiorr the follori'irrg
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0.056

i

:

0.06e

Figure 4.2: Snapshots of the experiment tsing arf wn : 2.4. The object is rotating on
the plate with an angular velocity of as :370 deg/s.
sinusoidal trajectories

:

O(f) :
X(t):
wlrere

Ar,Br.

and

r,,,o

:2trfp

-Arsin(uot)

(4.1)

Brsin(uot)

(42)

denote the angular amplitude, the linear amplitude. and

the angular frequency of the plate motion. respectively. Giving A, > 0 and Bo >
the rotational direction of the object is counter clockwise, as explained in chapter

4.3

0.

2.

Analogy to Bipedal Gaits

Fig. 4.2 and Fig. 4.3 show the experimental result and the sirnulation result, respectively. with Ao

:

12 deg, Bp

:

3 mm, and up

:

2tr

x 72 radf s. The snapshots in

Fig. 4.2 were taken with a high-speed camera to observe in detail the behavior of the

object. From these figures.

it

can be seen that the dynamic behavior in sirnulation
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(b)̀=0014

(C)̀=0028

(d)t=O l142

=0056

(f)̀=0069

(e)オ

Figure 4.3: Snapshots of the simulation using wrf un
the plate with an angular velocity of u6 :350 deg/s.

:2.4.

The object is rotating on

and that in the experiment qualitatively correspond to each other. Fig. 4.4 shows the
relationship between the augular frequency of the plate
tlre object

us

irt simulation and experiment. where

c..ro

c..ro

and the angular velocity of

is normalized by

u, :10r radls

which is the first-order natural angular frequency of the object in bending. that is the
frequency with which the object bends up and down freely. with no external force nor

restraint.
with

wof

It

can be seen that the rnaxirnal angular velocity of the object is produced

w, x 2.8 in both simulation and experiment. This comparisou between the

experimental and simulation results supports the validity of the parameter estirnation
and that of the entire sirnulation rnodel.
Here.

it can be uoted that

the object's behavior changes with respect to wo. Au

interestilg observation is that if the whole object is separated into two parts by its
center. as shown iu Fig. a.3(a). and regarding each of these parts as left leg and right

leg. then the object's behavior can be described with an analogy to bipedal gaits

as

follows: sliding (both legs always make contact with the floor), as shown in Fig.4.5(a).
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Figure 4.4: Angular velocity of the object
plate uof
as uof

un

2.0
aPla'

2.5

3.0

3.5

4.0

with respect to the angular frequency of the
The object's behavior changes as bipedal gaits sliding, walking, and running
cu6

un increases.

walking (at least one leg makes contact with the floor), as shown in Fig.4.5(b), and
running (both legs float at the same time). as shown in Fig. 4.5(c). The transition of
these behaviors as

c..ro

increases is shown in Fig. 4.4. The maximal angular velocity is

achieved in the running phase. which is also dynamically stable.

it

In the running

phase

r:an be observed how the bending motion of the object rhythmically rnakes contact

with the plate. which in consequence makes the object float at the air for some instants
of time. This behavior is just as when a human runs keeping its own pace. Finally, for
a larger uo. the object becomes unstable. and

it

cannot rotate any more. as shown in

Fig. a.s(d). We define failures as those cases in which the object's center slips more
than 10 mm or when the obiect turns over.

4.4

Optimal Plate Motion

The simulation results in Fig. 4.6 show the relationship between the rotational arnplitude of the plate ,4r. the angular frequency of the plate
angular velocity of the object

c.,,6

with

Bp:3

c,,r,

normalized by

,n.

and the

mm. In this case. changing the value of

the translational amplitude Bo does not have a significant effect on the object's angular

velocity. The dashed lines indicate the maxirnal angular velocity (tBmax for each Ar.
projected onto the u, f wr-w p plane. Each curve stops when the object became unstable
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(a) Sliding (up/up:

1.0)

(b) Walking (,'te/,'tr: t.g)

(c) Running (ap/'tp :2.6)

(d) Unstable (op/utn

:

3.0)

Figure 4.5: Analogy to bipedal gaits: if the whole object is separated into two parts by
its center and regarding each ofthese parts as left leg and right leg, as shown in Fig. 4.3(a):
then the object's behavior can be described with an analogy to bipedal gaits: in (a) sliding
(both legs always make contact with the floor), in (b) walking (at least oue leg makes
contact with the floor), and in (c) running (both legs float at the same time). Failures
are defined as those cases in which the object's center slips more than 10 nrn] or when the
object turns over (d).
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∞
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２

Figure 4.6: Relationship between the plate's rotational amplitudeス

P,the plate's angular
ωP/ω η
frequency normalized by the flrst̲order natural iequency of the object in bending
,

and the angular velocity of the object

ωB with Bp=3mm.

and failed to rotate,which we deflne in the previous section,as sho、 vn in Fig.4.5(d).
If the robot can generate a high― frequency l■ otion of the plate,e.g.ω P/ω η=5,the

object will be able to rOttte faster more stably with a small angular amplitude of the
plate rather than with a larr One. It can be intuitively understood that a slnall an―
gular amplitude AP cOntributes tO the stability of the rOtating object. FrOm Fig.4.6,
the optilnal combination ofノ 4P and"P can be obtained. which leads to the maxiIIlal
angular、 ″
elocity of the object,under the given specincation of the robot system.
Fig.4.7(a)一 (h)ShOWS the relationship bettreen the angular amplitude of the plate

ん , the angular acceleration of the plateン 4p″3, and
ω3,where the natural angular frequency ofthe object
3.57T rad/s,(c)ω

the angular velocity of the object

is:(a)ω

η=1・ 4π

rad/S,(b)ω れ=

n=7.5π rad/S,(d)ω η=107r rad/S,(e)ω η=157r rad/S,(f)ω れ=237T

rad/S,(g)ω η=33π rad/S,and(h)ω π=320π rad/s,with

ωn is changed by modiサ ing

βp=3 mm.The value of

the elttticity of the object for the same mass.In Fig.4.71

the□ :△ ,and o denote the Object's sliding,walking,and running phases,respect市
The dashed lines indicate the maximal angular velocity

ωβmax

ely

for eachス P,projected

onto the Ap ス pω b plane.As shown in Fig.4.7(h),the object with the highest stifIIless
becOmes unstable even lⅣ ith a lo、 /acceleration of the plate. Thus,the lnaxilnal angular
velocity of the Object

ωBmax is smaller than that of the softer objects in Fig.4.7(a)一

(g).ThiS COrresponds to the experimental results as shOwn in Fig.2.7 and Fig.2.9.
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Figure 4.7: Relationship beい Ⅳeen the plate's rotational amplitudeス p,the plate's angular

accebratbn Ap弓 ,and the anglllar(10ctty of the object

ωB wtth Bp=3 mm.The

object's behavlor changes l″ ith respect to the plate's angular acceleration,frolln sliding E],

tO walking△ ,and to running o.
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4.5 Optimal Fbiction Coefficient

From Fig.4.7(a)一 (h),it Can be conirmed that the Optimal angular acceleration Ap弓
is uniquely deterΠ lined for each of the deformable Objects,as indicated by the shaded

area,while the maxilnal angular、 zelocity of the object ω3 max Changes depending on

ノ
し = 24 deg, the
ち iS ChOsen. It can be noted that for ノ
ω3 max in Fig.4.7(a)一 (h),iS nOt Within
maximal angular velocity of each of the objects
ho、 v

large the allnplitude

the shaded area, since the objects fall frolln the plate or turn over before achieving a
fast rotation. This lneans that the plate's amplitude is too large to stably manipulate

these Objects.Furthermore,it can be seen that fOrス

p=12 deg,the maximal angular

velocity of each of the harder objects in Fig.4.7(f)一 (h)iS nOt Within the shaded area.

