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Chapter 1

Introduction

1.1 Background

Currently, decrease of population is becoming a serious problem in many countries. In particular in

Japan, working-age population ratio is decreasing because of the falling birth rate and the aging pop-

ulation. Under such background, it is required to achieve higher productivity by fewer people. The

technology of automation or replacement of human task is attracted attention, and robotics is major tech-

nology of them. For example in the industrial field, the aging of expert operators and the decrease in the

number of successors are serious problems. If expert skills can be recorded and reproduced by robots,

production efficiency is improved because many robots can carry out skilled motion at the same time

[1, 2]. Moreover, recorded skills can be applied training systems to enable successors to learn the skills

[3]. The key point that robot works like as human is how to teach human motion to robots [4, 5].

In order to record and reproduce human motion, many researches have been carried out. The re-

searches about this field are categorized by two perspectives; (i) the motion is dealt with by which

information; (ii) the motion is reproduced in virtual world or real world.

First, some methods using several kinds of information are described. Ogawa et al. proposed a method

to teach a robot about manipulation tasks by generating task model from motion capture [6]. This method

is one of the methods which focus only position information [6–11]. On the other hand, Skubic et al.

realized to reproduce a force-based assembly skill from human demonstration [12]. This method is one

of the methods which can treat only trajectory or applied force of human motion. However, they are

insufficient to represent human motion because both trajectory and strength are important. The designer
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needs to choose between the trajectory and the strength to deal with the human motion. Kormushev

et al. proposed a method to learn and reproduce robot force interactions in a human-robot interaction

setting. In the research, position profile and force profile are acquired separately, and the two profiles

are encoded as a mixture of dynamical systems [13]. However, the reproduced motion is not human own

motion, because the force information and the position information are not acquired from one motion. To

acquire both position and force information at the same time is important for recording and reproduction

of the human motion.

Then, the methods to treat haptic information in virtual world are introduced. Generally, haptic in-

formation is constructed by position and force information and the research field is known as haptics

[14–16]. There are some researches to acquire skills of motion and teach a trainee to them based on vir-

tual reality. Yokokohji et al. proposed a visual/haptic display system to develop a training system [17],

and Hennmi et al. proposed the concept of virtual lesson [18–20]. Saga et al. proposed “Haptic Video”

which is a system that records an expert’s operations and reproduces them [21]. In these methods, the

position and force information are acquired by a haptic device at the same time. Then, a trainee can learn

the stored motion by operating a virtual object. These methods are effective for training system, but an

ability to reproduce skilled motion is not focused mainly. In particular, a motion which acts an object in

the real world is not reproduced, because these systems are constructed on the basis of virtual reality.

In order to store and reproduce human motion in real world applications, it is necessary to deal with

not only trajectory but also applied force at the same time. Motion reproduction based on bilateral control

is known as one of the efficient methods to achieve recording and reproducing human motion targeting

an real object. The bilateral control is one of the achievements of real-world haptics. The real-world

haptics is a study field that acquires, transmits, and reproduces haptic information from real objects. A

fundamental research of the real-world haptics is a teleoperation system with force feedback, and this

kind of study field has been researched since the 20th century. One of major aims of a bilateral control

is to achieve transparency which is defined as a correspondence of impedance which are perceived by

an operator and an environment [22, 23]. In order to attain high transparency, many methods have been

proposed [24–32]. In particular, bilateral control based on acceleration control is constructed for the

teleoperation system with high transparency [33,34]. The key technology of this system is a disturbance

observer (DOB) [35–38] and a reaction force observer (RFOB) [39, 40]. The robust acceleration con-

trol is attained by the DOB [41], and the high bandwidth force control is achieved by the vivid force

information which is acquired by the RFOB [42–45]. Many researches are derived from this fundamen-
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tal method as real-world haptics. For example, Natori et al researched bilateral control system under

communication time delay [46–48]; Shimono et al researched micro-macro bilateral control system to

operate finer object [49–51]; Ohnishi et al applied the bilateral control to medical surgery field [52, 53];

Yamanouchi et al implement the bilateral control to teleoperation system of vehicle [54, 55]. Katsura

et al proposed multilateral control which targets haptic broadcasting [56–58]; Mitsantisuk et al realized

power assist system from acquired information [59,60]; and Yamanouchi et al proposed training systems

by haptic information [61,62];. Because the position and force information of device can be acquired by

bilateral control system, the information of a target environment or an operator’s motion can be recorded.

