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Abstract

In this thesis, a CPG-based control based on human manipulations is proposed
for rhythmic manipulations by a multi-fingered hand. Humans can dextrously
manipulate various objects using their fingers cooperatively. Adaptive motions
in animals and insects can also be observed according to a variety of environ-
ments. Neurophysiological studies have revealed that rhythmic motor patterns
such as locomotion are coordinated by central pattern generators (CPG) and
take an important role in the adaptive motions. In a rotating manipulation of
an object, rhythmic finger motions can be observed. The CPG-based control of
the fingers has possibilities to achieve dextrous capabilities like humans. In this
study, Human’s rhythmic manipulations is investigated. Based on the analysis,
the CPG-based control for dextrous manipulations is proposed.

Human’s force programming is investigated in the chapter 3 by the experi-
ments where subjects grasp various weighted objects. Anticipatory calculation of
the fingertip force before the grasp takes an important role in human’s sophisti-
cated grasp. In the experiments, the applied grip/load force and the electromyo-
graphy (EMG) of intrinsic muscles are simultaneously measured. The effects of
the rhythmic motions and the force programming on the grasping motions are
analyzed based on the experiments.

Human’s rhythmic motions are investigated in the chapter 4 by measuring

contact condition during a rotating manipulation of a cylindrical object. Typical
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contact patterns are detected by the measured contact information that can ap-
parently represent the rhythmic movements during the manipulation. The rhyth-
mic motions of the fingers during the rotating manipulations are investigated by
the typical contact pattern.

A CPG model is constructed based on the measured typical contact patterns
in the chapter 5. The CPG issues the motion-triggers to the robot fingers in
order that the robot fingers can move cooperatively and synchronously. The
experimental results in the dynamic simulation show that the CPG-based control
of the fingers can perform the rotating manipulation using the generated contact
pattern.

A control method of the switching cycle of the grasping fingers by the joint
margin feedback is presented in the chapter 6. The property of the oscillatory
output can adaptively change. by the appropriate feedback to the neurons that
constitute the CPG. Manipulations using the fingers require the relocation of the
grasping fingers. The appropriate switching cycle of the fingers changes depending
on the object size. A smooth change of the velocity of the grasped object can
also be achieved by correlating the neural output with the desired velocity of the
object. A four-fingered hand demonstrates the rhythmic manipulations based on
the proposed method.

The results suggest the importance of the rhythmic motions during human’s
manipulations and the effectiveness of the CPG-based control. In addition, these
results provide efficient guidelines to achieve dextrous manipulations like humans

using a multi-fingered hand.

Keywords:

Manipulation, Central Pattern Generator(CPG), Rhythmic motions, Contact
pattern, Multi-fingered hand
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Chapter 1

Introduction

1.1. Background

Robots have been developed in the 1970-80’s as industrial machines and sophis-
ticated in the 1990’s, which play soccer, walk like a dog, and feel and talk like
human beings. Researches in many areas of robotics have made it possible to
produce such varieties of robots.

However, the ability of robots to grasp and manipulate objects still remains a
fascination for many researchers. Although a significant progress has been made
in the development of dextrous robot end effectors in the last fifteen years, these
robot hands were only variants of the parallel jaw gripper. Some specialized
single degree of freedom grippers have been successfully developed. However,
they are largely limited to the case where the grasped objects are in a small,
well-known set, and are not truly dextrous in the general sense. Robots have
come to take an active role not only in industrial factories, but also in home,
hospital, farm, space, and deep sea. Robot hands that can stably grasp and
dextrously manipulate objects like humans are required in these environments.

In recent years, multi-fingered robot hands have been attracting robotics re-
searchers. Multi-fingered hands can take various grasping configurations accord-
ing to the objects and achieve dextrous manipulations by relocating fingers. How-
ever, many traditional methods for multi-fingered manipulations have been based
on a model of the grasped object. In order to exploit the robot hand in the real

environment, it is not practical to make the precise models of all the object and



store all the modeling data in the system.

It is known that motions of animals that can adapt to a variety of environ-
ments are controlled by a nervous system covering all the body. Neurophysio-
logical studies have revealed that rhythmic motor patterns such as locomotion
in animals and insects are coordinated by neural circuits referred to as central
pattern generators (CPG). The rhythmic patterns generated by the CPG take an
important role in rhythmic activities, such as breathing, fluttering and walking.
In the locomotion of animals, a musculo-skeletal system is driven by rhythmic
patterns generated by a rhythm generator in vertebra and a reflex system based
on the sensations from peripheral nerves. Based on these findings in biology and
neurophysiology, a number of adaptive walking control methods for multi-legged
robots have been proposed.

However, few approaches based on the analysis of human’s rhythmic motions
have been proposed for multi-fingered manipulations. Humans can dextrously
and cooperatively manipulate various objects using their fingers. Several findings
in paleoanthropology show that the mechanical dexterity of the human’s hand
has been a major factor in allowing Homo sapiens to develop a superior brain.
Although artificial hands have been built that are stronger and faster than the
human’s hand, the performance of the manipulation is not satisfactory when a
sufficiently broad scope of manipulation tasks is considered. To achieve dextrous
capabilities like humans by a robot hand, it is important to measure human’s

skills and apply the findings to the robot hand manipulations.

1.2. Research aim and approach

Looking at previous researches of robot hands from the viewpoint of practical
applications, there are some problems, for example, the requirement of a precise
object model.

To relax the restriction, researchers have proposed various measuring methods
of the grasped object. However, because sensors are consistently affected by noises
in the real environment, it is very difficult to even build a precise model of one
object, much less all the objects in the environments.

In the studies of the walking control for multi-legged robots, a CPG-based



adaptive control has been proposed biologically inspired by analyzing animals’
walking patterns. The effectiveness of the CPG-based adaptive walking in real
environments has also been confirmed. However, few approaches based on the
analysis of human’s rhythmic motions have been proposed for multi-fingered ma-
nipulations because the dexterity and the complexity of the manipulations using
multiple fingers have been emphasized more strongly than the complexity of the
locomotion. Recently, human’s rhythmic motions of the fingers in a rotating ma-
nipulation have been observed by measuring the trajectories of fingers. This fact
suggests that finger motions make the transition from the feedback control based
on peripheral sensations into the feedforward control based on the central nervous
system as humans attain proficiency.

In order to exploit the CPG-based control to a rhythmic manipulation, manip-
ulation patterns are required. However, the pattern models generated by the CPG
have not been investigated because few researches have been focused on the feed-
forward control and rhythmic patterns of the fingers during the manipulations.
This thesis proposes the CPG-based rhythmic manipulation for a multi-fingered
hand based on the human observation.

In the first half part of this thesis, the investigation of human’s feedforward
control and rhythmic motions using multiple fingers is conducted. The force pro-
gramming based on the object properties is considered important in human’s so-
phisticated grasp. In the previous studies of the force programming, the grasping
force has been measured for the analysis. In order to eliminate the contribution of
the tactile sensations, the time delay of the tactile feedback has been exploited.
However, the available time period is so short that the difference was hard to
be detected due to the noise problem. In this study, the force programming is
investigated by measuring electromyography (EMG) before the tactile feedback
affects. Next, a motion pattern during a rotating manipulation is measured. A
typical contact pattern during the manipulation involving the relocation of the
fingers is presented by analyzing the measured contact information.

In the last part, a CPG-based control for multi-fingered manipulations is pro-
posed and demonstrated. A CPG steadily generates oscillatory output unless
external input is given to the neurons. The CPG can also generate various pat-

terns affected by the external input, such as sensory feedback. A Joint angle



feedback to the neurons that constitute the CPG controls the switching cycle of
the grasping fingers according to the object size. The effectiveness of the pro-
posed method is demonstrated by performing rotating manipulations of several
sized objects using a four-fingered hand system.

The contributions of this thesis are:

e Investigation of the effects of the rhythmic motions and the force program-

ming during the grasping motions.

e Representation of rhythmic patterns during rotating manipulations by show-

ing typical contact patterns.

e Proposal of a CPG model that generates a similar contact pattern to that

of human.
e Experiment of the CPG-based rotating manipulations by a simulation.

e Demonstration of the rotating manipulation using a multi-fingered hand by
the proposed CPG-based control.

1.3. Thesis outline

This thesis proceeds as follows:

Chapter 1: Introduction
has presented the background, aim, approach, and contributions of
this thesis.

Chapter 2: Literature review
introduces the relevant literature in robotics and physiology. This
chapter considers other robotic approaches to achieve dextrous ma-
nipulations using multi-fingered hand systems. This chapter also ad-
dresses the mechanism of human’s grasping motions and the control

system in animals that generates rhythmic patterns.

Chapter 3: Investigation of feedforward control in human’s grasping

motions



examines the effects of the rhythmic motions and the feedforward
control in the human’s grasping motions. The grip/load force and
electromyography (EMG) are simultaneously measured during the
motions. The EMG activities that are not affected by the tactile
feedback are investigated. Subjects grasp various weighted objects
in the two experimental conditions: the rhythm condition and the
free condition. The rhythmic motion and the force programming are

investigated by the experiments.

Chapter 4: Rhythmic motion patterns in human’s manipulations
investigates rhythmic patterns during rotating manipulations. When
subjects attain proficiency in the rotating manipulation, rhythmic mo-
tions of the fingers can be observed. The motion patterns are formal-
ized by measuring the contact condition between the fingers and the
object using force sensing resistors (FSRs). A typical contact pattern
is detected by the measured contact information. The rhythmic ro-

tating motions are investigated based on the typical contact pattern.

Chapter 5: CPG-based manipulation
demonstrates that a CPG model can generate a similar contact pat-
tern to the human’s typical pattern measured in the previous chapter.
This chapter also proposes a control method of the fingers based on
the rhythmic pattern generated by the constructed CPG. Experimen-
tal results show that rotating manipulations can be performed by the
proposed CPG-based control.

Chapter 6: Rhythmic manipulations using a multi-fingered hand by
the CPG-based control
demonstrates the rhythmic manipulations by exploiting the CPG-
based control. The property of the oscillatory output of the CPG can
be changed depending on the external input to the neurons. Joint
margin feedback to the neurons can change the switching cycle of
the fingers according to the object size. Experimental results show
that the proposed method can rhythmically manipulate various sized

objects whose models are not given.



Chapter 7: Conclusion

concludes this thesis, and gives suggestions for future work. Following

that are a number of appendixes.



Chapter 2

Related work

2.1. Introduction

This chapter reviews the relevant literature in robotics and physiology. This
chapter considers other robotic approaches to achieve dextrous manipulations
using multi-fingered hand systems. The mechanism of human’s grasping motions
from a viewpoint of control systems is also introduced. The control system in
animals that generates rhythmic patterns is described. A biologically inspired
CPG-based control is also addressed.

2.2. Exploiting a multi-fingered hand

Robotic hands have been developed with the aim of matching the human hand in
terms of dexterity and adaptation capabilities to equip either a dextrous manip-
ulator or human beings as a prosthetic device. In many years, some specialized
single degree of freedom grippers and variants of parallel grippers have been
exploited in industrial factories as end effectors of manipulators. However, ma-
nipulative capabilities of these simple hands are largely limited because of the
specialization. As robots come to take an active role in substitute for humans,
stability and dexterity of grasping and manipulations are required. In order to

achieve these capabilities, robotic hands require the following abilities:

e Can form various grasping shapes according to object shapes and the ob-



jective of each task.
e Can relocate the fingers and accomplish the task by itself.

e Can control the force on the object’s according to the object properties,

such as weight and material.

Multi-fingered hands have multiple degrees of freedom and redundancy in their
joints. These characteristics attract researches of artificial multi-fingered hands;
there have been many activities in design, analysis, and control in recent years.
Some pioneer three-fingered hands, such as the Okada hand[l] began the
trend of the development of more sophisticated end effectors. Numerous multi-
fingered hands have been built and successfully demonstrated, notably the Sal-
isbury hand[2], the Utah/MIT hand[3], the Waseda series of hands[4], the Bel-
grade/USC hand[5], the Bologna hand[6], and the DLR hand[7]. A wide range
of design strategy has been followed in the production of these hands[8, 9]. A
number of different arrangements of the fingers have been adopted, although the
most popular arrangement mimics that of the human hand, with a “thumb” op-
posing two or more “fingers”. Some hands are tendon-driven[3, 6, 9], and some

powered by actuators in the hand unit itself[8, 10].