This means that the plate's amplitude AP = 12 deg is still too large to allow these
objects to rotate stably on the plate.As shown in Fig.4.7(c)(h),the maximal angular
velocity of the object

ω3 max is produced in the running phase.This lneans that,to

rotate the object faster, the plate needs a large enOugh acceleration to push up the
object so that it can run and turn. In this case,the object lnainly rOtates in the air by
utilizing the inertial efbct around its cellter of mass.Honever,田

shown in Fig.4.7(a)

and(b),the lnaxillnal angular、 relocity of the object is produced in the lⅣ alking phase.
The reason is that the object is too soft,hence the object is greatly deformed,and as a
result,it is folded in t、 vo before it starts to run. Thus,althOugh the object's behavior

difFers, an appropriate angular acceleration of the plate is essential to generate a fast

and stable rotation of the defOrmable object. Based on the aforementioned results,、 ve
can estilnate the speciflcations of the robot's actuators needed for this manipulation

scheme.

4.5

0ptillllal亜

む iction

Coemcient

The simulation results in Fig.4.8(a)shOW the relatiOnship bet、 veen the angular acceler}

tbn Oftheメ ate Ap弓 ,the■ た
Ion ande bettten the plate and the object

α=tall1

and the angular ve10city Of the object(υ 3,for a plate's angular amplitudeス

1(μ s)

p=3 deg,

translational amplitude BP=3 mm and ωπ=10π rad/S.The□ ,△ ,and o denOte the
object's sliding,walking,and running phases,respectively.Fig.4.8(b)shOWS the top
view of Fig.4.8(a)with ωB normalized by ω3 max and represented with contour lines
or isolines,that is,the is01ine of

O<κ

κindicates

the points at which

ω3/ω 3max=κ ,fOr

≦ 1. Here,it must be pointed out that not only the static coettcient of friction
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020n60E0
cldql
(b)

Figure 4.E: Relationship

between the friction a,ngle between the plate and the object a,
the angular acceleration of the plate Arw|, and the angular velocity of the object oa with
Ap : 3 deg, Bo : 3 mm and t.rr. : 10n rad/s in (a), and the top view of (a) with arg
normalized by its ma:cimal value and represented with contour lines in (b). The optimal
friction angle depends on the object's sliding E, walking A, and running gaits Q, as
denoted by the a,rrows in (a) and by the black line in (b).

p", but also the dynamic coefficient of friction p1 changes and it does it proportionally

lo

l.tr,,

that is Ftc : gps, where

I :

0.53 is constant. This value of

F was calculated

based on the friction coefficients obtained experimentally for the slice of cheese.

The friction's influence in the object's a,ngular velocity &rBr s shown in Fig. 4.8,
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4.6 Summarv

can also be explained with the analogy to bipedal gaits. 1ヽ

rhen the■ iction angle α is

around O deg,the object cannot rotate fttt because the mOment that colltributes to
rotation電 +cannot be generated. This corresponds、 vith a slippery floOr fOr a biped's
gait. In the other extreme,when the frictiOn angle α is around 80 deg,the object also
cannot rotate fast. This is because the frictional force that is perpendicular to the
plate's translatiOnal lnOtion,f increases as well as the one parallel tO

χ . Therefore,

the object v″ ill eventually not be able to rotate on the plate, as the fl・ iction angle α

approaches 90 deg. This corresponds with a sticky floor, where a biped can hardly
step. Thus the optill■al frictiOn angle leading to the maxilnal angular velocitỳυ

exists in an intermediate hiction ttlue.For a smallん

弓 田in

3max

the sliding phase□

,

the object keeps full contact、 vith the plate,and no deformation occurs. In this case,

oment ηtt and the braking lnoment η̲are generated,as shown
in Fig.2.6(c),and the optimal■ iction angle is around 40 deg.In the walking phase
both the contributing ll■

△ ,the

braking mOment η̲decreases due to the object's deformation,as explained in

Fig.2.6(d).Therefore,the optimal fl・iction angle moves to a larger one,around 60 deg,
so as to increase the contributing lnoment

ηtt without overcolllling the inertial force. For

a larger ttP″l as in the running phase o, the Object's colltact area during rotation is

drastically reduced.Thus,the object rotates faster by the inertial efect、

″hile■ oating

on the air for llnOst of the tillne,、 vithout llnaking contact、vith the plate. In this case,a
large fI・ iction

brakes the object's rotation at the instants of till■ e it mabs colltaCt｀ rith

the plate. To avoid this braking, the optilnal friction angle moves to a smaller one,

around 30 dego As、vas explained,the optilnal friction angle that is denoted by arrows
in Fig.4.8(a),depends on the Object's sliding,walking,and running gaits.
Furtherlnore, the optilnal angular accelerationン
regardless of the friction angle

4P″

l is Obtained around 8 deg/s2,

α. This angular acceleratiOn is the same as the one

obtained in Fig.4.7(d).ThiS COn■ rlns that an appropriate plate's angular acceleration
is the most importallt hctor fOr a fast Object's rotation.

4。

6 Sun■ lnary

ln this chapter, to、 vards the optilnal manipulation, silnulation analysis of rotating a

deformable object on a plate、 vere carried out after comparing the silnulation results
with the experilnental ones to、 ralidate the silnulatiOn model intrOduced in chapter

″
И仕

CHAPTER 4.OPTIIⅦ
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3. Through simulation

AL PIIANIPULAT10N FOR ROTATING A

analysis,

it was discovered that the transition of the object's

rotational behavior with respect to the plate's motion frequency mimics either a sliding,
walking, or running gait of a biped. Then, the optimal plate motion leading to the
object's maximal angular velocity was obtained. Here

it was revealed that the angular

acceleration of the plate is the most important factor for a dynamically stable and fast

object rotation. Finally, the influence of the friction between the plate and the object

in the object's angular velocity was discussed. It was shown that the optimal friction
coeffi.cient depends on the object's bipedal gait-like behavior. The results shown in this

chapter could be a guideline for the design of a fast and dynamically stable manipulation
strategy.
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Chapter

5

Estimatittg Physical Parameters
of an Object
5.1

Introduction

This chapter discusses how to identify two physical parameters of deformable objects

by nonprehensile manipulation, characterizing the transition of the object's angular
velocity. After explaining the concept in section 5.2,it is shown that that the curve describing the relationship between the plate's motion frequency and the object's angular

velocity has a resonance-like curve in section 5.3. Using this similarity, we employ a
Lorentzian curve fitting to represent the dynamic characteristics of the object's rota-

tion with a simple mathematical expression, instead of the equation of motion that is
rather complex and difficult to obtain because of the intricate dynamics of the system.

In section 5.4 and 5.5, through simulation analysis it is revealed that two physical parameters: the first-order natural angular frequency in bending of the object un, and
the friction angle a between the object and the plate, strongly dominate the Lorentzian
curve characteristics. Based on such nature, we propose an identification method to
estimate these physical parameters of unknown objects. Finally, in section 5.6 we show

the simulation and experimental results of estimating these parameters to confirm the

validity of the proposed method.
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(,fi:: I IIz order)

｀

Vibl atioll(ル ￨=10 HZ 01del)

7・ ト

Bipedal-gaited rotating rnotion
(c)

(a)

Figure 5.1: The object's angular velocity o6 that corresponds to a low rotation frequency
/6 in (a) is the result of the cornbination of the object's high natural angular frequency in
bending'u, in (b) and the friction angle o between the plate and the object in (c).