Yokokura et al proposed methods to estimate and represent a target environment [63, 64]. In addition,

Yokokura et al proposed a motion-copying system [65, 66].

The motion-copying system [65, 66] is the technology for preservation and reproduction of a human

motion on the basis of position and force information in real world. As described previously, most of

conventional approaches deal with only position information or force information. On the other hand,

the motion-copying system deals with not only the trajectory but also the strength of a human motion.

Because both position information and force information are important in most of human motions, the

introduced system is more useful method to acquire, record, and reproduce a human motion. In this

thesis, advanced methods of motion-copying system are researched.

By the motion-copying system, the haptic information is recorded and reproduced like as audio and

visual recording. Therefore, the technology of recording haptic information is called “haptic recording.”

The haptic recording can potentially be utilized in our daily lives for tasks such as audio recording

and visual recording. In order to use haptic recording for more applications, some research have been

studied [67–70]. The recorded motion is reproduced in variable speed by Yokokura et al [71]. The

recorded motion is processed like equalizer by Kobayashi et al [72, 73]. The motion-copying system is

implemented in multilateral control by Yokokura et al [74,75]. Tanaka et al researched data compression

and decompression method of motion copying system [76–78]. Yokokura et al proposed construction of

the motion database [79, 80].
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1.2 Motivation

The purpose of this research is to expand the adaptability of the motion-copying system. In other

words, we want to apply the motion-copying system to more application in future. By using the motion-

copying system, human motion will be able to be recorded and reproduced at any time anywhere. How-

ever, the motion-copying system has several problems which need to be solved. In this thesis, following

three points are focused and researched based on them;

• motion recording and reproduction in multi-DOF system;

• integrated reproduction of motion components;

• adaptation for difference of environment condition.

1.2.1 Motion Recording and Reproduction in Multi-DOF System

For the future applications of the motion-copying system, it is important to deal with human motions

as multi-DOF motions. In order to apply the motion-copying system to multi-DOF system, the motion

data should be dealt with in common coordinate. In particular, the information acquired by actuators

mounted on the haptic device need to be transformed into the information of common coordinate. The

concept of motion recording and reproduction in a multi-DOF system is shown in Fig. 1-1. By dealing

with the motion information on the common coordinate, the recorded motion can be reproduced even if

the structures of the devices are different.

In this thesis, three types of coordinates are discussed based on the view point of abstraction and

specialization. First, work space is selected as common coordinate to abstract motion data not to depend

on structure of hardware [81]. By this transformation, the motion data can be reproduced even if the

structures of the haptic devices are different. Then, human modal space and motion modal space are

introduced to specialize motion data for applications. The human modal space is introduced to treat

human motion on the basis of the human model [82]. It is assumed that an exoskeleton haptic device is

used in motion recording and an endoskeleton haptic device is used in motion reproduction. On the other

hand, the motion modal space is introduced to separate motion elements from human motion. By this

transformation, the proper control methods can be implemented in each motion element.
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Motion AcquisitionMotion Reproduction

Common Coordinate

Transformation
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(using multi-DOF devices) (using multi-DOF devices)
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Fig. 1-1: Concept of motion recording and reproduction in multi-DOF system.

Recorded Motion 2

Recorded Motion 1

Integrated Reproduction

Integrated Reproduction
Motion 1 Motion 2

Fig. 1-2: Concept of integrated reproduction of motion components.

1.2.2 Integrated Reproduction of Motion Components

For the future applications of the motion-copying system, it is important to reproduce many motions

from fewer recorded motions. In this thesis, methods to connect two recorded motions in time series and

reproduce in a single motion are proposed. The concept of integrated reproduction is shown in Fig. 1-2.

By the integrated reproduction, the motions in separated process are recorded independently, and whole

task is realized by connect any motion components of each process.