2.3. Control of grasping and manipulations

2.3.1 Dextrous manipulations by a multi-fingered hand

How to configure the fingers of multi-fingered hands is the first natural question
when the hand grasps an object. This is the problem of grasp synthesis, or grasp
planning. Many researchers have concentrated on this grasp synthesis[11, 12]
and planning[13, 14]. Additional works have focused on grasp analysis[15, 16]. In
order to evaluate different possible grasp choices, various grasp quality measures
have been proposed[17, 18].

Given a grasp analysis/plan, there have been extensive works in the area of the
grasp control. Real-time control of robot hands is difficult due to the complexity

of the dynamic models, and the difficulty of extracting good sensory information.



A good approach that has been used by a number of researchers is impedance
control[19], or stiffness control[9, 20].

In order to maintain the grasp of an object under external disturbances, a lot
of works have concentrated on grasp stability. The issue of how many fingers or
contacts is required to constrain a given object under various contact condition
(frictionless point contact, etc.) is the key question. Significant works in this
area have established bounds on the number and type of contacts|21, 22]. The
definition of “Force Closure” and “Form Closure” grasps have emerged from these
works|[23, 24]. Form Closure is generally defined as the ability of a grasp to
prevent motions of the object, relying on only unilateral, frictionless contact
constraints[25]. Force Closure, on the other hand, is defined in [25] as the situation
where motions of the object are constrained by suitably large contact force of the
grasp (usually considering friction). An example is shown in Fig.2.1. The figure
shows a three-fingered grasp of a planar circle. The grasp is not Form Closure in
the sense above since a moment at the center of the circle can not be resisted by
the fingers (with frictionless contact). However, the grasp is Force Closure under
friction, since in this case the fingers can squeeze suitably to invoke sufficient
tangential frictional force at the contact points to resist the moment at the center.

From the above example, we can see that friction takes an important role
in reducing the number of fingers theoretically necessary for grasp. Humans
perform dextrous grasp with as few as two fingers. This reduction in the number
of required fingers is largely due to the friction at the fingertips. For robotics
applications, a fine control of frictional force requires the sensation of effects such
as a slip[26]. In recent years, various sensors have been developed that can sense
a state of stress in the fingertip[27, 28] and slips on the contact surface[29, 30, 31].
A force control based on the slip sensing has also been proposed[28, 30, 32].

Many of above works have concentrated on the specified grasp in that the
finger positions remain fixed to the same points on the grasped object during the
analysis. There has been a number of works on regrasp from one distinct grasp
configuration to another[33, 34]. For the case of regrasp by successive fingers
discretely changing position on a grasped object, this regrasping is known as

finger gaiting[25].



Finger 1

Finger 2 Finger 3

Figure 2.1. A force closure but not a form closure grasp
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Figure 2.2. Control flow of grasping motions

2.3.2 Control mechanism of human’s finger motions

Neurophysiologists and occupational therapists have concentrated on the control
mechanism of human’s finger motions. The control system can be generally clas-
sified into feedforward and feedback control systems. In the feedforward control,
motor commands are programmed in advance and the motions do not change
depending on sensory stimulations. In the feedback control, on the other hand,
the motions are largely affected by the sensory stimulations.

The control flow of grasping motions is briefly shown in Fig.2.2. When a
person grasps an object, the object is recognized by visual perception in advance
of the motion. The visual information about the object is processed in the vi-
sual processing system and stored in the brain as internal representations. The
grasping force and the hand shape are calculated by the internal representations.
The resultant information is processed in the motor control system and the mo-
tor commands are given to muscles. Consequently, the grasping motions are
performed.

Somatosensory information such as tactile, pressure, and kinesthetic sensa-

tions can be given by the grasping motions. The information directly affects the

11



motor control system and revises the internal representations via the somatosen-
sory information processing system. Johansson et al. have revealed that the
grip force is controlled according to the material of the object surface, and the
grip force decreases when cutaneous sensations are denervated by the experi-
ments where a subject pinches a small object with two fingers (thumb and index
fingers)[35, 36, 37]. These results suggest that the tactile information is essen-
tial to stably grasp an object without slippage. Therefore, several force control
strategy based on the slip sensing has also been proposed|28, 30, 32].

Many researchers have also focused on the feedforward control of human
motions. They have revealed that the applied grip force by the fingertips in-
creases according to the object size[38, 39, 40, 41], which is caused by “size-weight
illusion” [42]. The motions are also affected by visual illusions[43, 44, 45]. These
results suggest that the feedforward control based on the visual information is
taking an important role on the grasp. Although the size and the motions of
the object can be recognized by vision, the object properties such as weight and
friction coefficient can not be obtained without the tactile sensations. The feed-
forward control is affected by the accumulated tactile information that revises the
internal representation of the object. Flanagan et al. have revealed that humans
program the grasping force in advance of the motion[46, 47, 48]. They have also
argued that the force programming is affected by the object properties.

2.4. Rhythmic motions and CPG-based control

2.4.1 Control mechanism of biologic rhythmic motions

Rhythm patterns in the locomotive motions of animals, such as locomotion of
quadruped animals, fluttering of birds, and swimming of fish, are generated in
some central neural units. Basically, any sensor signal is unnecessary to produce
these rhythm patterns. Biological systems are characterized by their behavioral
patterns with complexity of large degrees of freedom that will be stably and
flexibly generated depending on the state of the environment.

The information flow in voluntary movements is shown in Fig.2.3. The higher

level that includes association area, premotor cortex, and supplementary motor
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area programs motions. The lower level that includes motor area, brainstem,
spinal cord, and musculo-skeletal system controls the motions. The voluntary
control system of walking speed and stride is in the higher-level that programs

the motion.

2.4.2 Central Pattern Generator

Neurophysiological studies have revealed that a hierarchical structure is present in
the locomotor systems. Shik et al. have demonstrated that decerebrate cats can
walk on a treadmill by steady electrical stimulation to the midbrain region[49].
Moreover, animals adopt different gaits depending on the stimulation strength
and the speed of the treadmill. This fact shows that a complex type of behavior
can be controlled by a simple type of top-down signal, while it is not deter-
mined uniquely by the signal but is influenced by functional and environmental
constraints.

Rhythmic motor patterns are coordinated by neural circuits referred as the
central pattern generator (CPG)[50]. Although isolated CPGs can generate
rhythmic activities without sensory or descending signals, the interaction be-
tween the CPG and the sensory input may be indispensable for locomotion in
a natural environment. Centrally generated rhythm is entrained by the sensory
signals that are induced by the rhythmic movement of the motor apparatus in
animals. This fact strongly suggests that the motor output is an emergent prop-
erty of a dynamic interaction between the neural system, the musculo-skeletal
system, and the environment[51].

Although various models have been proposed to demonstrate neural rhythms,
the essential feature common in all models is the mutual inhibition between the
neurons. The most simple mutual inhibition network that a generates rhythmic
pattern is shown Fig.2.4. This model oscillates when the following condition is
satisfied:

e Both neurons Ny and N, suppress each other.
e Impulse rate of the neural output is reduced gradually.

e Constant impulse is input to neurons N; and Nj.
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This network is a kind of relaxation oscillator; only one neuron can fire at a time
due to the mutual inhibition, and the alternation of the firing neuron is caused by
the adaptation in the firing neuron and the recovery of the activity in the resting
neuron[52]. This network can be considered a basic model of fluttering of bird

wings, chewing and other simple rhythms.

2.4.3 Rhythmic motions of fingers

Although humans are not the only creatures capable of manipulations, the ma-
nipulation is essentially a human activity. The large fraction of the human motor
cortex devoted to manipulations and the number and sensitivity of mechanore-
ceptors in our palms and fingertips are indications of the importance of manipula-
tions in humans. Physiologists have investigated human dextrous manipulations
through years[53, 54, 55, 56].

Researchers in robotics have classified human’s grasping and manipulation

with eyes to provide a knowledge-based approach for grasp configuration of robot
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hands[57, 58]. Occupational therapists have also proposed various classifications
of human manipulations. For example, Exner has classified in-hand manipula-
tions into the following three categories to evaluate human manipulation skills[59]:
Translation: Movements of an object from a palm to finger surface
and the vise versa.
Shift: Manipulations by alternating movements of fingers.
Rotation: Manipulations using fingertips to move an object

around its axis.
In the shift and the rotation, relocation of fingers is involved, for example, regrasp

of a pen and rotation of a cap.

Rhythmic motions can be observed in these relocating motions of the fin-
gers. In rotating motions, because humans can rotate an object only about /2
to 7 [rad] at once, the relocating and rhythmic motions are consequently ob-
served. Taguchi et al. have measured the trajectories of human’s finger motions
during the rotating manipulation of a cylindrical object by a motion capturing
system. They have observed rhythmic finger motions and argued that the finger
motions may be controlled by the feedforward control when the subjects attain
proficiency[60]. This result suggests that the CPG-based control is suitable for
the shifting and the rotating manipulations in that the relocating motions are

involved.

2.5. Conclusion

This chapter has situated the work in this thesis in the relevant literature. A brief
review of the state of the art in robot hand hardware and the characteristics of a
multi-fingered hand have been provided. Significant grasping and manipulation
strategies have been introduced and the approaches that exploit a multi-fingered
hand for dextrous manipulations have been presented. This chapter has also
introduced the rhythmic motions and the control system in animals and humans.
A CPG that can generate a rhythmic pattern has been shown and the capability

of the CPG-based control on manipulations has been addressed.
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Chapter 3

Investigation of the feedforward
control in human’s grasping

motions

3.1. Introduction

Human’s rhythmic motions of the fingers have not been studied because the dex-
terity and the complexity of manipulations using multiple fingers have been em-
phasized strongly. However, rhythmic motions can be observed in the relocating
motions of the fingers. Human naturally learns rhythmic motions when he attains
proficiency. Moreover, human can efficiently and robustly grasp various objects.
Force programming based on the information about the object properties, such
as the weight and friction coefficient of the grasped object, takes an important
role in human sophisticated grasp. This chapter focuses on the rhythmic motions
of humans and the feedforward control in grasping motions.

This chapter begins by developing a simultaneous measurement system of
force and electromyography (EMG). A force measurement device can measure
applied grip and load force on the object by a built-in force sensor. The measured
force is utilized for detecting the contact between the fingers and the object
surface. A surface EMG measurement system is exploited and the measured EMG
is utilized for the investigation of the effects by the force programming before the
fingers contact on the object. Adductor Pollicis (AdP) and Abductor Pollicis
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Brevis (AbPB) muscles are measured by the developed system. Since intrinsic
muscles are not significantly affected by motions of the arm, these muscles are
adequate for the measurement.

A pilot experiment is conducted for the determination of the time range in that
the force programming affects the measured EMG. Based on the pilot experiment,
six subjects perform grasping motions, and the grip/load force and EMG are
measured.

In the experiment, two conditions are set up. One is the “rhythm condition”
where a subject performs a task keeping the timing with the bell that rings at
the interval of 1.5[sec|]. The other is the “free condition” where a subject can
determine the timing to perform the task. The object weight changes from 300]g]
to 900[g]. By comparing the results, effects of the rhythmic motion and the force
programming can be investigated.

3.2. Anticipatory force programming

Fukuda et al. have proposed a computational scheme to investigate human grasp-
ing motions by a computational approach and discussed the relation between the
object cognition and the hand shape[61]. They have argued that at least five
computational problems, mentioned below, have to be solved to perform grasp-

ing motions suitably:

1. Determination of the combined force
Computing the external force applied to an object so that the desired con-

dition of the object can be achieved.

2. Determination of the grasping points

Computing the grasping points on the object surface.

3. Force distribution

Computing the force applied to each grasping point.

4. Formation of the hand configuration

Computing the hand configuration to grasp the object.
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5. Hand control

Generating the motor command to perform the grasping motion.