5.2

Nonprehensile Approach to Estimate Physical Parameters of an Object

Let us focus on the fact that in the manipulation scherne used in this dissertation.
the object's high frequency in bending vibration of I0 Hz order is converted to a lowfrequency rotating motion of f B =, 1 Hz order. as a result of the friction effect together

with the object's bipedal gait-like behavior,

as

illustrated in Fig. 5.1. This suggests that

the inforrnation of two physical parameters of the object: the natural bending frequency

of fn x l0 Hz order when using comestible products such as cheese or harn. and the
friction is included in the frequency of rotation of the object. that is. the object's augular
velocity. Therefore. we rnay be able to estimate thern by only observilg the object's
low rotation frequency on the plate. An important advantage is that as we only have

to deal with the object's low rotation frequency. a normal carnera with 30 fps can be
utilized. Otherwise. to directly observe the object's high bending vibration frequency.
a high-speed camera with hundreds or thousands fps order is required to guarantee a
high accuracy in the measurelnents. This kind of nonprehensile approach for sensing the
parameters of an object may be applicable to the evaluation of freshness and texture of

food. which alters the bending frequency of food. Besides. as this manipulation schetne
can prevent a large concentration of stress.

it
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is also expected to significantly contribute

5.3 Characterization of the Object's Angular Velocity

to the cell/tissue processing technology in the bioscience research. A change in tissue
stiffness could be an indicator of some diseases such as cancer. In our approach the
bending frequency may be use as a stiffness evaluation index.

5.3

Characterization of the Object's Angular Velocity

In this section,

based on simulation analysis we show how the curve representing the

relationship between the object's angular velocity uB and the plate's motion frequency
can be described by a peak function such as the Lorentz one, and its

fp

similarity with

the resonance phenomenon.

5.3.1 Object's Angular Velocity Tlansition
Let us now focus on the transition of the object's angular velocity

a,r6

through simulation

analysis. Fig. 5.2(a) shows examples of the relationship between the object's angular
velocity wp. the plate's motion frequency fp, and the plate's angular amplitude A, for
a deformable object of circular shape, with a.'r, : l}n rad/s, a friction angle between

the plate and the object of a

:36.9

deg, and a translational amplitude Bp

From Fig. 5.2(a). it can be seen that for Ap

velocity urBo'ax around

fp:24

:

:

3 mm.

3 deg the object has its maximal angular

Hz, and that for frequencies larger than this the object's

angular velocity decreases as the object becomes unstable, forming a peak-shaped line.

The combination of

f,

and,Ao will determined when the object becomes unstable and

these cases are not plotted on Fig. 5.2. For this reason, in the extreme case of the largest

Ap

:

(Ap

24 deg in Fig. 5.2(a), the plotted line do not have a peak as in the other cases

:3,

6, and 12 deg). On the other hand, a plate amplitude of Ao

:

1 deg needs

much larger frequencies of /o for a peak to appear. Fig. 5.2(b) shows the relationship
between

it

f,

and

uB for various deformable objects with different un. From this figure,

can be seen that the frequency at which eJBmax occurs, is uniquely determined for

objects. Also, we would like to point out that in Fig. 4.3
the object is making contact with the plate frequently, as the object rotates on the
each of these deformable

plate with bipedal gait-like motions. This suggests that the energy dissipation of the
object is mostly due to the friction between the plate and the object. In this case the
damping effect of the viscoelastic joint units is considered to be negligible. Based on

民υ
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'V An=lde8
_+_ Ap=}de{
'-'f'-,4n=6isg
Ap = 12d€{,
' 'E
deg
*Ap:

JP rzl
(a)

︲
鰤 知 翻 ｍ 如 細 別 硼 ｏ

ur = 3.50r rod/s
' !
*o" = 10.0r rod/g
.-'+ - !' = l5.0n .ad/8
,. O ,or:23.0rrad/a
--#o"
=33.(h rad/a

hwl
(b)

Figure 5.2: Relationship between the object's angular velocity {ds and the plate's motion
frequency ,fp with respect to (a) the plate's angular amplitude Ao for un : l}tr rad/s, and
(b) the object's first-order natural frequency in bending un for Ap : 3 deg. Both (a) and
(b) with Bp: 3 mm and a : 36.9 deg.

this observation, we can expect that the object's angular velocity transition strongly
depends not only on un but also on a.

5.3.2 Curve Fitting Using the Lorentz Distribution F\rnction
As mentioned before, the object's angular velocity transition has a peak-shaped line
which is characteristic of a resonant behavior,
reaches

its maximal amplitude

uJBmax

i.e. the object's angular velocity

t.r6

only at the frequency of resonance. Taking

advantage of this similarity, we employ a nonlinear regression analysis to represent the
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'x

Figure 5.3: Lorentz distribution for three different

values of ,\ and o0

:

0.

transition of the a,ngular velocity of the object by a simple mathematical expression,
which otherwise would be rather complex due to the intricate dynamics involved in this
system.
One of the most common functions describing a resonarrt behavior

in curve fitting

is the Lorentz distribution (also known as Cauchy distributionloo)) function

嗣=

(5。 1)

where z6 is the median of the distribution, and

(HWHM) of the probability density function
the shape

of.

)

9(r).

is the half width at half morimal
These two para,meters determine

g(r), and its manimal a,rnplitude at x :
α

=菰

16 is given by

1

(5.2)
'

). Fig. 5.3 shows the plot of equation (5.1) for three
values of ,\ and u0 : 0. In this figure it can be seen that as the value of

which depends on the value of
difierent

)

increases the value of the maximal amplitude

of.

g(r)

decreases, as stated

in equa-

tion (5.2). To have the maximal amplitude independent of the width of the curve
introduce a third parameter .y, equation (5.2) is nonr given as

A:L

we

(5.3)

ur"A

Consequently, equation (5.1) is replaced by

ズ→ =赫
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In equation (5.3), the parameter ^l carL change the maximal amplitude, therefore we
can have curves with the same maximal amplitude but different widths, that cannot
be obtained by using equation (5.2). This third parameter 7 allows the nonlinear
regression to get a better approximation of the data to be fitted. Using equation (5.4)
to express the transition of the object's angular velocity uB as a function of the plate's
motion frequency ,fp, we have

颯 わ

=揃

where u)Brrnax is the maximal amplitude of

the frequency at which
Software,

(tB:

・

(5.5)

up at fp: /s, b is the HWHM and /e

is

u)Brmax. The data analysis software Sigmaplot (Systat

Inc.) is utilized for the nonlinear regression analysis. This software

the Marquardt-Levenberg algorithm to find the parameters

o)Brma;x;

uses

/6, and b, that

together with equation (5.5), yields the best approximation to the given data.
We carry out the nonlinear regression analysis of Fig. 5.2(b) for un
and

u, :

33n rad/s with

shapes are shown

a:

: Llr rad/s

36.9 deg by using equation (5.5), the resulting line

in Fig. 5.4(a) and (b), respectively, where the dotted line represents

the simulation data and the solid line represents the regression line. The parameters
obtained from this regression are uBrmax

:

598.7 deg/s,

b:5.1. Hz, arrd fo:25.1

Hz, for un : 10r rad/s and u)Brmax : 746.9 deg/s, b : 5.8 Hz, and fo : 28.2 Hz,
for un : 33tr rad/s. Here the parameter /6 can be regarded as a kind of frequency
of resonance at which u)Brmax occurs, and it can be seen that it is different for each
object, as a;, is different. The coefficient of determination is R2 : 0.99 for w, : 70n
rad/s and R2 : 0.99 for u)n : 33zr rad/s, the closer R2 is to one, the better the
plate's motion frequency (independent variable) predicts the object's angular velocity
(dependent variable). Additionally, the nonlinear regression analysis for

rad/s and a

:

un :

70n

in Fig. 5.4(c). The parameters obtained from this
regression are (rBrmax : 520.9 deg/s, b : 5.8 Hr, fo : 24.6 Hz, and B2 : 0.98. If we
compare the result in Fig. 5.4(c) with the one from Fig. 5.4(a), it can be observed that
56.3 deg, is shown

their /s are almost the same, while the values of upr^-, and b are different. The results
in Fig. 5.4 imply that two physical parameters c,.t' and a determine the combinations
of the regression parameters u)Brmax, /g, and b.
To simplify the simulation analysis, in the following sections we suppose that all
the deformable objects have the same negligible thickness, the same circular shape, and
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Figure 5。 4:Relatiollship between the objectt angular velocity

ωB

and the plateゝ motion
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the same diameter of 80 mm. Also we only use Ap

:

3, 12 deg, and

Bo:

3 mm for

the plate's amplitudes.