In this thesis, two coupling methods are proposed. One of the methods assumes that human motions

are dealt with position and force information [83–85]. The other method assumes that human motions are

dealt with acceleration information [86]. These methods depend on the format of motion data. We can

choose motion data format according to the aim or the environmental condition of motion reproduction.

These proposed methods can apply to the basic motion-copying system [65] and the motion-copying
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Record Reproduction

Reproduction

different environment

different size

Adaptation for different environment

Fig. 1-3: Concept of adaptation for difference of environment.

system based on acceleration information [91].

1.2.3 Adaptation for Difference of Environment

The motion-copying system is hybrid control of the position and force. It is known that motion-

copying system needs the exactly same environment between motion recording phase and motion repro-

ducing phase [87–90]. When the environmental condition is greatly different, both position and force

of the reproduced motion do not correspond with the recorded ones. For the future applications of the

motion-copying system, it is important to reproduce recorded motions even if the environmental condi-

tion is different. The concept of adaptation for difference of environment is shown in Fig. 1-3.

In this thesis, two types of difference of the environmental condition are discussed. First, motion

reproduction method when target environmental size is different is proposed [91–94]. Both position

and force cannot be reproduced at the same time when environmental location is different. Here, the

motion reproduction which does not depend on the base of the position is achieved [95]. Then, motion

reproduction method when target environmental material is different is proposed. We assume that the

motion-copying system is applied to the application of “peg-in-hole.” In the proposal, the applied force

to the external environment can be separated to the force on the basis of the difference of a target object

and the common force which does not depend on it.
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Chapter 3
Integrated Reproduction of

Motion Components

Chapter 4
Adaptation for Difference of 

Environment

Chapter 1
Introduction

Chapter 2
Motion Recording and Reproduction 

in Multi-DOF System

Chapter 5
Motion Reproduction 

with Adaptation to Different Target Object
based on Selection of Motion Components

Chapter 6
Conclusion

Fig. 1-4: Chapter organization.

1.3 Chapter Organization

This thesis is organized as Fig. 1-4. The following chapter shows the motion-copying system in

the multi-DOF system. In this chapter, three coordinates described subsection 1.2.1 are introduced.

The researches described after chapter 3 are based on any three coordinates. In chapter 3, the methods

for integrated reproduction of motion components are shown. Then, the motion-copying system with

adaptation for difference of environmental condition is shown in chapter 4. Finally, the proposed methods

described in chapters 2–4 are combined. In the chapter 5, motion reproduction with the different target

object under the application of “peg-in-hole” is achieved by coupling the motion elements. In each

chapter, the validities of the proposed methods are confirmed by experimental results. This thesis is

concluded in the last chapter.
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Chapter 2

Motion Recording and Reproduction in
Multi-DOF System

2.1 Background and Overview of This Chapter

For the future applications of the motion-copying system, it is important to deal with human motions

as multi-DOF motions. Human can carry out various motions because human body is multi-DOF system.

Hence, if the motion-copying system can be applied the multi-DOF system, it can be achieved to deal

with human’s complicated motions. The major theme to actuate multi-DOF system is in which coordi-

nates the information is dealt with. For example, humanoid robot can be controlled by the information

of joint space which is acquired by motion capture system [6–9]. In addition, humanoid robot can be

controlled in the work space under the application to access the object in the open space [96, 97]. In

the most of the researches to achieve the motions by humanoid robots, the first assumption is to use the

specific robot. On the other hand, the purpose of motion-copying is to deal with motion data like as audio

data or visual data. Hence, in this research, the motion data is assumed as contents and the robots are

the just devices to reproduce recorded contents. In this chapter, coordinates to deal with human motion

acquired by the motion-copying system is discussed from the view point to deal with the human motion

as a contents. Here, two concepts of abstraction and specialization are introduced.