These computational problems can be applied on a precision grip (a pinch grip
with the thumb and the index fingertips). When a person holds an object with
the precision grip, only thumb and index fingers contact on the object surface.
Supposing the object is symmetry and the center of mass exists at the center of
the object, the hand configuration for stable grasp is limited. This fact simplifies
the second (determination of the grasping points) and the fourth (formation of
hand configuration) problems. Moreover, the thumb and the index finger have to
apply the same force and torque on the object in order to grasp without rotation.
This fact also simplifies the third (force distribution) problem. Therefore, the
dominant problem in the precision grip among these four problems through the
problem of the hand control is the first problem (determination of combined
force). This fact indicates that a problem of the force programming is very
important for the grasping motions.

Several studies have concentrated on the force programming based on the
measurement of the grip and load force [38, 48, 41]. The grip and load force have
been measured only after the fingers contact on the object because the force is
measured by a built-in force sensor. In these studies, the time delay of tactile
feedback is exploited for the investigation in order to eliminate the effect of the
tactile sensation from the measured grip/load force. The fastest monosynaptic
reflex such as the stretch reflex even takes 30 ~ 50[msec| to affect the motor
control. Based on this fact, the measured grip/load force for 30 ~ 50[msec| just
after the contact can be assumed as the force that is not corrected by the tactile
sensations[62]. However, in this method, the available time period is so short that
the difference was hard to be detected due to the noise problem.

In this study, the force programming is investigated by measuring electromyo-
graphy (EMG) before the tactile feedback does not affect. The EMG is the signal
that is generated by the contraction of muscles and can be measured not only
after but also before the contact on the object. Moreover, the grip/load force are

simultaneously measured to detect the contact.
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Grip Force

Load Force

Figure 3.1. Grip and load force

3.3. Development of a simultaneous measurement
system of the grip/load force and the finger
EMG

3.3.1 Grip and load force

When an object is grasped, grip and load force are applied on the object. Human
efficiently controls the grasping force depending on the weight and the friction
coefficient of the object. The grip force is vertical force along the contact surface
(a dash line in Fig.3.1) and gives pressure on the object to grasp. Load force is
horizontal force along the surface (a solid line in Fig.3.1). The load force gives
force in the opposite direction to the gravity force and is generated by the friction
between the fingertip and the object. When an object is grasped by a pinch grip,

grip force f,, load force f;, the object weight m, and the gravity acceleration g

20



satisfy Eq.(3.1):

mg

fi="0 (31)

In order to grasp an object stably without a slip, the grip and load force

should satisfy the following equation:

1fy
fi

where p is the friction coefficient between the fingertip and the object surface.

> 1 (3.2)

Johansson et al. have investigated the relation between the grip and the load
force when human grasps objects that have various friction condition and revealed
that human generates about 1.4-fold grip force of the theoretical minimum force
to grasp the object[35]. Moreover, they have argued that the force is controlled
by perceiving a partial slip on the contact surface (incipient slip)[36]. Tada et
al. have revealed that a stick margin on the contact surface has about the same
profile if the object weight and friction coefficient are widely varied. They have
also demonstrated that the grasping force can be appropriately controlled by
keeping the stick margin constant[32]. These works indicate that the grip and

load force are controlled by perceiving the slippage on the contact surface.

3.3.2 Measurement device of the grip/load force

Figure 3.2 shows the measurement device that can measure grip and load force.
A 6-axis force-torque sensor (nano-sensor: BL-Autotec) is attached in the device
to measure the force. The specification of the sensor is shown in Table 3.1.

The size of the device is 70[mm] (top width) x50[mm] (length) x110[mm]
(height). The two gripping surfaces are covered with cotton (static friction coeffi-
cient is 0.7). The weight of the device is changeable at intervals of 300[g] (300[g],
600[g], and 900[g]) by putting leaden blocks in load containers. It is enough to
measure the applied force only on the one side since the device is approximately

symmetric so that the force on both sides should be the same in the precision

grip.
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'Exchangable
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Figure 3.2. Measurement device of the grip/load force

Table 3.1. Specification of the 6-axis force-torque sensor

Load rating Force 49.0[N]
Torque 0.392[N-m]|
Resolution Fx, Fy 0.0323[N]
Fz 0.098[N]
Tx, Ty 0.000196[N-m]
Tz 0.000265[N-m]
Size $17 x 22[mm)|
Weight 35[g]
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3.3.3 Measurement of the finger EMG

The precision grip has a complexity and redundancy since at least 15 muscles
have a direct or an indirect contribution in exerting force[62]. Because it is
difficult to measure all the muscles related with grasping motions, the easy-to-
measure muscles that intensively act during the motions are selected. The EMG

is measured by a surface EMG measurement method.

Target muscles

The static equilibrium of force is required in a pinch grip using the thumb and
the index fingers. According to biomechanical constraints, the extrinsic muscles
with tendons spanning all links are best suited for providing continuous output
force, whereas the intrinsic muscles can adjust and modulate the grip force by
stabilizing the metacarpal/phalangeal joints and counteracting rotational mo-
ments. In a tip-to-tip pinch grasp, the adductor pollicis (AdP) muscle directly
provides the compression force and the abductor pollicis brevis (AbPB) muscle
is the antagonist of the AdP muscle[62].

Based on these analyses, the AdP and the AbPB muscles that control the
adductive and the abductive motions of the thumb respectively are measured.
Fig.3.3(a) shows the position of the AdP muscle and Fig.3.3(b) shows the position
of the AbPB muscle. Since these intrinsic muscles are not significantly affected
by the motions of the arm, measuring these muscles is adequate to estimate the

motions of the thumb.

Simultaneous measurement system of the grip/load force and the finger
surface EMG

The surface EMG of AdP and AbPB are measured by an operational bioinstru-
mentation system (GE Medical Systems SYNA ACT MT-11). The system is
comprised of a receiver, a transmitter, and a head amplifier. The surface EMG
is measured by two electrodes attached on the skin surface around the target
muscles (see Fig.3.4). Since the surface EMG method measures the activities of
the muscles around the attached surface, it is not suitable to measure a specific

muscle. However, the surface EMG measurement is not invasive and easier to
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(a) adductor pollicis (AdP) muscle (b) abductor pollicis brevis (AbPB) muscle

Figure 3.3. Target muscles

(a) adductor pollicis (AdP) muscle (b) abductor pollicis brevis (AbPB) muscle

Figure 3.4. Measurement scene of the surface EMG
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measure than using needle electrodes.

A simultaneous measurement system of the grip/load force and the finger
EMG is developed that is comprised of the force measurement device and the
surface EMG measurement system. The system configuration and the system

overview are shown in Fig.3.5 and Fig.3.6 respectively.

Analysis method of the surface EMG

A pilot experiment is conducted to determine the analysis method of the measured
surface EMG. A subject puts a rubber glove on his hand, and the AdP/AbPB
muscles are measured. In the experiment, the object weight is set 900[g].

The grasping motions in the experiment are shown in Fig.3.7. The subject
approaches the object ((b) and (c) in the figure) from the initial position (c).
After grasping the object (d), he lifts up it to about 300[mm] height ((e),(f),(g))
and lifts down it to the table ((h),(i)). Finally, he releases fingers from the object
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Figure 3.7. Experimental scenes during the grasping motion
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and moves back to the initial position ((j), (k), (1)).

The measured EMG signals of the AdP and the AbPB muscles are shown in
Fig.3.8. The measured signals are sampled at 100[Hz], digitally low-pass filtered
at 30[Hz|, and rectified. The measured grip and load force are the applied force
on the thumbs side of the object. From the AdP and the AbPB EMG that are
shown in Fig.3.8(b) and (c), the antagonistic activities can be observed. The
intensive activities of the AbPB EMG can be observed at first (A in the figure).
Next, the AdP activity can be observed (B) and the AbPB activity arises again
(C).

The grip force and the AbPB EMG in Fig.3.8 are superimposed and shown
in Fig.3.9. The force is measure after the fingers contact on the object surface.
Therefore, the fingers contacted on the object at the rising of the grip force and
the fingers released from the object at the trailing of the grip force. From the
figure, the intensive activity can be observed before the contact. The AbPB
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‘ Abduction

Figure 3.10. Adduction and abduction of the thumb

muscle controls the abduction motions of the thumb (the abductive direction
in Fig.3.10) and the AdP muscle controls the adduction motions (the adductive
direction in Fig.3.10). When the thumb stretches in order to grasp an object,
the thumb moves in the abductive direction and the AbPB muscles acts (A in
Fig.3.8). When the fingers give pressures on the object, the thumb moves in the
adductive direction and the AdP muscles acts (B). Finally, when the fingers are
released from the object, the thumb moves in the abductive direction again and
the AbPB muscles acts (C).

Let us consider the implications of the AbPB EMG activities. Since the
AbPB muscle controls the abductive movements of the thumb, the activities
correspond to the stretch movements of the thumb. However, the thumb moves
in the adductive direction before the contact. Now, it is supposed the AbPB
activities are caused by the increase of the thumb’s stiffness. Fig.3.11 shows the
AbPB EMG activities when the thumb’s stiffness increases. It can be observed
that the AbPB activity increases when the thumb’s stiffness increases.

Johansson et al. have revealed that grip and load force apply on the object
cooperatively [35]. In order to achieve such a sophisticated grasping motion, it is

important to program the applied force on the object anticipatively based on the
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Figure 3.11. Measured EMG signals of the thumb

information of the weight and the friction coefficient of the grasped object[61].
Smooth lifting motions can be performed by applying the force just after the
contact.

The grip force and the AbPB EMG activity around the contact are shown
in Fig.3.12 when a subject grasps the object whose weight is 300[g], 600[g], and
900[g]. The intensive activities can be observed before the contact (meshed area
in Fig. 3.12). Despite the fingers have not contacted on the object surface in
this area, the EMG activities seem to be affected by the object weight. Now
the range of 0.4[sec| before the contact is defined as “pre-contact period” where
the intensive activities can be observed. In the pre-contact period, the tactile
sensations about object properties have not been obtained. This fact indicates
that the weight-correlated activities in the AbPB EMG seem to correlate with
the force programming. Based on the analysis, the AbPB EMG activity in the

pre-contact period is focused and investigated in the following section.
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3.4. Simultaneous measurement of the grip/load
force and the finger EMG during grasping

motions

3.4.1 Experimental condition

Experiments are conducted using the simultaneous measurement system described
in Section 3.3. Subjects grasp the measurement device whose weight is 300[g],
600[g], or 900[g]. The subjects have practiced the grasping tasks until they have
got used to the object weight.

Six healthy right-handed male subjects in the age group of 23 ~ 31 years old
volunteered for the experiments (Subject A, B, C, D, E, and F). Subjects have

not been given the information about the objective of the experiment.

Rhythm condition

A subject was seated on a chair with his arm placed on a table in order to lift
up the object naturally. The subject was required to perform the task keeping
the timing with the bell that rang at intervals of 1.5[sec|. Fig.3.13 shows the
procedure of the task in the experiment. In one trial of the task, the subject

performed the following motions:
1. At the first bell, the subject starts an approach motion.

2. At the second bell, the object is grasped and lifted up at the height of

300[mm] with a precision grip.
3. At the third bell, the object is lifted down and placed on the table slowly.

4. At the forth bell, subject’s fingers are released from the object and his hand

is placed at the initial position.

The experimental scenes are shown in Fig.3.14. At first, a subject puts his
fingers on the table ((a) in the figure). The subject approaches the measurement
device ((b), (c)) and lifts up the object at the 300[mm] height ((d), (e)). Then,
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Figure 3.13. Procedure of the grasping motion

he lifts down to the table ((f), (g)), releases from the object (h), and moves his
hand to the initial position (1).

The experiment consisted of six sets of the trials in that a subject lifts up
and down the object. Fach set consists of 10 trials with the same object weight.
Subjects were required to perform the trials for two sets in each weight (300[g],
600[g], and 900[g]). The total time for each trial was 6[sec|. Intermissions (3[min])

were given between the sets.

Free condition

Although the experimental setup is almost the same as the rhythm condition, the
subjects are not required the rhythmical actions.