In this section, we showed that the Lorentz distribution function can be used to
represent the dynamic behavior of the object. This Lorentz distribution has its origins

in the electromagnetic theory of Lorentz, typically used to express the light resonance
radiation phenomenon 101). Aho, there is the "Breit-Wigner" resonance formula in
quantum-mechanics, which is said to be the analog of the Lorentz one in electromagnetic

theorylo2) as they have the same line shape.

5.4

Estimation of the Object's Natural Angular FYequency
in Bending

In this section, based on the curve fitting of the object's angular velocity line shape, we
propose an identification method of the object's natural bending frequency

c,;r,

that

is

to be one of the dominating parameters in the object's angular velocity line
shape as mentioned in section 5.3.2.
Fig. 5.5 shows the relationship between the object's angular velocity crr6 and the
supposed

plate's frequency fp, for different friction angles a and different deformable objects,
that is r^,'r, is different, for plate amplitudes of. A, :3 deg in (a) and Ar: 12 deg in

(b). Fig 5.6 shows the values of the parameter (iBr^ax resulting from the nonlinear
regression analysis of the simulation data of Fig. 5.5, for

Ar:

3 deg

in (a) and Ap :

12

in (b). The coefficients of determination of these regressions can be consulted in
Appendix A. From this figure it can be seen that the value of u)Brrnax increases as a.r,
increases. The thick straight line represents the regression line betweerl 0Js1 -u,. &rd
un that has a coefficient of determination of ,R2 : 0.93 and 0.83, for Ar: 3 and 12
deg, respectively. However, it can be observed that for each u, the value of ugr^*
also changes depending on the friction angle a, particularly for the biggest two c in
Fig. 5.6(a), and that for each unthe value of u)Brmax changes significantly depending
on the friction angle o in particular for the two deformable objects with higher un in
Fig. 5.6(b). From this relationship it is difficult to decompose the effects of c,",,, and a
deg

on (rBr max. This means that

u,

cannot be estimated simply by observin E u Br ma*.
We next focus on the parameter /6. Fig 5.7(a) shows the resulting parameter /s

with respect to un for

Ao:

3 deg and the same friction angles in Fig. 5.5(a). In the
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Figure 5.5: Relationship between the object's angular velocity {rrs and the plate's motion
frequency f p, for different friction angles o and different deformable objects for (a) A, :
3 deg and (b) Ao : 12 deg, with Bo : 3 mm.

/s with respect to c^.rr, for Ap : 12 deg. In
Fig. 5.7, it can be seen that the value of /6 increases as (rn increases for each a, and
that the value of /s does not change significantly for the same (rn and different a.
Here, the thick straight line represents the regression line between /s and r,,,r, that has
same way: Fig 5.7(b) shows the results of

a coefficient of determination

Ar:

of.

R2

:0.99 for Ap :

3 in Fig. 5.7(a) deg and R2

:

0.96

in Fig. 5.7(b), which are better than those obtained in Fig. 5.6(a) and
(b), respectively. The lines for almost all the different a have a similar slope with the
for

12 deg

line. This result suggests that the object's ttn can be estimated by a linear
equation as a function of /s, regardless of the friction angle a, as follows,
regression

An: hfo *

Qr

(5.6)

for each of the plate amplitudes Ao. Therefore, if we obtain /s from the curve fitting
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Figure 5.6: Relationship between the object's first-order natural angular frequency in
bending @n and the para,rretet u)sr^ * obtained from the nonlinear regression of /o vs.
wp, for (u) Ao: 3 deg and (b)

Ap:

12 deg, with Bp

:

3 mm.

of the relationship between the object's angulax velocity r.;6 and the plate's motion
frequency

"fp,

in bending

then we can estimate the value of the object's natural angulax frequency

arrr.

The frequency .fo when Ao

:

3 deg is in the range of.23

< /o <

30 Hz, as shown in

Ap: L2 deg is in the range of 11 < fo <-L4Hz,
as shown in Fig. 5.7(b). Therefore, Ap : 12 deg is convenient from the experimental
viewpoint of the actuators. However, for a plate amplitude of Ao:12 deg the object
easily becomes unstable or folded in half. As a result, it can only deal with objects
Fig. 5.7(a), while the frequency /6 when
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between the object's first-order natural angular frequency in
bending ar, and the parameter /6 obtained from the nonlinear regression of /o vs. ws, for
(a) Ao: 3 deg and (b) Ap : 12 deg, with Bp : 3 mm.

whose

5。

5

un

are less

than L2n radfs.

Estilllation of the lnriction between the Object and

the Plate
In this section, we propose an identification method of the friction angle a between
the object and the plate that is supposed to be another dominating parameter in the
object's angular velocity line shape.
We had already analyzed two (c..rs"m-, arrd /o) of the three parameters involved in
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Figure 5.8: Relationship

a and the half width at half maximal
b obtained from the nonlinear regression of /o vs. w6, fot (u) Ar: 3 deg and (b) Ap : 12
between the friction angle

deg.

the Lorentz curve fitting. Now we focus on the parameter b. Fig. 5.8 shows the results
for the parameter b with respect to a obtained from the nonlinear regression analysis
of the simulation data of Fig. 5.5, for Ao

-

3 deg

in (a) and. Ar:

12 deg

in (b).

Fbom

Fig. 5.8(a) it can be seen that the values of b for un: 3.5r rad/s and un : L}r rad/s
are similar, while the ones for orr,

: 23r rad/s

and un

:

33n rad/s are near to each

other and notably larger tha^n the previous ones. Similarly in Fig. 5.8(b)

that the values of

b

it

can be seen

for each of the deformable objects shown are significantly different

from each other. The thick straight line represents the regression line between b and a
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Figure 5.9: Relationship between the half width at half ma>rimal b divided by the fre'
quency of resonance /s and the friction angle a obtained from the nonlinear regression of
frvs. ws, for (a) Ap:3 deg and (b) Ao:12 deg.

that has a coefficient of determination of R2 : 0.52 for
R2

:0.62 for Ao:

12 deg

Ao:

3 in Fig. 5.8(a) deg and

in Fig. 5.8(b). In this case there is no unique value of a for

each value of b.

Let us now use the value of b normalized by

"fo

and focus on the relationship between

a and bl fs that contains the information of the sharpness of the curve. Fig 5.9(a) shows
the relationship between a and bf fs, for Ap:3 deg and the same deformable objects

in Fig. 5.5(a). In the same lvay, Fig 5.9(b) shows the results of blfs with respect to

a

for

Ao:

12 deg. FYom this figure,

it

can be observed that as the friction angle o
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that the values of b/ fs of the four different objects
for the same friction angle o are similar. Here, the thick straight line represents the
regressionlinebetweenaand blfothat hasacoefficientof determinationof l?2:0.90
for Ar:3 deg in Fig. 5.9(a) and R2:0.93 for Ao:12 deg in Fig. 5.9(b), which are
better than those obtained in Fig. 5.8(a) and (b), respectively. It can be seen that the
lines for all the different un have similar slopes with the regression line in each of the
increases, b/ f6 also increases and

graphs.

In general the parameter b divided by "fo represents the damping coefficient which
produces the energy dissipation of the systemro3). Fig. 5.10 shows the results for
the parameter blfs with respect to different damping coefficients for four different
object's natural angular frequency in bending un f.or Ap : 3 deg. Here, the damping
coefficients c" and c6 in Fig. 3.3 are varied using the expressions; cc: qc^ and cb : Tlcbo,
respectively. Where c.o:4.9 x 10-a N/(mm/s) and c6o :4.23 x 10-6 N.mm/(deg/s)
are those estimated in section 3.3. As it can be seen there is no significant difference
among the values of b/fg when varying the damping coefficients. The thick straight
line represents the regression line betwee" b/fo and the damping coefficients, which
coefficient of determination is R2 : 0.02. This confirms that the damping effect of
the object's viscoelastic joint units on the parameter blf0 is negligible, as mentioned

in section 5.3.1. In our model, blfs

depends on the

friction angle a, as the energy

dissipation is mainly due to the friction between the plate and the object, in the object's
bipedal gaited-like motions.