Fig. 2-1 shows the concept of abstraction of motion data. In the motion-copying system, human

motions are acquired by the actuator mounted on the haptic devices. Hence, the “raw” motion data

depend on the structure of haptic devices, and recorded motion can be reproduced by only the same

device between motion recording and motion reproduction. By dealing with the motion data as the
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Environment

Human’s action

Environment

Human’s action

Environment

Human’s action

Motion-Saving Motion-Loading

Motion Data

Memory
(Common Coordinate)

Fig. 2-1: Concept of coordinate transformation for adaptation.

information which depends on the structures of the devices, the motion data cannot be reproduced other

devices. Therefore, the motion data cannot be used generally. In order to use recorded motion by

various devices, it is required to deal with the motion data in the common coordinate. In particular,

the information acquired by actuators mounted on the haptic device need to be transformed into the

information of common coordinate. By transforming the motion data to the common coordinate, the

motion data are abstracted. By the abstraction, we can use motion data without depending on the structure

of the devices. As a result, human motions which are recorded by any devices are reproduced by arbitrary

devices.

Fig. 2-2 shows the concept of specialization of motion data. In order to achieve more complicated

application, specialized coordinate is more suitable than generalized coordinate. The information ac-

quired by actuators is transformed into the information of the specialized-coordinate which is designed

depending on the application.

In this chapter, three types of coordinates are discussed. First in section 2.2, work space is chosen

as common coordinate to abstract motion data which depend on structures of devices [81]. By this

transformation, motion data can be reproduced even if the structures of haptic devices are different.

Then, the human modal space and motion modal space are introduced to specialize motion data for

applications in section 2.3 and section 2.4, respectively. The human modal space is introduced to treat

human motion on the basis of human model [82]. It is assumed that an exoskeleton haptic device is

used in motion recording and an endoskeleton haptic device is used in motion reproduction. The human
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information specialized 
for an application

information acquired 
by motors

application

human model

motion elements

Fig. 2-2: Concept of coordinate transformation for specialization.

motion is acquired by the exoskeleton haptic device. However, the acquired motion is a device’s motion

which is not a human own motion. When the recorded motion is reproduced by the human like robots,

the motion needs to be transformed with the human own motion. Therefore, the motion data are dealt

with the information of the coordinates of human model. On the other hand, the motion modal space

is introduced to separate motion elements from human motion. The human motion is separated into

the elements of the motion, and the appropriate control methods can be implemented in each motion

element. By implementing the appropriate controller in each axis according to the features of the motion

elements, the recorded motion can be reproduced more flexible.

The relation of each transformation is shown in Fig. 2-3. In this research, the motor space information

is transformed into work space information for abstraction. Then, the workspace information is trans-

formed into the modal space information to deal with the human motion depending on its application. In

each section, experimental results show the validity of the proposed methods.
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Fig. 2-3: Concept of coordinate transformation.
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Fig. 2-4: Control structure of motion-saving system based on work space information.

2.2 Abstraction of Motor Space Information

In this section, the motion-copying system in the work space [81] is shown. The information in the

motor space is transformed into the work space information, and the bilateral control is implemented in

the work space. Because the human motion is stored as the work space information, different devices

can be used at the motion reproduction phase.

2.2.1 Motion-Saving System

The motion-saving system is a control system when human motion is recorded. It is constructed by

a master-slave type haptic device, and it is on the basis of the bilateral control based on acceleration

control [34]. By the bilateral control with high transparency, the summation of the master and slave

forces maintains 0 in order to realize the “law of action and reaction” between the master and slave

systems. On the other hand, the position error between the master and slave systems maintains 0. As a

result, a human operator in the master side can feel as if he/she is touching the real environment.

The control structure of the motion-saving system shown in Fig. 2-4 is the same as the basic method

[65]. In Fig. 2-4, θ = [θ1 θ2 · · · ]T, T = [T1 T2 · · · ]T stand for the angle and torque in the actuator

space; x = [x y z · · · ]T, F = [Fx Fy Fz · · · ]T stand for the position and force in the work space;

superscript ref , res, and ext stand for the reference, response, and external torque (or force), respectively;

subscript M, S, C, and D stand for the master system, slave system, common mode, and differential mode,
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respectively;ˆstands for the estimated value. Jaco stands for Jacobian matrix, and Q stands for quarry

matrix [98, 99]. Disturbance observer (DOB) [35, 36] is implemented in each motor locally to cancel

unexpected disturbance, and reaction force observer (RFOB) is implemented in each motor to estimate

force response without force sensor.