The experiment consisted of six sets of the trials in that a subject lifts up and
down the object and each set consists of 10 trials with the same object weight.
Subjects were required to perform the trials for two sets in each weight (300]g],
600[g], and 900[g]). The total time for each trial was 6[sec|. Intermissions (3[min])

were given between the sets.
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Figure 3.14. Experimental scenes
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Figure 3.15. Experimental results (rhythm condition, subject A)

3.4.2 Experimental results
Rhythm condition

Fig.3.15 shows the experimental results for the subject A in the rhythm condition.
The upper figures show the grip/load force and the lower figures show the AbPB
EMG activities.

The grip force and the AbPB EMG of the subject A around the contact
are shown in Fig.3.16. The EMG activities before the contact seem to change
depending on the object weight. In order to quantitatively evaluate the difference
of the EMG activities among the object weights, the average of the EMG activities
for 0.4[sec] in the pre-contact period and the mean of the averages are calculated.
Fig.3.17 shows the result (error bars indicate the standard deviation). For the
subject A, the EMG activities of 300[g] and 600[g] are similar, but larger activity
can be observed when the weights is 900[g]. For other subjects, the EMG activities

seem to increase as the weight increases.
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Figure 3.16. Grip force and AbPB EMG (rhythm condition, subject A)
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Table 3.2. Results of Bonferroni’s significance test (rhythm condition)

Sub. A | Sub. B | Sub. C | Sub. D | Sub. E | Sub. F
300-600 | NS NS *ok Hok * NS
600-900 Hok NS NS ok Hox Fok
300-900 ** * *x *k *x *x

*x:p < 0.01, x:0.01l <p<0.05, NS:p>0.05

The difference of the EMG activities between the object weights is statistically
analyzed by the Bonferroni’s significance test. The calculation method of the
Bonferroni’s test is shown in the appendix A. The results are shown in Table 3.2.
In the table, 300-600 indicates the result of the test between the activity when
the weight is 300[g] and the activity when the weight is 600]g].

Since the EMG activities vary widely, as we can observe from the standard
deviation in Fig.3.17, the difference can not be detected in some condition. How-
ever, the difference in the 300-900 condition can be detected for all the subjects.
This result suggests that the object weight affects the AbPB EMG activities in
the pre-contact phase. Although several works have revealed that the peak of the
grip force during grasping motions is affected by the force programming[48, 63|,
the weight-related activities in the AbPB EMG have not been reported yet. The
AbPB activity seems to correlate with thumb’s stiffness. It is very interesting
that the experimental results suggest that human controls the stiffness of the

fingers by the feedforward control depending on the object weight.

Free condition

Fig.3.18 shows the experimental results for the subject A in the free condition.
The upper figures show the grip/load force and the lower figures show the AbPB
EMG. In order to quantitatively evaluate the difference of the EMG activities
among the object weights, the average of the EMG activities for 0.4[sec| in the
pre-contact period and the mean of the averages are calculated. Fig.3.19 shows

the result (error bars indicate the standard deviation).
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Figure 3.18. Experimental results (free condition, subject A)

In the free condition, the EMG activities do not increase depending on the
weight. These results are apparently different from the results in the rhythm
condition. This suggests that the rhythmic motion based on the bell sounds

affects the grasping motion.

3.5. Conclusion

This chapter has investigated the rhythmic effects and the feedforward control of
grasping motions by measuring the grip/load force and the finger surface EMG
of AbPB/AdP muscles simultaneously.

The simultaneous measurement system has developed that consists of a mea-
surement device of the applied force and a surface EMG measurement system.
Since the grip and load force can be measured after the contact between the object
and the fingertips, the measured force is used for the detection of the contact.

Adductor Pollicis (AdP) and Abductor Pollicis Brevis (AbPB) muscles have
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been measured by the EMG measurement system. The AdP muscle controls the
adduction motions of the thumb and the AbPB muscle controls the abduction
motions. Since these intrinsic muscles are easy to measure by a surface EMG
measurement method and not significantly affected by the motions of the arm,
these muscles are suitable for the measurement. The measured EMG activities
have been exploited for analyzing the force programming before the correction
by the tactile sensations.

A pilot experiment has been conducted to determine the analysis method for
the measured surface EMG. The intensive activities of the AbPB muscle have
been measured in the range of 0.4[sec| before the contact. The range has been
defined as “pre-contact period”.

The experiments have been conducted using the simultaneous measurement
system. Six subjects have grasped the measurement device whose weight is 300[g],
600[g], or 900[g]. In the experiment, two conditions are set up. In the rhythm con-
dition, the subjects have been required to perform the tasks rhythmically keeping
the timing with the bell. In the free condition, they have not been required the
rhythmical actions. The difference of the measured EMG activities in the pre-
contact period have been statistically analyzed by the Bonferroni’s significance
test. The experimental results suggest that the object weight affects the AbPB
EMG activity. The weight-related activities in the AbPB EMG have not been
reported yet. These analyses indicate the importance of the feedforward control

in the grasping motions and the rhythmic motions in the human’s manipulations.
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Chapter 4

Rhythmic motion patterns in

human’s manipulations

4.1. Introduction

Taguchi et al. have reported that fingers during human’s rotating manipulations
are controlled according to rhythmic patterns when humans attain proficiency[60].
Motion patterns of legs in walking of animals have been formalized based on
the observation of the contact and release on the ground from the sequential
photographs[64, 65]. Supposing human’s fingers as a multiple manipulator sys-
tem, the same formalization method of the motion patterns can be applied to the
finger motions.

A number of applications for human-machine interfaces have been proposed
based on the measurement of the hand shape and the joint angles of the fingers
using cameras, motion capturing systems, and sensor gloves[66, 67, 68]. During
rhythmic motions, the fingers move iteratively along similar trajectories. In order
to achieve such rhythmic motions using a robot hand, it is not important to
imitate the trajectories and the hand shape of human precisely. The significant
questions are “Which finger does move?” and “When the finger does move?”.
This information can be measured by the contact condition between the fingers
and the object.

Firstly, this chapter describes a measurement system of the contact patterns

between fingers and an object during rotating manipulations. A subject manipu-
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lates a cylindrical object using four fingers and the contact condition is measured
by the developed measurement system. Next, typical contact patterns are de-
tected based on the measured contact information that can apparently represent
the rhythmic movements during the manipulation. The rhythmic motions of
fingers during the rotating manipulations are investigated based on the typical

contact pattern.

4.2. Investigation of rhythmic manipulations based

on the contact condition

4.2.1 Measurement system

In order to grasp an object using a robot hand, two elastic fingers or three rigid
fingers are necessary for the static stability. If the robot hand has an additional
one finger, it is enough to relocate fingers keeping the static stability during
the manipulation. Therefore, a number of dextrous robot hands that have four
fingers have been developed[3, 7|. Considering that a four-fingered robot hand is
exploited for a manipulation, human’s rotating manipulations using four fingers
are measured in this study.

The contact condition during the rotating manipulation is measured using
force sensing resistors (FSRs) that are shown in Fig.4.1(a). The specification of
the FSR is shown in Table 4.1. In the experiment, a subject puts rubber fingercaps
in that the FSRs are attached on the fingertips (thumb, index, middle, and ring
fingers) and rotates a cylindrical object whose diameter is 65[mm] and weight is
20[g]. The system overview is shown in Fig.4.1(b). The sampling frequency of
the FSRs is 50[Hz].

4.2.2 Experimental condition

The experimental scene is shown in Fig.4.2. Five subjects (Subject A, B, C,
D, and E) performed the experimental tasks after they had practiced the ma-
nipulation sufficiently. The subjects have not been given information about the

objective of the experiment.
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Table 4.1. Specification of FSRs

Active area diameter 5.0[mm]
Thickness 0.3[mm]
Active range 9.8 ~ 980[kPa]

(a) FSR (b) System overview

Figure 4.1. Contact measurement system
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Figure 4.2. Experimental scene

4.2.3 Experimental results

Fig.4.3 shows that representative FSR output of the subject A for two seconds
during the rotating manipulation. The vertical axis indicates the FSR output
and the horizontal axis indicates the time. The measured FSR activity increases
as the applied force increases. It is interesting to investigate human’s stability
control during the rotating manipulation based on the measured applied force,
but this is not the present concern. In this chapter, the contact pattern of each
finger is focused.

When the fingertip applies the force on the object, the FSR can measure the
pressure on the contact area. The contact condition between the fingertip and the
object can be detected by analyzing the measured FSR information and binarizing
at a certain threshold into “touch condition” and “release condition”. Fig.4.3(a)
is the measured FSR information of the subject A during the manipulation. The
contact condition is also shown in Fig.4.3(b). The contact condition for the other
subjects are also shown in Fig. 4.4(a)~(d). From these figures, we can observe

the characteristic contact information depending on the subjects. To represent
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the individual characteristics clearly, the typical contact patterns are detected
based on the measured information.

When the measured contact information is separated at the timing when the
contact condition of the thumb becomes the touch condition from the release
condition, most of the time period of the successful motion in one cycle is about
0.7 ~ 0.8[sec] for all the subjects. Based on the analysis, the typical contact

pattern is derived by the following procedures:

1. The measured contact information is separated at the timing when the
contact condition of the thumb becomes the touch condition from the release

condition and each separated data is supposed as the data of one cycle.
2. The data whose time period in one cycle is 0.7 ~ 0.8[sec] is extracted.

3. The extracted data is interpolated linearly in order that the time period

becomes 0.8[sec].

4. The average of the interpolated data at each time is calculated and the

averaged data is binarized again.

The typical contact patterns can be represented by the time period of the
touch condition in one cycle. The typical contact patterns for all the subjects are
shown in Fig.4.5.

From the typical contact patterns, following characteristics can be observed:
1. When the thumb contacts, the ring finger is released.

2. When the ring finger contacts, the index finger is released.

3. When the index contacts, the thumb is released.

These results show that two fingers among the thumb, index, and ring fingers
consistently touch on the object surface. Although the contact pattern of the
middle finger varies widely depending on the subjects, it seems that the middle
finger touches in synchronization with the thumb’s movement and supports the
stable grasp. For the subject E, the contact timing of the ring finger delays in
comparison with the other subjects, but the middle finger supports the grasp by

touching the object earlier.
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These analyses suggest that the principal three fingers (thumb, index, and ring
finger) mainly take a role for the stable grasp and the rotating manipulation; the
middle finger supports those motions when the grasp and the manipulation can
not be performed using only the principal three fingers.

We can investigate how the switching motions (relocating of the fingers) are
performed based on the typical contact patterns. The switching motions during
the rotating manipulation in the subject A are shown in Fig.4.6 that can be given
by the measured contact pattern (shown in Fig.4.5(a)). During the manipulation,
the frequent switches of the grasping configuration, from two fingers grasp to three
fingers grasp and vice versa, can be observed.

The movable range of the fingers seems to affect the contact patterns. The
rotating manipulation is performed by adductive/ abductive movements and flex-

ion/ extension of the fingers. In such movements, the movable range of the thumb
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is relatively wider than the movable range of the other fingers, especially in the
adduction/abduction of the middle finger. These effects of the movable range

may determine the contact patterns during manipulations.

4.3. Conclusion

This chapter concentrates on the rhythmic motions of humans and investigates
contact patterns during rotating manipulations. When a person attains profi-
ciency, the motions of the fingers during the rotating manipulations are controlled
according to rhythmic patterns. By analyzing the contact pattern during the ma-
nipulation, the characteristics of the rhythmic manipulations can be investigated.

A measurement system has been developed and the contact condition of the
fingers has been measured during the rotating manipulation. The contact condi-
tion has been measured by force sensing resistors (FSRs). A subject puts rubber
fingercaps in that the FSRs are attached on the fingertips (thumb, index, mid-
dle, and ring fingers). He rotates a cylindrical object using these four fingers. In
the rotating manipulation, switching motions (finger relocation) are consequently
observed. The rhythmic movements of the fingers have been observed by the mea-
sured contact condition during the manipulation. Typical contact patterns have
been detected based on the contact information. The typical contact patterns
represent the touch condition in one cycle of the manipulation.