From the linear regression in Fig. 5.9, the friction angle a can be estimated by a
linear equation as a function of bl fs for each angular amplitude A, as follows,

a=p2(b//0)+92・

(5.つ

Therefore, if we obtain b and /s from the curve fitting of the relationship between the
object's angular velocity u6 artd the plate's motion frequency .fp, then we can estimate

the value of the friction angle a between the plate and the object.

The friction angle a is in the range of 24
shown in Fig. 5.9(a), while

it is in the range

<a<

of.24

57 deg when Ap

< a < 4I

:

deg when Ap

3 deg, as

:

72 deg,

in Fig.5.9(b). The smallest friction angle a --24deg may seem large to be
a lower limit, while the largest a : 57 deg may seem small to be an upper limit, if we
consider the theoretical full range of possible alpha 0 < a < 90 deg. As discussed in
as shown
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001 10

rl

Figure 5.10: Relationship between the half width at half maimal b divided by the
frequency of resonance /s and the ratio 1 expressing the damping coefficients as cc : rlcco
and c6 :Tlcbn, for four different arr and

Ap:3

deg.

the previous chapter in section 4.5, in the neighborhood of a

:0

deg and 90 deg the

object cannot rotate fast, thus the object's angular velocity peak-shaped line appearing

for 24 < a < 57 deg is difficult to obtain. Since the method proposed is based on the

it is not
possible to estimate friction angles outside the range 24 < a < 57 deg for A, : 3
deg. For the same reason. this range becomes smaller for a plate amplitude of. Ao:12
nonlinear regression of the peak-shaped line of the object's angular velocity

deg, where the object easily becomes unstable or folded

previous section. As a result,

it

in half,

as pointed

out in the

can only deal with friction angles in the range of

24<a<41deg.

5.6

Validation of the Proposed Method

In this section we show the simulation and experimental results of the real parameters
against the estimated ones to confirm the validity of the proposed method.

5.6.1 Simulation Results
Using the simulation data of Fig. 5.7 and Fig. 5.9, the parameters obtained from the

-I21,.62for Ap:3 deg, andPr : 5.65, %: -64.5L
12 deg in equation (5.6); and pz:545.02, e2: -74.7I for Ao: 3 deg, and

linear regression arept

for

Ao:

:

5.30,

h:

pz:379.24, Q2: -54.10 for Ao:

12 deg

in equation (5.7). Using these parameters
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Table 5.1: Parameters estimated by using equations (5.6) and (5.7) fot un:3.5zr rad/s
and

Ao:

3 deg.
ω

Real
ω

.

35
35
35
35

a

[z'rad/s]

2

ldeg

Estimated

Absolute

Real

Estimated

Absolute

an

Error

α

a

Error

3.19

0.31

2423

310

0.40

308

0.42

33.02
36.87

2.56

4036
4773

2894
3714
3798
4209

56.31

3.5

1.72

094
178

3.5

2.38

1.12

Average Error

471
4.12

111
1.73

48.66
61.31

0.93

500

Averaqe Error

0.83

2.93

in equations (5.6) and (5.7), we estimate the object's physical parameters un and o.
The results are summarized in Tables 5.1 5.4for Ap:3 deg, and in Tables 5.5-5.8 for
Ap : 12 deg. For the results with Ao : 3 deg, it can be observed that the estimated
parameters Orhave the smaller average error for

un:3.5n rad/s

in Table 5.1. This can

be intuitively understood from Fig. 5.7(a) as the values of /s for the same un : 3.5n
rad/s and different ct) are very close to each other. In contrast, the values of /s for

un

:

70n rad/s in Table 5.2, un

:

23n rad/s in Table 5.3 and un

:

33r rad/s in
Table 5.4 have dispersion, thus their average error is larger than that of un : J.5n
rad/s in Table 5.1. Likewise, for Ap:72 deg it can be observed from Fig. 5.7(b) that
for un : I.4tr rad/s and un : 3.5r rad/s most of their corresponding values of /6 are
close to the regression line, while those for un : 6.5n rad/s and un : 70n rad/s are
not as close as the previous ones. Therefore the smallest errors are for the estimated

parameters in Table 5.5 and 5.6. In the case of the estimated
seen

an

in Fig. 5.9(a), the values otblfg for

:

d, for

70r radf s, un

:

23tr rad/s and un

d

f.or Ao

un:3.5n rad/s are separated

:

3 deg,

as

from those of

33tr rad/s, as a result the error in estimating

un:3.52r rad/s in Table 5.1 is larger than the others,

error is still less than 4 deg. In the case of

:

Ao:12

nevertheless the average

deg, from Fig. 5.9(b)

that the values of blfs are closer to the regression line than those for

it

can be seen

Ap:3

deg, as a

result the average error is less than 2 deg.

In Fig. 5.11, the realw, and the estimated O,, values of Tables 5.1-5.4, and Tables
5.5 5.8 are shown for Ao

:

3 deg in (a) and Ao

:

12 deg

in (b), respectively. In

this figure, ar,, denotes the object's natural bending frequency given to the simulation
model and 6n denotes the estimated one using equation (5.6). The solid line is the
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Table 5.2: Parameters estimated by using equations (5.6) and (5.7) for
and

Ar:3

u,:

a,," fzr rad/sl
Estimated
Absolute

α ldegl

Real

Estimated

Absolute

Error

d.

a

Error
0.59

212

10.18

0.18

4773

8.71

1.29

5631

30.83
35.52
39.38
45.29
54.37

2.19

1212

24.23
33.02
36.87
40.36

2364

11.20

189
130
120

ω η

10.0

11.89

100
100
100
100
100

11.30

Averaqe Error

Average Error

1.33

1.35
0.98
2.44
1.94
1.58

Table 5.3: Parameters estimated by using equations (5.6) and (5.7) for wn

Ar:3

u" ln rudf sl
Estimated

ω η

o ldegl
Absolute

Real

Estimated

Absolute

Error

α

α

Error

1.40

2594
3537

2.35

1.47

2423
3302
3687
4036
4773

2.10

5631

23.0

24.40
23.56

0.56

23.0

23.51

0.51

23.0

23.63
24.47
25.10

0.63

23.0

23.0
23.0

40.65
42.90
43.87
52.26

Average Error

Average Error

1.71

3.78

254
386
4.05
3.05

Table 5.4: Parameters estimated by using equations (5.6) and (5.7) for

Ao:3

:2hr radls

deg.

Real

and

10zr rad/s

deg.

Real

and

ⅣIethod

wn:

33r' rad/s

deg.

Real

c.;" fn rad/sl
Estimated
Absolute

ω π

330
330
33.0

330
33.0

330

3078
3006
3209
3356
3179
3259

Average Error

α ldegl

Error

α

Estimated
a

2.22

24.23

24.69

294

3302
3687
40.36
47.73

80.17
32.00
45.24
41.74

56.31

5403

0.91

056
121

041
137

Real

Average Error

Absolute
0.46

Error
2.85
4.89
4.88
5.99
2.28

356

result of the linear regression of the real data and the estimated one, and the dashed
lines are the 95% confi.dence intervals of the regression line, i.e., if we take some extra

data and added it to this plot, there is a 0.95 probability that the new regression line
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Table 5.5: Parameters estimated by using equations (5.6) and (5.7) for un: I.4tr radls
and ,4o

:

12 deg.