The information about the actuator space (θ,T ) is transformed into the work space information (x,F )

by Jacobian matrix. This transformation depends on the structure of the haptic devices. The coordinate

of the actuator space information is not the same between the master and slave devices when the config-

urations of these haptic devices are different. On the other hand, the information in the work space is the

unique coordinate. Hence, the bilateral control is able to be implemented in this space. In this method,

the bilateral control is implemented in each axis respectively. Then, the operator’s motion is recorded as

the information in the work space.

2.2.2 Motion-Loading System

Fig. 2-5 shows a control structure of the motion-loading system. The basic structure of this system

is similar to the bilateral control based on the work space information, too. However, the master system

does not exist in real world. Instead of the master system, the position and force information stored in

the motion data memory is used as the virtual master system. The motion-loading system is equivalent to

the unilateral control, because the virtual system is not affected according to the response of the motion

reproduction. In other words, the slave system is controlled by a position controller and a force controller

simultaneously.

In general, both position and force controls cannot be achieved at the same time because these controls

have different control aims. In particular, the control aim of position controller is that the position

response corresponds with the position command even if the external force is applied to the motor. On the

other hand, the control aim of the force controller is that the applied force to the environment corresponds

with the force command even if the environmental position is arbitrary. Hence, these control aims can

not achieved simultaneously. However, there is an exceptive case. This case is that position and force

commands have the relation on the basis of environmental impedance written as

F cmd = Zenvxcmd (2.1)

where Zenv stands for the environmental impedance; and subscript cmd stands for the stored information.

In the motion-copying system, the recorded position and force information meets condition of (2.1),
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Fig. 2-5: Control structure of motion-loading system based on work space information.

because the slave system contacts with a real environment actually in the motion-saving system. Hence,

in the motion-loading system, these two control aims are achieved only when the environmental condition

is the same as it in the motion-saving system.

As mentioned above, not only free motion but also contact motion is recorded and reproduced. In this

way, the slave motor reproduces the recorded operator’s motions at any time. Thus, even if the structure

of the device used in the motion-loading system is different from it in the motion-saving system, the

recorded motion is reproduced precisely. It is because that the work space is the unique coordinate

which does not depend on the configurations of the haptic devices.

2.2.3 Modeling of Experimental Systems

In the experiments in this section, two types of devices were used: a serial-link device and a parallel-

link device. The models of these devices are shown in Fig. 2-6. The “contact point” stands for the point

which is operated by human operator or contacts with an environment. In this research, gravity term is

neglected because both devices are located horizontally. In this subsection, the equations about these

models are described.

Serial-Link Device

Fig. 2-6 (a) shows a model of the serial-link device, where m and l stand for the mass and length of

link; subscript 1 and 2 stand for links 1 and 2. In this device, two direct-drive (DD) motors are mounted
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Fig. 2-6: Models of devices used in experiment for motion-copying system based on work space infor-
mation.

in each joints. The dynamics of this device is described as

T = M2lkθ̈ +H2lk

=

[
M2lk 11 M2lk 12

M2lk 21 M2lk 22

]
θ̈ +

[
H2lk 1

H2lk 2

]
(2.2)


M2lk 11 = (m1 +m2)l

2
1 +m2l

2
2 + 2m2l1l2 cos θ2 + Jn

M2lk 12 = m2l
2
2 +m2l1l2 cos θ2

M2lk 21 = m2l
2
2 +m2l1l2 cos θ2

M2lk 22 = m2l
2
2 + Jn

(2.3)

{
H2lk 1 = −m2l1l2θ̇

2
2 sin θ2 − 2m2l1l2θ̇1θ̇2 sin θ2

H2lk 2 = m2l1l2θ̇
2
1 sin θ2

(2.4)

where M2lk, H2lk, and Jn stand for the moment matrix, nonlinear term, and inertia moment of the rotor,

respectively. The position of the contact point is derived as[
x

y

]
=

[
l1 cos θ1 + l2 cos(θ1 + θ2)

l1 sin θ1 + l2 sin(θ1 + θ2)

]
.