The measured typical contact patterns show the switching patterns of the
grasping fingers. The role of each finger can be investigated from the typical
contact pattern. The principal three fingers (thumb, index, and ring fingers)
mainly take a role for the stable grasp and the rotating manipulation; the middle
finger supports those motions when the grasp and the manipulation can not be
performed using the principal three fingers. Movable range of the finger seems to
affect the measured contact pattern. Few studies have investigated the rhythmic
motion patterns based on the contact condition. The results in this chapter have
presented a formalization method of manipulations using fingers.

In order to investigate the human’s rhythmic manipulation skills, it is neces-
sary to measure additional information during the manipulation. For example,

the contact points between the object and the finger, the applied force and torque,
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and the position and rotation of the manipulated object should be measured.
Moreover, it is interesting to investigate the manipulation patterns when the ob-
ject size and shape are changed. The measurement device that can measure such

information will be required for the further investigation.
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Chapter 5

CPG-based manipulation

5.1. Introduction

Neurophysiological studies have revealed that rhythmic motor patterns such as
locomotion in animals and insects are coordinated by neural circuits referred to
as central pattern generators (CPG) [69, 70, 71]. In walking of the animals,
the musculo-skeletal system is driven by the rhythmic patterns generated from a
rhythm generator in the vertebra and a reflex system based on the sensations from
peripheral nerves. The animal’s walking patterns adaptively change according to
the walking velocity, for example, in walking, rattling, and rapid pace.

The rhythmic pattern that produces the locomotion has been constructed
using neural oscillators[72, 52]. A CPG steadily generates oscillatory output
unless external input is given. The CPG can generate various patterns based
on the external input, such as sensory feedback. The measured typical contact
patterns during a rotating manipulation addressed in the chapter 4 represents
a model of the rhythmic motion pattern. If the pattern can be generated by a
certain CPG, the CPG-based control method of walking for a multi-legged robot
can be applied on the rhythmic manipulations for a multi-fingered hand.

This chapter addresses a neuron oscillator model and a CPG that is con-
structed by a mutual connection of the neurons. The constructed CPG generates
a contact pattern of the fingers. Next, a control method of the fingers is described.
The fingers are controlled by “motion-triggers” generated by the CPG. Then, the

feedback of the external force into neurons by a force sensor on a fingertip is
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proposed. The force feedback via the CPG can enhance the stability of the grasp
when a disturbance is applied. Finally, a dynamic simulation system is devel-
oped and the effectiveness of the proposed CPG-based control is demonstrated

by performing rotating manipulations using the contact pattern generated by the
CPG.

5.2. CPG-based manipulation

5.2.1 Neural oscillator model

Various neural circuit models have been proposed that explain the mechanism
of a rhythm generator[73, 74, 75]. In this study, the neural oscillator model
that has been proposed by Matsuoka[72, 52] is adopted for a rhythm generator.
Mathematical properties of Matsuoka’s model and generating condition of the
oscillatory output in a mutual inhibition network have been investigated.

The CPG-based control has been applied to an adaptive walking control of
multi-legged robots and the effectiveness has been confirmed. Taga has proposed
a walking control method that is robust against the changes of the terrain and the
external force by connecting the neural model to the musculo-skeletal model of a
bipedal walking robot[76, 51]. Kimura et al. have also developed a quadrant robot
that can walk on smooth and rough terrain using the CPG-based control[77, 78].

The neural oscillator of the Matsuoka’s model can be mathematically repre-

sented by the following equations:

T/U,‘ = —u;+ Y; (52)
yi = f(w) (f(us) = max(0, u;) ) (5.3)

where u; is the inner state of the i-th neuron; v; is the variable representing the
degree of adaptation or self-inhibition; y; is the output of the neuron; ug is the
external input with a constant rate; S; is the feedback input; w;; is the connecting
weight between the i-th and the j-th neurons; 3 is the constant of adaptation; 7

and 7" are the time constants of the inner state and the adaptation respectively.
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A CPG can generate various patterns by connecting the neurons to each other.
The measured typical contact pattern in the chapter 4 can be generated by the
CPG. The constructed CPG is shown in Fig.5.1. N; ~ N, are the neurons
that generate contact patterns of the thumb , index, middle, and ring fingers
respectively. Fig.5.2(a) shows the output of each neuron where S; = 0. The
amplitude of each neural output is not important because the neurons generate
the contact period of time. The generated contact pattern in one cycle from the
constructed CPG is shown in Fig.5.2(b).

In the generated contact pattern, the thumb, index, and ring fingers touch on
and release from the object alternately. Two fingers among those three fingers
touch the object consistently during the manipulation. Additionally, the middle
finger touches in order to support the role of the thumb and the index finger when

the ring finger releases.

5.2.2 Generation of the motion-triggers by CPG

Fingers basically keep iterative motions on a constant trajectory during the rhyth-
mic motions, therefore, it is not important to imitate the trajectories. Rotating
manipulations can be conducted by classifying the motions into several categories
and performing these motions.

Here, a rotating manipulation can be classified into the following four cate-

gories:

e Touching on an object (approach motion)
e Rotating the object (rotating motion)
e Releasing from the object (release motion)

e Moving back to an initial point (back motion)

The rotating motion is taken after the approach motion, and the back motion
is taken after the release motion. The rhythmic rotating manipulations can be
performed by issuing “motion-triggers” that starts these successive motions. The
motion-triggers should be issued appropriately in order that the fingers cooper-
atively and synchronously move and manipulate the object. To generate such

rhythmic motion-triggers, the CPG is exploited for issuing the commands.
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In the rotating manipulations, the CPG generates two kinds of the motion-

triggers:

e Command that starts the approach motion and the rotating motion (contact

command).

e Command that starts the release motion and the back motion (return com-

mand).

The contact command is issued when the output of the i-th neuron becomes
y; > 0 from y; = 0, and the return command is issued when the output becomes
y; = 0 from y; > 0. By issuing these commands cooperatively on the fingers, the
rhythmic manipulations can be performed that involve switching and relocating

motions of the fingers.

5.2.3 Sensory feedback to the neurons

When large external force is applied on the grasped object during a manipula-
tion, the object slips over the contact surface and may be dropped on the ground.
Considering that the rotating manipulations are performed using the measured
contact patterns in the section 5.2.1, frequent switches of the grasping configu-
rations, from two fingers grasp to three fingers grasp and vice versa, have been
observed. Assuming that the point contact holds between a rigid finger and a
rigid object, when the object is grasped with two fingers, the action lines of the
grip force should pass the two contact points and face each other in the equivalent
force. Similarly, when the object is grasped with three fingers, the action lines
of the force should be on the same plane that involves the three contact points
and be parallel to each other, or the action lines have to pass on the center of
the mass. If the fingers have elastic fingertips, soft-finger contact can be assumed
and the described condition above has not to be strictly satisfied. However, it
is apparent that the condition of the stable grasp with two fingers is less robust
than with more fingers. The simple and effective way to deal with the problem is
to enhance the grasp robustness by adding grasping fingers when external force

is applied.
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In order to add grasping fingers when a force sensor on a fingertip measures
external force, the feedback term S; in Eq.(5.1) is given by the following:

Si = —k‘s maX(O, S, + Smin) (54)

where s,; is the sensor value of the i-th fingertip in the gravitational direction,
Smin 1S the threshold that detects the external force, and k, > 0 is the feedback
gain.

When the external force is applied to the object in the opposite direction of
the gravitational force, the feedback value S; decreases as the measured force s;
increases. Eq.(5.1) gives the variation of the inner state of the neuron. When
the feedback value S; decreases, the amplitude of the oscillatory output decreases
and the output y; keeps positive. Consequently, the neuron does not issue the
return command to the finger and the finger keeps a contact state. Therefore,

the fingers can keep grasping during the disturbance.

5.3. Rotating manipulation using the CPG

5.3.1 Condition of the simulation

The dynamic simulator shown in Fig.5.3 is developed using a dynamic simulation
library (Open Dynamics Engine: ODE). The four-fingered hand model in the
simulator consists of only fingertips without links. The mass of the object is
1.0[kg] and the gravity is set 0.1]m/s?]; the weight of the object is 0.1[N]. The
friction coefficient between the object and the fingertip is 1.0. The initial position
of each fingertip is set O[rad] (thumb), 27/3[rad] (index), w[rad] (middle), and

47 /3[rad] (ring) based on the movable range of human’s fingers.

5.3.2 Control of the fingers

Fig.5.4 shows the motions of each finger when the motion-triggers are issued to
the finger. f,,, is the force applied on the object, f
rotate the object, f
force to move back to the initial point. f, , is the resultant force of the grasping

ot 18 the force to grasp and

rele 18 the force to release from the object, and f,,.. is the

force f, and the rotating force f

w*
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Figure 5.3. Developed dynamic simulator
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In the rotation motion, the force f, , is given by the following equation:

rot

frot = fw + fg (55)
fo = kn(py— p)— koD (5.6)
fo = [ (5.7)

where p is the current position of the fingertip; p, is the target position of the
fingertip; p is the velocity of the fingertip at the current point; £, and k,; are
the constants; f, is the minimum grip force in order to grasp the object stably
calculated by the object weight and the friction coefficient. The target position
p, is previously determined for each finger respectively. Furthermore, the com-
pensation force is applied on each fingertip in order that the object position keeps
the desired position by a PD control.

In the back motion, the force f,, .. is given by the following equation:

fback = kPQ( q, — p) - kv? p (58)

where g, is the target position of each finger; k,2 and k.o are the constants. The
target position g, is previously determined for each finger respectively.
and f

In the approach motion and the release motion, the force f are

appr rele

generated to each fingertip that are previously determined.

5.3.3 Simulation of a rotating manipulation

This section describes the evaluation of the CPG-based rotating manipulation
using the developed dynamic simulator. The rotating manipulation is performed
by issuing the contact/return commands to the fingers based on the output of
the CPG in the section 5.2.1. In the simulation, the target position p, is set
in order that the thumb, index, and ring fingers rotate mw[rad], and the middle
finger rotates 7/12[rad]. The CPG parameters used in the simulation are shown
in Table.5.1.

As is shown in Fig.5.5, the object rotates along z-axis (the opposite direction
of the gravitational force) according to the contact patterns generated by the
CPG model. The rotation angles of the object along z, y, and z-axes are shown

in Fig.5.6(a) when the disturbance is not applied. The relative displacement from

64



Table 5.1. CPG parameters in the simulation

parameters value
T 0.9

T/ 12.0

U 7.0

I} 3.0

Wi; 2.3

(6)

(4) (5)

Figure 5.5. Rotating manipulation in the simulation
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Figure 5.6. Rotation and position of the object during the rotating manipulation
(simulation, without disturbance)

the desired position of the object center o4 = (0,0, 30) is also shown in Fig.5.6(b).
We can observe that the object consistently rotates along z-axis in the air.

The neural output and the measured sensory value along z-axis of each finger
from 20[sec] to 40[sec] are shown in Fig.5.7(a)~(d). The sensory value responds
when the finger touches on the object. From these figures, rhythmic contact with
the object can be observed according to the rhythmic output of neurons. The
results of the simulation indicate that the rotating manipulations of a cylindrical
object can be performed using the output of the neurons.

Fig.5.8(a) and (b) show the rotation angles and the relative displacement of
the object when the external force 3.0[N] along z-axis is applied on the object
from 25.0[sec] to 26.5[sec]. Fig.5.9(a) ~ (d) show the neural output and the
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measured sensory value along z-axis from 20.0[sec| to 40.0[sec]. When the dis-
turbance is applied, the sensory values of the fingers that contact on the object
significantly respond in the positive direction along z-axis by the effect of the
disturbance. The neurons of the contact fingers receive the inhibitory stimuli by
the corresponding feedback input S; and the output of the neuron keeps positive
value. Consequently, the neuron keeps issuing the contact command. Since the
fingers are controlled by the simple PD control described in Eq.(5.7), the fin-
gers motions are stopped at the desired position. The rotating manipulation is
halted if the contact command is extended and the release command is not issued.
When the disturbance is terminated, each neuron begins to alternately issue the
touch/release commands again and the rotating manipulation is resumed. We
can observe from Fig.5.8(a) that the rotating manipulation is halted when the
disturbance is applied, and resumed when the disturbance is terminated. The ex-
perimental results show that the rotating manipulations can be performed using
the force feedback via the CPG if a disturbance is applied to the object.