[r

ω η

Real
2

ω

140
140
140
140
140

a

rad/s]

[deg]

Estimated

Absolute

Real

Estimated

Absolute

ω η

Error

a

a

Error

120
128

0.20

24.23

0.12

28.81

176
052

33.02
36.87
40.36

2247
2933
3409
3586
38.07

2.29

1.55

0.15

2.06

0.66

133

0.07
0.24

Average Error

Average Error

1.07
1.01

1.33

Table 5.6: Parameters estimated by using equations (5.6) and (5.7) for un: 3.5a' rad/s
and

Ao:

12 deg.

Real

w^ ftr radf s
Estimated
Absolute

α ldegl

Real

Estimated

Absolute

ω π

ω れ

Error

α

a

Error

3.50

3.46

0.04

24.23

24.60

0.37

3.50

3.58

0.08

2881

306

3.50

3.67

0.17

350
350

3.36

014
046

33.02
36.87
40.36

3187
3379
3753
3916

3.96

Average Error

077
066
120

Average Error

0.18

Table 5.7: Parameters estimated by using equations (5.6) and (5.7) for un:6.52r rad/s
and.

Ae:12

deg.

u"
Real

ltr radf

α ldegl

s]

Estimated

Absolute

ω η

al

Estimated

Absolute

Error

α

a

Error

2423
2881
3302

22.66
31.04
34.64

2.23

36.87
40.36

3579
3821

5.86

0.64

6.50

7.67

1.17

6.50

6.15

0.35

650
650

7.72

122

5.90

060
080

Average Error

1.57

162
1.08

215
け′

6.50

Average Error

隔

including this newly added data, would be somewhere between this confidence intervals.

In Fig. 5.11(a), it can be seen that the estimated values are close to the real ones, the
coefficient of determination is R2
slope and an intercept of zero,

In this

ca,se,

it

:

0.99. The regression line should ideally have a unit

that is the estimated value is identical to the real

one.

has a slope of 0.99 and an intercept of 0.25, which are close to their
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Table 5.8: Parameters estimated by using equations (5.6) and (5.7) for un
and

Ao:

:

10zr rad/s

12 deg.

a"
Real

a

[n raAls]

Estimated

Real

Estimated

Absolute

Error

α

a

Error

098
091
070
128
030
083

2423

23.17

2881

2953

3302

3491

36.87

3704
3948

106
072
189
017
088
094

ωπ

10.0

9.02

10.0

9.09

10.0

9.30

100
100

1128

[deg]

Absolute

9.70

Average Error

4036

Average Error

ideal values. Similarly. in Fig. 5.11(b) the coefficient of determination is .R2

Ap

:

72 deg.

In this

:

0.96 for

case, the regression line has a slope of 0.96 and an intercept

of

0.24, which are also close to their ideal values.

In Fig. 5.12, the real a and the estimated d
5.5-5.8 are sho'n/n for

Ao:3

deg

values of Tables 5.L-5.4, and Tables

in (a) and Ap:72

deg

in (b), respectively. The solid

line is the result of the linear regression of the real data and the estimated one, and
the dashed lines are thegS% confidence intervals of the regression line. In Fig.5.12(a),

the coefficient of determination is lR2

:

0.90 and has a slope of 0.89 and an intercept

of 4.75. which may seem far from their ideal values. Despite of this fact, by

means

of the l-test we verify that the value of the slope does not significantly differs from
1 (for details about this test see Appendix B), as the f-test result is

df : 22) that yields p :

0.1028, satisfying

p > 0.05. This

t"6:

1.70 (for

indicates that the slope

1. For the intercept, we verify that its value does
not significantly differs from zero, as tn : 7.57 (fot df :22) which yields p :0.7298,
does not significantly differs from

also satisfi.es

p > 0.05, meaning that the intercept

does not significantly differs from

: 0.93 and
has a slope of 0.93 and an intercept of 2.25. The t-test for the slope is trr : 1.16 (for
df : 78) which yields p : 0.2620, satisfying p > 0.05, indicating that the slope does
not significantly differs from 1. For the intercept, the t-test result is 111 : 1.14 (for
df : 18) which yields p : 0.268I, also satisfying p ) 0.05, meaning that the intercept
zero. In the same way, in Fig. 5.12(b) the coefficient of determination is ,R2

does not significantly differs from zero.
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Figure 5.11: Linea,r regression between the object's teal wn (first-order natural angular
frequency in bending) and the estimated t)r. obtained by using equation (5.6). Simulation
results for Ao: 3 deg in (a) and simulation and experimental results for Ao: 12 deg
in (b). The solid line represents the regression line and the dashed lines are the 95%
confidence intervals.
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regression between the real friction angle o and the estimated A
obtained by using equation (5.7). Simulation results for Ao:3 deg in (a) and simulation

Figure 5.12: Linear

and experimental results for Ao:12 deg in (b). The solid line represents the regression
line and the dashed lines are the 95% confidence intervals.
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5.6.2 Experimental Results
To validate the proposed method we carried out experiments with a commercially
available slice of cheese, a slice of cheese with lead balls that were used to increase the
weight of the cheese and the skin of a Chinese dumpling. The three objects shown in

Fig. 5.13 have the same circular shape with a radius of 40 mm, and the masses of the
cheese,

the cheese with lead balls and the skin of Chinese dumpling are 13.6 g, 39.5

g, and 6.9 g, respectively. Fig. 5.14 shows the experimental results of the relationship
between the object's angular velocity

ag a\d the plate's motion frequency,fp, for the

three deformable objects described above, when the plate's motion is given by
deg and

Bp:3

From Fig. 5.14

Ao:12

mm. The solid line represents the regression line for equation (5.5).

it

can be seen that the experimental values can be described by its

: 0.98 for the slice of cheese, R2 : 0.99 for the
slice of cheese with lead balls, and ,R2 : 0.98 for the skin of a Chinese dumpling, were
corresponding regression line, since r32

obtained.

The real un and the estimated An values of the experimental data are overlapped
on the simulation data, as shown in Fig. 5.11(b). In the experimental results, as a real
value of (tn)we employ the cantilever based method explained in section 3.3 utilizing a
piece of cut food and a high-speed vision system of 400 fps

to measure this parameter.

The estimated parameter tin is the one obtained from equation (5.6) in the same way
as

with the simulation data. From Fig. 5.11(b), it can be seen that for the plain

cheese

and the cheese with lead balls the estimated value of c,.r' has an error of = 0.52r rad/s,
while the one for the skin of the Chinese dumpling is of = 3.8n rad/s. The latter has
an

orn: 11.9n rad/s which is in the upper limit of the range that can be dealt with,

and the largest among the experimental objects. Being in the upper Iimit of the range
may be the cause of the increase in the error of the estimated value An. In this case,

the slice of cheese and the skin of the Chinese dumpling have similar natural bending
frequencies. However, the skin of the Chinese dumpling is lighter than the slice of
cheese, which suggests

that the skin of the Chinese dumpling has a bending stiffness

smaller than the one of the cheese. In contrast, the slice of cheese with lead balls, has a
smaller bending frequency than the one for the plain slice of cheese. This was expected
as the lead balls increased the weight of the cheese, thus altering its mass-elasticity
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(a) Slice of Cheese

(b) Slice of Cheese with lead balls

(C)Skin of a Chinese dllmpling
Figure 5。 13:Pictures of the deformable objects used in experiment.
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Figure 5.14: Relationship between the object's angular velocity ter6 and the plate's motion
frequency fp, fot (a) a slice of cheese, (b) a slice of cheese with lead balls and (c) the skin
of a Chinese dumpling, with Ao : 12 deg and. Bo: 3 mm.
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ratio. Like this, the object's natural angular frequency in bending un carl be used
an stiffness index for a known mass object.