(2.5)

Hence, the velocity of contact point is obtained by[
ẋ

ẏ

]
= Jaco 2lk

[
θ̇1

θ̇2

]

=

[
J2lk 11 J2lk 12

J2lk 21 J2lk 22

][
θ̇1

θ̇2

]
(2.6)
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J2lk 11 = −l1 sin θ1 − l2 sin(θ1 + θ2)

J2lk 12 = −l2 sin(θ1 + θ2)

J2lk 21 = l1 cos θ1 + l2 cos(θ1 + θ2)

J2lk 22 = l2 cos(θ1 + θ2)

(2.7)

where Jaco 2lk stands for Jacobian matrix of this device. The relationship of the force Fx, Fy and the

torque T1, T2 is shown as [
Fx

Fy

]
= JT

aco 2lk

[
T1

T2

]
.

(2.8)

The acceleration references ẍref , ÿref are transformed into the actuator space:[
θ̈ref1

θ̈ref2

]
= J−1

aco 2lk

[
ẍref

ÿref

]
.

(2.9)

The information in the actuator space is transformed into the work space by (2.5) and (2.8). Then, the

acceleration references calculated by the bilateral control are transformed into the actuator space by (2.9).

Parallel-Link Device

Fig. 2-6 (b) shows a model of the parallel-link device. Two DD motors are mounted on the base of

the parallel-link device. In this device, the lengths of all links are the same, and those are written by lp.

mp 1 and mp 2 stand for the mass of joints. The dynamics of this device is described as

T = Mpθ̈ +Hp

=

[
Mp 11 Mp 12

Mp 21 Mp 22

]
θ̈ +

[
Hp 1

Hp 2

]
(2.10)


Mp 11 = (mp 1 +mp 2)l

2
p + Jn

Mp 12 = mp 2l
2
p cos(θ2 − θ1)

Mp 21 = mp 2l
2
p cos(θ2 − θ1)

Mp 22 = (mp 1 +mp 2)l
2
p + Jn

(2.11)

{
Hp 1 = −mp 2l

2
pθ̇

2
2 sin(θ2 − θ1)

Hp 2 = mp 2l
2
pθ̇

2
1 sin(θ2 − θ1)

(2.12)

where Mp and Hp stands for the moment matrix and nonlinear term. The position of the contact point

is derived as [
x

y

]
=

[
lp cos θ1 + lp cos θ2

lp sin θ1 + lp sin θ2

]
.

(2.13)
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Hence, the velocity of the contact point is obtained by[
ẋ

ẏ

]
= Jaco p

[
θ̇1

θ̇2

]

=

[
Jp 11 Jp 12

Jp 21 Jp 22

][
θ̇1

θ̇2

]
(2.14)


Jp 11 = −lp sin θ1

Jp 12 = −lp sin θ2

Jp 21 = lp cos θ1

Jp 22 = lp cos θ2

(2.15)

where Jaco p stands for Jacobian matrix of this device. The relationship between the force Fx, Fy and

the torque T1, T2 is shown as [
Fx

Fy

]
= JT

aco p

[
T1

T2

]
.

(2.16)

The acceleration references ẍref , ÿref are transformed into the actuator space:[
θ̈ref1

θ̈ref2

]
= J−1

aco p

[
ẍref

ÿref

]
.

(2.17)

The information in the actuator space is transformed into the work space by (2.13) and (2.16). Then,

the acceleration references generated by the bilateral control are transformed into the actuator space by

(2.17).

2.2.4 Experiments

Experimental Setup

Fig. 2-7 shows the experimental systems. In the motion-saving system, two same-type serial devices

shown in Fig. 2-7 (a) were used as the master and slave systems. In the motion-loading system, motion

reproductions about two cases were conducted: using the serial-link device and a parallel-link device

shown in Fig. 2-7 (b). The parameters of the serial-link device and parallel-link device are shown in

Table 2.1 and Table 2.2, respectively. In each system, the same-type DD rotary motors were mounted.