5.4. Conclusion

This chapter has introduced a CPG that can generate a typical contact pattern of
human that has been analyzed in the chapter 4 and demonstrated the CPG-based
control method for a rotating manipulation using a dynamic simulator. In this
study, the neural oscillator model that has been proposed by Matsuoka [72, 52] is
adopted for a rhythm generator. The measured typical contact patterns during
rotating manipulations addressed in the chapter 4 represent a model of rhythmic
motion patterns.

At the first part, the CPG has been shown that can generate a typical contact
pattern by a mutual inhibition network. In the generated contact pattern, the
thumb, index, and ring fingers touch on and release from the object alternately.
Two fingers among those three fingers touch the object consistently during the
manipulation. Additionally, the middle finger touches in order to support the
role of the thumb and the index fingers when the ring finger releases.

Fingers basically keep iterative motions on a constant trajectory during rhyth-

mic motions and it is not important to imitate the trajectories. Rotating manip-
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ulations can be conducted by classifying the motions into several categories and
performing these motions in order. This study has classified the rotating manip-
ulation into “approach motion”, “rotating motion”, “release motion”, and “back
motion”. The rotating motion is taken after the approach motion, and the back
motion is taken after the release motion. Rhythmic rotating manipulations can
be performed by issuing “motion-triggers” that start these successive motions.
The motion-triggers have to be issued appropriately in order that the fingers co-
operatively and synchronously move and manipulate the object. To generate such
rhythmic motion-triggers, the CPG can be exploited for issuing the commands.

When large external force is applied on the grasped object during a manipu-
lation, the object slips on the contact surface and may be dropped on the ground.
The simple and effective way to deal with the problem is to enhance the grasp
robustness by adding grasping finger when the external force is applied. In or-
der to add the grasping fingers when a force sensor of the fingertip measures the
external force, the force feedback has given to the neurons. Consequently, the
neuron does not issue the return command to the fingers and the fingers can keep
grasping during the disturbance.

The last part of this chapter has addressed experimental results in a sim-
ulation using the proposed CPG-based control method. A dynamic simulation
system has been developed and a four-fingered hand model has been built. The
fingers have controlled by a simple PD control according to the motion-triggers
generated by the constructed CPG model. The results of the simulation show
that rotating manipulations of a cylindrical object in the air can be performed
using the output of the neurons. Furthermore, robust rotating manipulations
have been performed by keeping contact states using the force feedback via the
CPG when a disturbance is applied on the object.

In all, the results in this chapter present that the CPG can generate a similar
contact pattern to that of humans and rotating manipulations can be performed
by the generated pattern. These results confirm the validity and the effectiveness
of the CPG-based control on the measured contact patterns that analyzed in the

previous chapter.
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Chapter 6

Rhythmic manipulations using a
multi-fingered hand by the
CPG-based control

6.1. Introduction

In this chapter, the rhythmic manipulation is performed using a multi-fingered
hand by the proposed CPG-based control. The period, phase and amplitude of
the rhythmic output generated by the CPG are determined by the parameters
of the neural oscillators. Moreover, the property of the oscillatory output can
be changed by the appropriate feedback to the neurons. By using these charac-
teristics of the CPG, a multi-fingered hand can perform rhythmic manipulations
according to the state of the environment.

This chapter introduces a control method of the switching cycle of the grasping
fingers by the joint margin feedback to the neurons. Since the switching cycle
of the grasping fingers during rotating manipulations is affected by the movable
range of the finger joints, the rotatable angle of the manipulated object in one
cycle changes depending on the size of the object. However, it is difficult to
precisely measure the size of the object without the object model. The CPG-
based control is effective in such condition.

The first part of this chapter presents the CPG that consists of a simple

mutual inhibition network. This chapter also describes a rotating manipulation
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with the relocation of the fingers using the constructed CPG. Motion-triggers are
used for the control of the fingers that are explained in the previous chapter.

At the next part, the effect of the movable range of the joints during the
rotating manipulations is introduced. A control method is proposed that can
change the switching cycle of the grasping fingers depending on the object size.
The output of the CPG changes by the effect of the joint margin feedback and
the issuing cycle of the motion-triggers is controlled depending on the object size.

Finally, a hardware system of a four-fingered hand is addressed and a con-
trol method of the fingers for the manipulation is introduced. The effectiveness
of the proposed method is confirmed by performing the rotating and shifting

manipulations of several sized objects using the hand system.

6.2. Switching cycle of the grasping fingers de-

pending on the object size

6.2.1 Neural oscillator model

The mutual inhibition network that consists of the two neurons N; and N, is
shown in Fig.6.1(a). The rhythmic output generated by each neuron is also shown
in Fig.6.1(b). In this study, a rotating manipulation is demonstrated using the
four-fingered hand system that is described in the section 6.3.1. The neurons N;
and N, are assigned to each set of facing two fingers (a set of the first and the
third fingers; a set of the second and the fourth fingers). The set of the facing
fingers is synchronously controlled. Since the phases of the oscillatory output of
the neurons have the difference of w[rad], the switching motions of the grasping
fingers can be performed by issuing the motion-triggers to each set of the fingers.

The generated contact pattern from the CPG is shown in Fig.6.2. As is
described in the section 5.2.2, the contact command is issued when the output of
the i-th neuron becomes y; > 0 from y; = 0 and the return command is issued
when the output becomes y; = 0 from y; > 0. The control diagram is shown in
Fig.6.3. Consequently, rotating manipulations with the relocation of the fingers

can be performed as shown in Fig.6.4.
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Figure 6.4. Rotating manipulation with the relocation of the grasping fingers

6.2.2 Joint margin feedback

The switching cycle of the fingers during the manipulation is affected by the
movable range of the joints. The rotatable angle of an object in one cycle changes
depending on the size of the object when the movable range of the joints is the
same. For example, if the movable area of a finger from the upper view is given
as the meshed area in Fig.6.5, the rotatable angle of a smaller object is larger
than the angle of a larger object.

Because the switching motions of the fingers themselves do not make a con-
tribution to the rotation of an object, too much relocation is not preferable from
the point of the energy efficiency. Therefore, the grasping fingers should move
up to the limit of the movable area. Considering the manipulation of a cylindri-
cal object using a robot hand, the limit of the movable area can be calculated
by the length of each link, the movable range of the joints, and the diameter of
the grasped object. However, it is difficult to obtain the diameter of the object
without the object model.

In order to deal with the problem, the joint margin feedback to the neurons

is proposed, which can relocate the fingers when the fingers close to the limit.
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Figure 6.5. Movable area of the fingers during a rotating manipulation

Neural oscillators have the characteristics in that the output of the neurons are
synchronized to the oscillatory input S; in Eq.(5.1) when the frequency of the
oscillatory input is sufficiently close to the frequency of the neural oscillator.
The issuing cycle of the motion-triggers can be controlled by the joint margin
feedback.

When the j-th joint angle of the i-th finger is denoted by 6;;, the movable
range of the joint can be given by Cjjmin < 0ij < Cijmax, Where Cjjmin and Cj max
are the minimum and the maximum movable angles of the joint respectively.

Now, the joint margin m;; is defined as the following:

A
mi; = min (|Cyjmin — 035+ |Cijmax — 0ij]) (6.1)

The joint margin gets close to 0 as the j-th joint angle is close to the limit.

Furthermore, the total joint margin of the i-th finger is defined as following:
n; éIIllIl (mﬂ,-n,mij,-n,mmj) (62)

where N; is the total number of the joints. The total joint margin n; is the joint

margin of the i-th finger that is the closest to 0 among all the joints.
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Table 6.1. Specification of the joint actuator

Size 29.5 x 28.0 x 46.0 [mm]
Weight 100[g]
Power rating 0.47[W]
Torque rating 0.3[Nm]

Decelerator Harmonic gear, Rg = 80

The feedback S; in Eq.(5.1) is given by the following equations using the total

joint margins:
S1 = ksmin <A11n1, e Apng e A1anNf> (6.3)
Sy = kgmin <A21n1, s, Aging - Aszan> (6.4)

where k, is the feedback gain; Ay; is the variable that is 1 when the i-th finger
corresponds with the Ny neuron and 0 when the finger corresponds with the Ny
neuron in Fig. 6.1(a); Ay; is the variable that is 1 when the i-th finger corresponds

with the Ny neuron and 0 when the finger corresponds with the N; neuron.

6.3. Experiments using a multi-fingered hand by
the CPG-based control

6.3.1 Multi-fingered hand system

The multi-fingered robot hand is exploited for the experiments, which has four
fingers and mounts a 6-axis force-torque sensor on each fingertip [79]. Each
finger has three degree-of-freedom and a joint actuator system. The specification
of the actuator is shown in Table 6.1. The coordinate system is the right-handed
coordinate system. The external view of the multi-fingered hand is shown in
Fig.6.6. The construction of the finger and the hardware system are shown in
Fig.6.7 and Fig.6.8 respectively.

The hand control system consists of a real-time layer and a non-real-time

layer. The real-time layer is implemented on a real-time Linux (ART-Linux) and
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Figure 6.6. System overview of the four-fingered hand

takes the real-time control of the fingers. The control cycle of the object position
and rotation is 60[ms]; the servo cycle of each finger is 3[ms]|; the sampling time
of the force sensors is 2[ms|. The non-real-time layer is implemented on a Linux
system and displays various parameters of the system. The data communications

between layers are made via Ethernet.

6.3.2 Control of the fingers

The fingers during the manipulations can be classified into grasping fingers and
manipulation fingers from the viewpoint of the function on the manipulation.
The grasping fingers apply the force to grasp and keep an object stable. The
manipulation fingers are the fingers that actively move to manipulate the object
and do not contact with the object surface in the switching motions.

If a soft finger contact is assumed between a fingertip and an object surface,
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the applied force from the grasping fingers have to satisfy the following equations:

Ny Ny
Y B fi = =) Buifi— fo (6:5)
i=1 j=1
Ny Ny Ny
ZBgir,-X f, = _ZBgiSini_ZijrjX i
i=1 i=1 j=1
Ny
— ZijSj n; — Te X fe — m. (66)
j=1

n;- f; = (6.7)

1
ﬁ” il

where f, is the force from the i-th finger; =; is the contact position; n; is
the normal vector of the contact; s; is the amplitude of the moment; Ny is the
number of fingers; y is the friction coefficient between the fingertip and the object
surface; By, is the variable that is 1 when the ¢-th finger is the grasping finger and
0 when the finger is the manipulation finger; B,,; is the variable that is 1 when
the j-th finger is the manipulation finger and 0 when the finger is the grasping

finger. f., m., and r. are the external force (including the gravitational force),
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moment, and point of the application respectively. Eq.(6.5) and Eq.(6.6) indicate
the equilibrium condition of the applied force by the fingers and the external
force. Eq.(6.7) indicates the friction condition in order that the grasping fingers
do not slip on the object surface. The contact position between the fingertip and
the object can be detected by the force and torque information (see the appendix
B).

The velocity of the i-th finger wv; in order to move the grasped object at the

translation velocity v, and the angular velocity w, is given by:

U1 Es, ;3 -7

: : : v,

v; = E3><3 —T; (68)
. . . wo

where Fs.3 is 3 X 3 unit matrix.

In the following experiment, the fingers rotate the object along z-axis. It is
preferable that the change of the object velocity (acceleration) is smoothly given.
For the smooth rotation of the object, it is necessary to determine the initial and
the terminal position of the motion. However, if the diameter of the cylindrical
object is not given, the terminal position can not be determined because the limit
position of the movable area of the finger can not be calculated. Here, the desired

angular velocity of the object w,, is given by the output of the neuron:
Wor = Ky Yy (6.9)

where y, is the neural output of the grasping finger and k,, is the conversion
coefficient from the neural output to the angular velocity.