as

The real a and the estimated d values of the experimental data are overlapped
on the simulation data, as shown in Fig. 5.12(b). In the experimental results, as

a

real value of c. we measure the angle of the inclined plate at which the object begins

to slip from it, employing the same object used for the rotational motion experiment
and a vision system to measure this parameter. The estimated parameter d is the
one obtained from equation (5.7) in the same way as with the simulation data. From
Fig. 5.12(b), it can be seen that the friction angle estimated for the plain cheese has
the smaller error E 8.2 deg, while the error for the cheese with lead balls and the skin
of the Chinese dumpling are = 24 and = 14 deg, respectively. Although the errors for
the cheese with lead balls and the skin of the Chinese dumpling are about the value

of the friction angle itself,

it can be observed that there is a difference

between their

estimated values and that of the plain cheese. One possible cause may be the fluctuating

friction angle in the experiments. Since we are dealing with food, it is difficult to keep
constant the same conditions as in simulation. Also, we have not consider the influence

of the dynamic coefficient of friction. We supposed a constant value for B : p*ltL"
in the simulation analysis which is the case of the plain cheese, however, it rnay not
necessarily be the case for the other two deformable objects. This may be overcome

by analyzing and considering the influence of p, and by approximating the results of
Fig. 5.9 by a quadratic equation instead of the linear equation (5.7) used for the

sake

of simplicity, sacrificing precision in the estimation of the friction between the object
and the plate.

5.7

Discussion

As mentioned earlier in Section 5.1, a high frequency of the object's bending vibration
is converted to a rotating rnotion of low frequency . The object's frequency of rotation

f B on the plate can be obtained from the object's maximal angular velocity {r.16"-u* in
Fig. 5.6. for each of the four deformable objects and each of the two plate amplitudes
.4, used in this chapter. The results of

f6

are shown

in Table 5.9. where the object's

bending vibration frequency /r, which corresponds with o;r, is also shown.
noted that especially for the deformable object of
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Table 5.9: Object's first-order natural frequency in bending and its rotation frequency.
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1.36

10.0

5.00

614.9

1.71

23.0

11.5

722.8

2.01
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16.5

796.1

2.21
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Figure 5.15:

frad/s]

Comparison between the object's bending vibration frequency
:3 deg and Bp : 3 mm.

/,

and its

frequency of rotation f s for Ap

frequency of

fn :

2.27 Hz, for Ao

-

76.5H2 is converted into a rotational motion with a frequency
3 deg, as

of.

fB

:

illustrated in Fig. 5.15. This represents only the L3.4% of the

object's bending frequency /rr. Thus, the object's first-order natural angular frequency
in bending un can be measured through the object's dynamic behavior, observing its
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low-frequency rotation motion

/6

and equation (5.6), by using the manipulation scheme

presented in this dissertation. For now we have only considered objects of the same
size. However, in the future we would like to considered and analyzed the effect of the

that the proposed method can be applied to any sized objects.
This may be achieved by adding an extra parameter to the expression of the object's
size of the object, so

angular velocity.

5.8

Summarv

In this chapter, the estimation of two physical parameters of the object was discussed.
It was shown that the line shape of the angular velocity of the object with respect
to the plate's motion frequency has a resonance-like behavior. Based on this nature,
it was demonstrated that the object's angular velocity transition can be represented
with a simple mathematical expression like the Lorentz distribution one, instead of a
complex expression derived from the dynamics of the system. From the Lorentz-based
curve fitting,

it was found out that

the frequency of resonance at which the object's

maximal angular velocity occurs, depends on the first-order natural angular frequency

in bending of the object, and that the characteristic width of the Lorentzian

curve

describing the object's angular velocity depends on the friction between the object and

the plate. Based on this relationship, a method to estimate two physical parameters of
the object from the regression parameters of the Lorentzian curve fitting was proposed.
The validity of the proposed method was verified through simulation and experimental
results.
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Chapter

6

Conclusion
6.1

Conclusron

The aim of this dissertation was to develop a dynamic nonprehensile manipulation
strategy to manipulate a thin deformable object by actively using its dynamic behavior
caused

by high-speed motions of a vibrating plate. We formulated two questions in

Chapter 1. The first one was: What does actually happen when a deformable object

is placed on a high-speed plate? The answer to this question is that, the object

is

considerably deformed by the high-speed motions of the plate, which allows the object

to rotate faster. The object's angular velocity increases as the plate's motion frequency

its rotational behavior is similar to a biped's gait sliding, walking and
running, where the running gait is the fastest and dynamically stable. The second
increases, and

question was: Is there any effective strategy to manipulate the object and which is?

The answer is that, there is an effective strategy to manipulate the object, and

it

is

to generate the running gait of the object with the optimal plate's angular acceleration so that the object can run and rotate faster. The results of this dissertation are
summarized below.

In chapter 1, we explained the background and goal of this dissertation, and we
introduced the related works to dynamic and nonprehensile manipulation, as well as
the manipulation of deformable objects.

In chapter 2, we explained the guideline for the design of the experimental system
and discussed why we use a two-DOFs plate in the nonprehensile manipulation scheme.

This two-DOFs plate scheme allowed us to manipulate remotely the object with

less

″
″ｒ
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environmental limitations than the typical nonprehensile manipulation, and without
increasing the inertial loads applied to the handling location. The combination of a

translational motion with a rotational motion generates the rotational moment that
enabled the object to rotate on the plate. We showed how a deformable object rotates
faster than a rigid one on the plate through basic experiments. Its bending motion gen-

erated by the plate's rotational motion reduces the braking moment, thus contributing

to a faster and more stable rotation than the one for a rigid object.
In chapter 3, we introduced a simulation model to approximate the dynamic behavior of a deformable object. This model is composed of multiple mass nodes and
joint units, where the joint units have three DOFs: bending, tension/compression and
torsion. The bending and the tension/compression joints have viscoelastic elements
given by a Kelvin-Voigt model while the torsion joint was left free for simplicity of the
model. We explained the models used for experimentally estimating these viscoelastic
parameters, and we showed the experimental results of these parameters estimation for
a food product. Finally, we showed that the reconstructed data by simulation using the

estimated parameters were consistent with the experimental data for both the bending
and the tension/compression joints parameters.

In chapter 4, we discussed the optimal problem to produce the fastest object's rotation. We showed the simulation and experimental results to validate the introduced
model. These results showed that the dynamic behavior in both simulation and experiment corresponded qualitatively to each other. By means of simulation analysis, we

that the transition of the object's rotational behavior with respect to the
plate's frequency resembles either a sliding, walking, or running gait of a biped. We
obtained the optimal plate motion leading to the object's maximal angular velocity,
discovered

and we revealed that the angular acceleration of the plate is the most important factor

for a dynamically stable and fast object rotation. Finally, we showed that the optimal
coefficient of friction that yields the object's maximal angular velocity exists, and that

it

depends on the gait type of the object.

In chapter 5, we discussed the estimation of physical parameters of an object by
a nonprehensile approach. We showed that the line shape of the object's angular velocity with respect to the plate's frequency has a resonance-like behavior. Based on
this nature, we showed that the object's angular velocity transition can be represented
with a simple mathematical expression like the Lorentz distribution one, instead of a
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6.2 Future Work

complex expression derived from the dynamics of the system. We found out that two
physical parameters: the object's first-order natural angular frequency in bending and

the friction between the object and the plate dominate the Lorentzian curve characteristics. We proposed how to estimate these two physical parameters of the object by
employing the regression parameters of the Lorentzian curve

fitting. The validity of

the proposed method was verified through simulation and experimental results.

6.2

F\rture Work

The manipulation scheme used in this dissertation has still a number of possible developments. We will limit to the ones closest to this dissertation.