The angle responses were measured by the rotary encoders, and the torque responses were estimated by

RTOB without torque sensors. Control program was implemented in RTAI (the RealTime Application

Interface for Linux) 3.7. The experimental parameters are shown in Table 2.3.
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Motor 1

Motor 2 Link 1

Link 2

Motor 1

Motor 2

(a) Serial-link device. (b) Parallel-link device.

Fig. 2-7: Experimental systems for motion-copying system based on work space information.

Table 2.1: Parameters of serial-link device.
Parameter Description Value

m1 Mass 1 1.5 kg
m2 Mass 2 0.15 kg
l1 Length of link 1 0.14 m
l2 Length of link 2 0.16 m

gdis 1
Cut-off frequency of

DOB (motor 1)
80 rad/s

gdis 2
Cut-off frequency of

DOB (motor 2)
300 rad/s

gr 1
Cut-off frequency of

RFOB (motor 1)
80 rad/s

gr 2
Cut-off frequency of

RFOB (motor 2)
300 rad/s

Table 2.2: Parameters of parallel-link device.
Parameter Description Value

mp 1 +mp 2 Mass of model 0.15 kg
lp Length of links 0.14 m

gdis p
Cut-off frequency of

DOB
900 rad/s

gr p
Cut-off frequency of

RFOB
900 rad/s

In the motion-saving system, human operated the master system, and the slave system contacted with

an environment. At the same time, operator’s motion was recorded to the motion data memory as the

position and force information in the work space. In this experiment, human motion included both

constrained motion and unconstrained motion. In the motion-loading system, the recorded information

was loaded from the motion data memory and operator’s motion was reproduced. In this experiment, the

environmental location was mostly the same between the motion-saving and motion-loading systems.
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Table 2.3: Experimental parameters for motion-copying system based on work space.
Parameter Description Value

Ts Sampling time 100 µs
Resolution of motor 260000 pulse/r

Ktn Torque coefficient 1.18 Nm/Arms
Jn Inertia moment of motor 0.0028 kgm2

Kp Position gain 8100
Kd Velocity gain 180
Kf Force gain 1.0

gpd
Cut-off frequency of

pseudo-derivation
1000 rad/s
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Fig. 2-8: Experimental results of motion-saving system in work space
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Fig. 2-9: Experimental results of motion-loading system with serial-link device.

The motors were actuated by angle control during first 5 s in order to move to initial angle shown in[
θini 1

θini 2

]
=

[
0
π
2

]
.

(2.18)

After 5 s, the motion-saving and motion-loading steps were conducted.

Experimental Results

The experimental results of the motion-saving system are shown in Fig. 2-8, and the results of the

motion-loading system are shown in Figs. 2-9 and 2-10. In particular, Fig. 2-9 shows the experimental
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Fig. 2-10: Experimental results of motion-loading system with parallel-link device.
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results with the serial-link device, and Fig. 2-10 shows the experimental results with the parallel-link

device. In all figures, only information in the work space is represented, and the responses of the motion-

saving or motion-loading steps are shown (after 5 s). (a) and (b) show the position and force responses,

respectively. In addition, both x axis information and y axis information are drawn in one figure. The

trajectories of the tip position are shown in Fig. 2-11. In Fig. 2-11, the responses of the recorded motion,

reproduced motion with the serial-link device, and reproduced motion with the parallel-link device are

shown.

Fig. 2-9 shows that the recorded motion was reproduced by using the haptic devices with the same

configurations based on the work space information. Furthermore from Fig. 2-10, it is said that the

recorded motion was reproduced even if the configurations of the haptic devices are different. In both

figures, the position tracking is realized accurately in the unconstrained motion. However, the recorded

motion is not realized accurately in the constrained motion. The main reason of this phenomenon is that

the environmental location is not completely the same as the motion-saving phase which is expressed

in Fig. 2-11. For achieving the accurate reproduction, it is necessary to set the same environmental

condition.
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Table 2.4: Correlation between recorded motion and reproduced motion.
Serial-link device Parallel-link device

Position (x) 1.000000 1.000000
Position (y) 0.999981 0.999923
Force (x) 1.000000 1.000000
Force (y) 0.998815 0.995842