By the nature, the neural output keeps the smooth increase and decrease as is
shown in Fig.6.1(b). Although the output cycle of the neurons changes depending
on the object size by the effect of the joint margin feedback, the nature of the
neural output does not change. Therefore, the smooth rotating motions can be

given by correlating neural output with the angular velocity.
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Table 6.2. Parameters in the experiment (demonstration)

parameters | value | parameters value
T 1 C1 min —m/9 [rad]
7! 9 C max 7/9 [rad]
U 10 C% min —m /2 [rad]
15} 6 C9 max 47 /9 [rad]
(Y 1.8 C5 min 0 [rad]
C'3max /2 [rad]

6.3.3 Experiments of the manipulations
Rotating motion

The effectiveness of the proposed method is demonstrated by the experiments
using the four-fingered hand system. The robot hand is fixed downward and
rotates the cylindrical object whose diameter is 50[mm]|, 60[mm]|, or 75[mm)].
The approach, rotation, release, and back motion are performed by the motion-
triggers (the contact and the release commands) from the constructed CPG shown
in Fig.6.1(a). The parameters of the CPG and the preset movable range of the
joint are shown in Table 6.2.

The experimental scenes of the manipulation are shown in Fig.6.9(1)~(4).
Fig.6.10(a) shows the output of the Ny neuron y;, the feedback value S, and the
desired angular velocity w,, for 30[sec] during the manipulation of the 50[mm]
object. The joint angle of the first finger that is given by the calculation of the
inverse-kinematics to move the desired position, and the movable limit of the
first joint (7w/9[rad]) are also shown in Fig.6.10(b). The experimental results in
the manipulations of the 60[mm] and 75[mm]| objects are shown in Fig.6.11 and
Fig.6.12 respectively.

When the output of the neuron y; exceeds 0 (A and C), the contact command
is issued to the corresponding set of the facing two fingers (the first and the third
fingers) and the fingers begin to rotate the object after the approach motion.
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Figure 6.9. Experimental scenes during the rotating motion
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When the output of the neuron y; becomes 0 (B), the return command is issued
to the fingers and the fingers begin to move back to the initial position after the
release motion. The desired angular velocity during the rotation motion (from
A to B) is given by Eq.(6.9). In the experiment, the conversion coefficient is set
k., = 0.0004.

The joint angle increases or decreases by the rotation motion. Since the finger
moves back to the preset initial position by the back motion, we can observe the
oscillatory output of the joint angles. In the experiment, the angle of the first
joint at the initial position in the back motion is O[rad] and the angle increases
in the rotation motion. Because the first joint has the smallest movable range,
the angle of the first joint has the dominant effect on the feedback value S;.

When the object whose diameter is 50[mm]| is manipulated, the feedback value
increases by the rotation motion (D in Fig.6.10(a)) because the joint margin after
the start of the rotating motion is larger than the margin at the start position.
However, the feedback value decreases as the joint moves close to the movable
limit (E). When the object whose diameter is 75[mm]| is manipulated, although
the feedback value similarly increases by the rotation motion (F in Fig.6.12(a)),
the value decreases quickly (G). The angle of the first joint reaches the movable
limit 7/9[rad] because the joint angle largely changes by the effect of the object
size.

It can also be observed that the output cycle of the neuron changes depending
on the size of the object. The rotation angle and the time period in one cycle of
each object are shown in Fig.6.13. The boxes in the figure indicate the rotation
angle and the lines indicate the time period. When the object size is 50[mm],
it is about 6.8[sec] in one cycle (the period from A to C in the figures); about
6.6]sec] when the size is 60[mm)]; about 6.3[sec|] when the size is 75[mm].

If the object size is different, the feedback value during the non-contact period
(the period from B to C) is not so changed because the release motion and the
back motion during the non-contact period are not changed. Accordingly, the
time period during the non-contact period is almost the same (about 2.8[sec]
when the object size is 50[mm]|; about 2.9[sec|] when the size is 60[mm]; about
2.9[sec] when the size is 75[mm)]). The difference of the cycle is mainly affected by

the difference of the time period during the contact period (about 4.0[sec] when
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the object size is 50[mm]; about 3.7[sec] when the size is 60[mm]; about 3.4[sec]
when the size is 75[mm]| in the period between A and B). The difference of the
cycle affects the rotation angle of the object in one cycle. The rotation angle in
one cycle is about 7/3[rad] when the object size is 50[mm], about 117 /36[rad]
when the size is 60[mm)], and about 7 /4[rad] when the size is 75[mm].

These experimental results suggest that the issuing cycle of the motion-triggers
is changed by the feedback of the joint margin and the object rotates for the ap-
propriate angle according to the object size. Furthermore, we can observe that
the neural output keeps the smooth increase and decrease if the output cycle is
changed. The smooth change of the desired velocity can be given by correlating

the neural output with the object’s velocity.

Lifting motion

Rhythmic shifting (translational) motions can also be performed by giving v, in
Eq.6.8. In order to perform the shifting motion in the z direction (lifting motion),

the translational velocity of the object v, is given by the following equation:
Vor = Ky Yy (6.10)

where k, is the conversion coefficient from the neural output to the translational
velocity. The smooth lifting motions can also be given by correlating the neural
output with the translational velocity.

The experimental scenes of the lifting manipulation are shown in Fig.6.14. At
first, the object is lifted using the facing two fingers of the robot hand. When
the fingers reach the movable limit, the object is temporarily grasped using four
fingers, and the another facing two fingers are used for the manipulation. The
continuous lifting manipulation can be performed by the rhythmic regrasping
motions.

The issuing cycle of the motion-triggers can also be changed according to the
object size by the joint margin feedback. The experimental results in the manip-
ulations of the 50mm| and 80[mm]| objects are shown in Fig.6.15 and Fig.6.16. It
can be observed that the output cycle of the neuron is obviously different between
the objects. In the lifting motion, the angle of the third joint is dominant on the

feedback value. Since the third joint angle reaches the limit (O[rad]) earlier as the
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Figure 6.14. Experimental scenes during the lifting motion

size of the object is smaller, the switching cycle of the grasping fingers when the

object size is 50[mm)] is earlier than the cycle when the size is 80[mm)].

sliding motion

Different contact patterns can be generated by the constructed CPG shown in
Fig.6.1 by changing the correlation of the fingers with the neurons. For example,
the contact pattern shown in Fig.6.17 can be generated by correlating the adjacent
two fingers (the first and the second fingers, and the third and the forth fingers).
In order to perform the shifting motion in the x direction (sliding motion), the

translational velocity of the object v,, is given by the following equation:
Vow = ky Yg (6.11)

The experimental scenes in the sliding manipulation are shown in Fig.6.18.
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Figure 6.18. Experimental scenes during the sliding motion
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6.4. Conclusion

This chapter has demonstrated the rhythmic manipulation using a four-fingered
hand system by the CPG-based control. The proposed control method can change
the switching cycle of the grasping fingers by the joint margin feedback to the
neurons of the CPG depending on the object size. The smooth change of the
desired velocity has been given by correlating the neural output with the desired
velocity.

A CPG has been built by a simple mutual inhibition network that consists of
two neurons. Since the phases of the oscillatory neural output have the difference
of m[rad|, the switching motions of the grasping fingers can be performed by
issuing the motion-triggers to the set of the fingers during the manipulation using
a four-fingered hand system.

The switching cycle of the fingers during the manipulation is affected by the
movable range of the finger joints. For example, in the rotating manipulation,
the rotatable angle of an object in one cycle changes depending on the size of the
object when the movable range of the joints is the same. Although the limit of
the movable area can be calculated by the length of each link, the movable range
of joints, and the diameter of the object, it is difficult to obtain the diameter
of the object without the object model. In order to deal with the problem, the
joint margin feedback to the neurons that constitute the CPG has been proposed
that can adaptively relocate the fingers when the fingers close to the limit. Addi-
tionally, for the smooth manipulation, it is necessary to determine the initial and
the terminal position of the motion. However, if the diameter of the cylindrical
object is not given, the terminal position can not be determined because the limit
position of the movable area of the finger can not be calculated. By correlating
the neural output with the desired velocity, the smooth changes of the velocity
can be given.

The effectiveness of the proposed method has been demonstrated by the ex-
periments using a multi-fingered hand system. The multi-fingered robot hand
system has four fingers and mounts a 6-axis force-torque sensor on each fingertip.
The rotating, lifting, and sliding manipulations of an object have been performed
by the proposed method. The experimental results suggest that the issuing cycle
of the motion-triggers can be changed by the feedback of the joint margin and
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the object is manipulated according to the object size. Furthermore, the smooth
change of the desired velocity can be given by correlating the neural output with
the object’s velocity.

The results in this chapter suggest that the proposed CPG-based method can

rhythmically manipulate objects whose models are not given.
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Chapter 7

Conclusion

7.1. Summary

Many of traditional methods for multi-fingered manipulations have been based on
the precise model of the grasped object. To make the unpractical assumption easy,
a number of researchers have proposed various sensing methods of the grasped
objects. However, because sensors are consistently affected by noises in the real
environment, it is very difficult to even build a precise model of one object, much
less all the objects in the environments. In recent years, the biologically inspired
control has been proposed. Motions of animals that can adapt to a variety of en-
vironments are controlled by a nervous system covering all the body. Rhythmic
patterns take an important role in the rhythmic activities, such as breathing and
walking, that generated by the central pattern generators (CPG). In studies of
the walking control for multi-legged robots, the CPG-based adaptive control has
been proposed and the effectiveness of the adaptive walking in real environments
has been confirmed. However, few approaches based on the analyses of human’s
rhythmic motions have been proposed for multi-fingered manipulations. Humans
can dextrously manipulate various objects using their fingers cooperatively. To
achieve dextrous capabilities like humans by a robot hand, it is important to
analyze the human skills and applying the findings to the robot hand manipula-
tions. Recently, it has been observed that rhythmic motions appear in rotating
manipulations when a person attains proficiency. The CPG-based control of the

fingers can achieve the dextrous manipulations like human.
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This thesis proposes a CPG-based control for rhythmic manipulations by a
multi-fingered hand based on human’s rhythmic manipulations. The results in

each chapter are shown as follows.

Chapter 3: Investigation of feedforward control in human
grasping motions

This chapter has investigated the rhythmic effects and the feedforward control of
grasping motions by measuring the grip/load force and the finger surface EMG
of AbPB/AdP muscles simultaneously.

The simultaneous measurement system has developed that consists of a mea-
surement device of the applied force and a surface EMG measurement system.
Since the grip and load force can be measured after the contact between the object
and the fingertips, the measured force is used for the detection of the contact.

Adductor Pollicis (AdP) and Abductor Pollicis Brevis (AbPB) muscles have
been measured by the EMG measurement system. The AdP muscle controls the
adduction motions of the thumb and the AbPB muscle controls the abduction
motions. Since these intrinsic muscles are easy to measure by a surface EMG
measurement method and not significantly affected by the motions of the arm,
these muscles are suitable for the measurement. The measured EMG activities
have been exploited for analyzing the force programming before the correction
by the tactile sensations.

A pilot experiment has been conducted to determine the analysis method for
the measured surface EMG. The intensive activities of the AbPB muscle have
been measured in the range of 0.4[sec| before the contact. The range has been
defined as “pre-contact period”.

The experiments have been conducted using the simultaneous measurement
system. Six subjects have grasped the measurement device whose weight is 300[g],
600[g], or 900[g]. In the experiment, two conditions are set up. In the rhythm con-
dition, the subjects have been required to perform the tasks rhythmically keeping
the timing with the bell. In the free condition, they have not been required the
rhythmical actions. The difference of the measured EMG activities in the pre-

contact period have been statistically analyzed by the Bonferroni’s significance
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test. The experimental results suggest that the object weight affects the AbPB
EMG activity. The weight-related activities in the AbPB EMG have not been
reported yet. These analyses indicate the importance of the feedforward control

in the grasping motions and the rhythmic motions in the human’s manipulations.

Chapter 4: Rhythmic motion patterns in human’s manip-

ulations

This chapter concentrates on the rhythmic motions of humans and investigates
contact patterns during rotating manipulations. When a person attains profi-
ciency, the motions of the fingers during the rotating manipulations are controlled
according to rhythmic patterns. By analyzing the contact pattern during the ma-
nipulation, the characteristics of the rhythmic manipulations can be investigated.