First, we focus on the manipulation of deformable objects by a nonprehensile
scheme. The influence of the thickness, the size and the shape of the object in its
gait-like rotational behavior should be investigated, as we supposed that the object's
thickness is thin enough to be negligible and we only used circular shaped objects of the
same size. Also, the accuracy of the simulation model may be improved by introducing

viscoelastic elements to the torsion joint of the viscoelastic joint unit. Then, we should
analyze its influence in the object's gait-like rotational behavior. The gait-like motion

found and discussed in this dissertation is just one example of dynamic phenomena, and

the strategies for other motions may be found based on this example. The behavior of
the object may be further exploited by changing the sinusoidal wave's phase and period
combination of the translational and rotational motions of the plate. Consequently, the
object's locomotion may become diverse, such as taking steps forward, back, and turn-

ing. A flexible object with no active muscles nor actuators may move just as if it were
a living creature and it may become the optimal solution for some particular task(s).
Through this work an analogy to bipedal gaits was discovered. The object's behavior

similar to a running gait is useful for achieving high-speed rotations, and the best
strategy for generating this behavior is to control the plate's motion. However, we
have new questions, why does the object's behavior looks like a bipedal gait? Was

this a coincidence or is there a logic in this behavior? Does this analogy exists only in
appearance or does

it

exists also in dynamics? In the future we would like to answer

these questions. This may be achieved by carrying out the dynamical analysis of the

entire system. Then, we may found the dynamical analogy to bipedal gaits. Also, it

79

CHAPTER 6.CONCLUSION

may be possible to construct the nonlinear system and resolved

it from the viewpoint

of control theory, thus finding the input motions of the plate needed to generate the
desired locomotion of the object, and may found unforeseen motion strategies. This

kind of manipulation may be used toward the simultaneous control of the position and
orientation of deformable objects, which may be employed as a parts feeder or sorter
for delicate and/or deformable objects.
On the other hand, focusing on the sensing of deformable objects by a nonprehensile

in the object's
resonance-like behavior needs to be investigated. Then, it may be possible to evaluate
the mass, elasticity, viscosity and friction of several deformable objects by characterizing its rotational behavior on a simple flat plate considering not only the object's
first-order natural frequency of vibration but also higher orders. The proposed nonprehensile manipulation approach for sensing the physical parameters of an object may
be applicable to the evaluation of freshness and texture of food, which alter the bending frequency of food, as illustrated in Fig. 6.1. Also, since this manipulation scheme
can prevent a large concentration of stress. it is expected to significantly contribute
to the cell/tissue processing technology in the bioscience research. A change in tissue
scheme, the influence of the dynamic friction and the role of viscosity

stiffness could be an indicator of some diseases such as cancer. The bending frequency

of the method proposed may be used as a stiffness evaluation index. Like this, the
nonprehensile manipulation approach discussed in this dissertation may be considered
for applications in the industrial, medical and biological fields.

Figure 6.1: Future applications. The nonprehensile approach discussed in this dissertation may be employed for manipulating delicate and/or deformable objects. For example
food products and biomaterials, in a parts feeder or sorter in the industrial sector. Also
it may be applicable to evaluate freshness and texture of food, as well as to evaluate the
stiffness of biomaterials.
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Coefficients of Determination
In this section, we summarized the coefficients of determination of the nonlinear regressions of the data in Fig. 5.5. In Table A.1 for the data of Fig. 5.5(a) for

Ao:

3 deg and

in Table A.2 for the data of Fig. 5.5(b) for Ao: 12 deg. From these tables it can be
confirm that the object's angular velocity line shape fits into the Lorentz distribution
given by equation (5.5).

Table A.1: Coefficients of determination for Ar: 3 deg.
ω η

R2

[rad/S

35π

α崚

α砲

ω π

82

lrad/SI

24.23

0.98

2423

0.99

33.02

0.99

33.02

0.99

36.87

0.99

36.87

0.99

40.36

0,99

40.36

0.99

47.73

10π

0.99

47.73

0.99

56.31

0.98

56.31

0.98

π
００
０４

24.23

0.99

24.23

0.98

33.02

0.99

33.02

0.99

36.87

0.99

36.87

0.99

40.36

0.99

33π

40.36

0.99

47.73

0.99

47.73

0.99

56.31

0.99

56.31

0.97
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Table A.2: Coefficients of determination for

α砲

ω η

R2

[rad/SI

1.4π

6.57r

ω η

α

[rad/SI

[deg]

Ao:

12 deg.

R2
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0.99

24.23

0.99
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0.98

28.81

0.99
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33.02

0.98

36.87
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10π
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ιStatistic Test
Here

it

is explained how we calculated the t statistic test.

Brief Introduction to the f-test
Suppose we have the following equation:

A:mrlb
where

r

is the independent variable,

coefficients

m

gr

(B.1)

is the dependent variable, and the regression

and b are the slope and the intercept, respectively. The values of rn and

b are obtained from the linear regression analysis of

i

and Q that are the observations

fitted in equation (8.1). The f statistic test is usually employed to verify whether the
coefficient of the independent variable is zero or not; when its value is zero, this means

the independent variable does not contribute to predicting the dependent variable.
However, this test can also be employed to know whether the regression coeffi.cient is
equal to a given value or not, this is known as hypothesis testing in linear regression
analysis and it assumes that the errors (the difference between f and y) are normally
distributedlO4), for example if we want to verify whether m:6 or not, the hypothesis
are

m:6
H1:mf5
Hs:

where

fls and H1 are mutually exclusive. The f-test is calculated

t:-W
Jrrs;Ts;
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(B.3)
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where MSB is the residual mean square and S"" is the corrected sum of squares of the

least square estimation of the slope and the intercept.
From the value of t we can calculate the value of p which is the probability that the
hypothesis I1s is correct. Typically the threshold value of p used to determine that

correct, isp

)

fIs

is

probability can be obtained from the t distribution tables
found in books or using the predetermined functions in computer programs such as
0.05105). This

Excel, SigmaPlot, etc. This distribution has different values depending on the number

of variables and the number of observations ly' of the regression. For this reason

it

necessary to specify this number, which is usually known as the degrees of freedom

(d/)

and

it

is calculated as

d/
in this

is

:

case

number of observations

df

-

,A/

-

number of parameters in the equation

- 2, since we have only two parameters:

,

the slope and the intercept.

Obtaining the Value of I
In this dissertation we carried out the linear regression of the real values of the friction
angle a versus the estimated ones d to verify that the estimation method proposed is
valid. In this case, as explained in chapter 5, the ideal regression line between c and d
would be with m: I and b: 0. Therefore, we are interested in knowing which of the
next hypothesis is correct

b:0
H61:bl0
Hbs

HrnO i

:,

m:1

(8.4)

Hrnt: m + I
where f166 and H61 are for testing whether the intercept is zero or not, and .FI-s and

Hypl are for testing whether the slope is one or not.
For the linear regression analysis, we employ the software Sigmaplot (Systat Soft-

t for both the slope and the intercept
0 in equation (B.3), as well as the value of p associated with t. This values

ware, Inc.), from which we obtained the value of

when d' :

are summarized in Table B.1. Thus, the verification of the hypothesis f16e and

1161 can

be done immediately from the values of p in Table B.1, which confirm that the value

of the intercept is zero or that

it

does not differ from zero.
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Table El.l: Reeression Analysis Parameters.

Ap:3deg

df:18
df:18
Table B.2: Calculated values of I and its associated
Ap

:3

p.

deg

For the slope, we rewrite equation (B.3) as

t": WJ
€
and noticing that the values of ts and t1 in Table B.1 are for d

(8.5)

:

0 in equation (8.3),

we obtained es and e1 as

_- _mo
cu,
f,O

Tnr

_
", _ fl

(B.6)

for the slope zns and m1, respectively. We calculated fss and f"1 to corroborate which
of the hypothesis H,ns or Hrrl is correct,

.
,s0--

as

lmo-rl
60

. lmr-\l
v.sl

(B.7)

-

The results are summarized in Table 8.2, where the values of p were obtained with the
function TDIST of Excel. From the values of p it can be concluded that the values
of both slopes ms and m1 do not differ from one, that is, hypothesis Hrng is truth for
both slopes.
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