A measurement system has been developed and the contact condition of the
fingers has been measured during the rotating manipulation. The contact condi-
tion has been measured by force sensing resistors (FSRs). A subject puts rubber
fingercaps in that the FSRs are attached on the fingertips (thumb, index, mid-
dle, and ring fingers). He rotates a cylindrical object using these four fingers. In
the rotating manipulation, switching motions (finger relocation) are consequently
observed. The rhythmic movements of the fingers have been observed by the mea-
sured contact condition during the manipulation. Typical contact patterns have
been detected based on the contact information. The typical contact patterns
represent the touch condition in one cycle of the manipulation.

The measured typical contact patterns show the switching patterns of the
grasping fingers. The role of each finger can be investigated from the typical
contact pattern. The principal three fingers (thumb, index, and ring fingers)
mainly take a role for the stable grasp and the rotating manipulation; the middle
finger supports those motions when the grasp and the manipulation can not be
performed using the principal three fingers. Movable range of the finger seems to
affect the measured contact pattern. Few studies have investigated the rhythmic
motion patterns based on the contact condition. The results in this chapter have
presented a formalization method of manipulations using fingers.

In order to investigate the human’s rhythmic manipulation skills, it is neces-
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sary to measure additional information during the manipulation. For example,
the contact points between the object and the finger, the applied force and torque,
and the position and rotation of the manipulated object should be measured.
Moreover, it is interesting to investigate the manipulation patterns when the ob-
ject size and shape are changed. The measurement device that can measure such

information will be required for the further investigation.

Chapter 5: CPG-based manipulation

This chapter has introduced a CPG that can generate a typical contact pattern of
human that has been analyzed in the chapter 4 and demonstrated the CPG-based
control method for a rotating manipulation using a dynamic simulator. In this
study, the neural oscillator model that has been proposed by Matsuoka [72, 52] is
adopted for a rhythm generator. The measured typical contact patterns during
rotating manipulations addressed in the chapter 4 represent a model of rhythmic
motion patterns.

At the first part, the CPG has been shown that can generate a typical contact
pattern by a mutual inhibition network. In the generated contact pattern, the
thumb, index, and ring fingers touch on and release from the object alternately.
Two fingers among those three fingers touch the object consistently during the
manipulation. Additionally, the middle finger touches in order to support the
role of the thumb and the index fingers when the ring finger releases.

Fingers basically keep iterative motions on a constant trajectory during rhyth-
mic motions and it is not important to imitate the trajectories. Rotating manip-
ulations can be conducted by classifying the motions into several categories and
performing these motions in order. This study has classified the rotating manip-
ulation into “approach motion”, “rotating motion”, “release motion”, and “back
motion”. The rotating motion is taken after the approach motion, and the back
motion is taken after the release motion. Rhythmic rotating manipulations can
be performed by issuing “motion-triggers” that start these successive motions.
The motion-triggers have to be issued appropriately in order that the fingers co-
operatively and synchronously move and manipulate the object. To generate such
rhythmic motion-triggers, the CPG can be exploited for issuing the commands.

When large external force is applied on the grasped object during a manipu-
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lation, the object slips on the contact surface and may be dropped on the ground.
The simple and effective way to deal with the problem is to enhance the grasp
robustness by adding grasping finger when the external force is applied. In or-
der to add the grasping fingers when a force sensor of the fingertip measures the
external force, the force feedback has given to the neurons. Consequently, the
neuron does not issue the return command to the fingers and the fingers can keep
grasping during the disturbance.

The last part of this chapter has addressed experimental results in a sim-
ulation using the proposed CPG-based control method. A dynamic simulation
system has been developed and a four-fingered hand model has been built. The
fingers have controlled by a simple PD control according to the motion-triggers
generated by the constructed CPG model. The results of the simulation show
that rotating manipulations of a cylindrical object in the air can be performed
using the output of the neurons. Furthermore, robust rotating manipulations
have been performed by keeping contact states using the force feedback via the
CPG when a disturbance is applied on the object.

In all, the results in this chapter present that the CPG can generate a similar
contact pattern to that of humans and rotating manipulations can be performed
by the generated pattern. These results confirm the validity and the effectiveness
of the CPG-based control on the measured contact patterns that analyzed in the

previous chapter.

Chapter 6: Rhythmic manipulations using a multi-fingered
hand by the CPG-based control

This chapter has demonstrated the rhythmic manipulation using a four-fingered
hand system by the CPG-based control. The proposed control method can change
the switching cycle of the grasping fingers by the joint margin feedback to the
neurons of the CPG depending on the object size. The smooth change of the
desired velocity has been given by correlating the neural output with the desired
velocity.

A CPG has been built by a simple mutual inhibition network that consists of

two neurons. Since the phases of the oscillatory neural output have the difference

105



of m[rad|, the switching motions of the grasping fingers can be performed by
issuing the motion-triggers to the set of the fingers during the manipulation using
a four-fingered hand system.

The switching cycle of the fingers during the manipulation is affected by the
movable range of the finger joints. For example, in the rotating manipulation,
the rotatable angle of an object in one cycle changes depending on the size of the
object when the movable range of the joints is the same. Although the limit of
the movable area can be calculated by the length of each link, the movable range
of joints, and the diameter of the object, it is difficult to obtain the diameter
of the object without the object model. In order to deal with the problem, the
joint margin feedback to the neurons that constitute the CPG has been proposed
that can adaptively relocate the fingers when the fingers close to the limit. Addi-
tionally, for the smooth manipulation, it is necessary to determine the initial and
the terminal position of the motion. However, if the diameter of the cylindrical
object is not given, the terminal position can not be determined because the limit
position of the movable area of the finger can not be calculated. By correlating
the neural output with the desired velocity, the smooth changes of the velocity
can be given.

The effectiveness of the proposed method has been demonstrated by the ex-
periments using a multi-fingered hand system. The multi-fingered robot hand
system has four fingers and mounts a 6-axis force-torque sensor on each fingertip.
The rotating, lifting, and sliding manipulations of an object have been performed
by the proposed method. The experimental results suggest that the issuing cycle
of the motion-triggers can be changed by the feedback of the joint margin and
the object is manipulated according to the object size. Furthermore, the smooth
change of the desired velocity can be given by correlating the neural output with
the object’s velocity.

The results in this chapter suggest that the proposed CPG-based method can

rhythmically manipulate objects whose models are not given.
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7.2. Future work and vision

When the CPG-based control is exploited, how to determine the parameters of
the CPG is a considerable problem. The parameters give the period, phase,
and amplitude of the oscillatory output. Various determination methods of the
appropriate parameters have been proposed, for example, the determination of the
parameters by a genetic algorithm[80] and the determination from a viewpoint
of the energy efficiency[81]. In this thesis, the CPG parameters are manually
determined. The determination method of the parameters should be considered
depending on the object properties and the objective of the manipulation.

In addition, the generated patterns from the CPG in animals and insects
adaptively change according to a variety of environments. The CPG steadily
generates oscillatory output unless external input is given. Besides, the CPG
is largely affected by the external input, such as somatic sensations and signals
from central nerves. The CPG can generate various patterns based on the ex-
ternal input. In the studies of legged robots, a reflex system via the CPG has
been exploited for the generation of the adaptive walking patterns, for example,
the vestibulo-spinal reflex, the stretch/flexion reflex, and the tonic labyrinthine
reflex[78]. Although the joint margin feedback that is exploited in this study ap-
proximately corresponds to the tonic stretch reflex, the effect of the reflex systems
on the manipulations has limitations because the CPG has been exploited only
to generate the contact patterns so far. The model that reflects biological reflex
systems can be constructed by connecting the neurons to the musculo-skeletal
systems of the robot hand, such as joint actuators.

Furthermore, quadrupeds like horses change walking patterns depending on
the walking velocity, such as walk, trot, and gallop. However, few researches have
investigated the rhythmic nature of human’s manipulations because the dexterity
and the complexity of the manipulation using the fingers have been strongly
emphasized. There are many topics arising from the manipulation patterns. They
include the classification of the manipulation patterns, the selection criterion, the
mechanical validity and the significance of the grasping patterns.

These works would give us further understandings of human manipulation

skills and guidelines for the achievement of dextrous manipulations by a robot
hand.
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Appendix

A. Bonferroni significance test

The simple significance test between two factors is shown as the following equa-

tions: .
Z w; X;
- J
t= — (A.1)
MS., %
2 ND,
J
where X, m, MS., ND;, and w; indicate as follows:
X; . the average of the j-th factor.
m the number of factors.
MS,. : the mean square of errors in the test of the factors
(unbiased estimation value of errors).
ND; : the number of data that are used for the calculation of Xj.
w; : the weight coefficient for the mean of factors in each comparison.
Given one factor is j and the other is j’, we have w; = 1 and wy = —1 in

the paired comparison. Since the other weight coefficients are 0, Eq.(A.1) can be

shown in the following equation:

1 1
MS,
J (NDj * NDj,>

t in Eq.(A.2) follows the Student’s ¢ distribution, provided that the null hypoth-

esis: “Population mean of each factor in the comparison is the same”. In order

t =

(A.2)
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to compare the j-th factor with the j’-th, the critical value of t is calculated from
the preset significant level (« level: 5% or 1%). Then, the significance is detected
by comparing the calculated ¢t from Eq.(A.2) with the critical value.

When performing n multiple independent significance tests each at the «
level, the probability of making at least one error (rejecting the null hypothesis
inappropriately) is 1 — (1 — «)n. For example, with n = 10 and o = 0.05, there is
a 40% chance of at least one of the ten tests 0% being declared significant under
the 0% null hypothesis.

The Bonferroni adjustment works by making it more difficult for any one test
to be statistically significant. The Bonferroni’s significance test works by dividing

the a level by the number of tests:
o = a/n (A.3)

For example, suppose ten tests on the same database are performed. The Bon-
ferroni adjusted level of significance (o) is 0.05/10 = 0.005. Any test that results
in a probability value of less than 0.005 would be statistically significant. Any
test statistic with a probability value greater than 0.005 would be deemed non-

significant.
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B. Detection of the contact position in the soft

finger contact

A fingertip can apply torque along the normal of the contact surface in the soft

finger contact. Now, the torque is denoted as p, we have:
p=Tn (B.1)

where T is the constant and || n ||= 1 is the outward unit normal vector of the
contact surface.
Here, let S(r) = 0 be the equation that represents the fingertip surface, we

have:
ave v S( )

NG
Then, the measured moment m by the sensor on the fingertip can be derived
by:

(B.2)

v S(r)
I'V-S(r) |

where r is the contact point and f_. is the applied force on the fingertip.

m=T—-——+rx f. (B.3)

Considering a cylindrical fingertip whose radius is R and the center axis is

along z-axis, the surface of the fingertip can be given by:
vyt = R? (B.4)

Since the fingertip surface can be also given by S(r) = 0, we have:

VvV S(r) r
e (B.5)
IvVSe)ll R
where 7' = (z,y,0)7.
Given that T/R = K, Eq.(B.3) takes:
m o= - r+ rx f,
= Kr'+ rx f,
= I'r (B.6)
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where

K fz _fy
I'= _fz K fx
fy _fx 0

Therefore, when K # 0, we have:

r=T"'m

Here,
det(T) = K(f;+f;)
= K" f
1 sz fut,
-1 _ 2
BT (| Iy
_Kfy+fmfz fo+fyfz
Kfy+ fof-
_fo+fyfz
K+ f2
1 /
= (D [K? E. + K Skew( f)) + f f7]
where
000
E.= |00 0
00 1
Eq.(B.6) gives:
r’' m = KR?

Putting Eq.(B.8) into Eq.(B.12) gives:
m” T m = KR’
It follows:

K2: (me)2
Rf - mT'E, m
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(B.10)

(B.11)
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Here, the sign of K is the inverse of the sign of f? m because f! v’ < 0.
Therefore,
T =RK (B.15)

Consequently, the contact position 7 is given by Eq.(B.8) ~ Eq.(B.10):

r:KzEzm—i—Kf’x m+(f'm)f
K| f?

(B.16)
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