Then, the evaluation of the experimental results using correlation coefficient is shown. The goal of the

motion reproduction is that the responses in the motion-saving and motion-loading systems are the same

value. Hence it can be said that if correlation coefficient between the responses in the motion-saving

and motion-loading steps is large value, the ideal reproduction is attained. The correlation coefficient is

obtained by

R =

∑n
i=1(a

sav
i − asav)(aldi − ald)√∑n

i=1(a
sav
i − asav)2

√∑n
i=1(a

ld
i − ald)2

(2.19)

where R, a, a, and n stand for the correlation coefficient, response, average of response, and amount

of data, respectively. Superscript sav and ld stand for the recorded response and reproduced response.

The correlation coefficient about each response is shown in Table 2.4. It is shown that the value of

the correlation coefficients are large value in both reproductions. Hence it is said that the accurate

reproductions were achieved. In this experiments, the y directional motion is more complicated than the

x directional motion. Hence, the coefficients about y direction are smaller compared with the coefficients

about x direction. From these experimental results, the validity of the proposal is confirmed.
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Fig. 2-12: Control structure of motion-saving system based on finger modal space.

2.3 Specialized Coordinate for Finger Motion

In this section, the specialized coordinate for finger motion is introduced. Here, it is assumed that

an exoskeleton haptic device is used in the motion-saving system and an endoskeleton haptic device

is used in the motion-loading system. In this application, the human motions should be treated in the

human modal space because the information acquired by the endoskeleton-type device is not human

own motion. Hence, the coordinate of the human model is more appropriate than work space in this

application. In order to acquire the human own motion, it is necessary to estimate the human motion from

device’s information. Then, the estimated human motion is reproduced by the endoskeleton-type haptic

device which imitates the humans body. In this section, the method of preservation and reproduction

of the human motion on the basis of the human modal space [82] is proposed. By this proposal, it is

realized that the human motion is recorded and reproduced by using the haptic systems with different

configurations.
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Fig. 2-13: Control structure of motion-loading system based on finger modal space.

2.3.1 Motion-Saving System

A block diagram of the motion-saving system is shown in Fig. 2-12. The introduced block diagram is

similar to the basic motion-saving system. In this figure, θ̂hum and T̂ hum stand for the estimated angle

and estimated torque in the human modal space. The bilateral control based on the acceleration control

is implemented in each actuator. In the motion-saving system, position and force information in the

actuator space is transformed into the human modal space by the transformation matrix which depends

on the configurations of saving devices. When the joint model is used as the human model, the variables

of θ̂hum and T̂ hum stand for the joint angle and joint torque of the human joint. In this way, the operator’s

motion is recorded to the motion data memory as the estimated value in the human modal space. In this

method, the unified space between the motion-saving and motion-loading systems is human modal space.

2.3.2 Motion-Loading System

Fig. 2-13 shows the control structure of the motion-loading system. The introduced system is similar

to the basic structure, too. Here, the recorded information is transformed into the actuator space by the

transformation matrix which depends on the configuration of the device. The slave system in the motion-
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Fig. 2-15: Experimental system for motion-copying system based on human model.

loading system is controlled by transformed information. In this way, the recorded human motion is

reproduced.

In this method, the controllers of the motion-saving and motion-loading systems are implemented in

the actuator space. Of course, it is possible to implement the controllers after transformation into the

human modal space.

2.3.3 Modeling of Experimental System

In the experiments conducted in this research, finger motion is focused. The human operator moves his

finger through the device which imitates the exoskeleton-type device, and the device which imitates the

endoskeleton-type device reproduces the recorded human motion. We assume that the operator moves
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Fig. 2-16: Simplified models of experimental systems for motion-copying system based on human
model.

only PIP (proximal interphalangeal) joint and DIP (distal interphalangeal) joint, and the other joint is

fixed. In addition, we assume that the finger model is used two-mass model in this research, and the

simplified diagram is shown in Fig. 2-14. Links 1 and 2 are regarded as the middle phalanx and the distal

phalanx, respectively. In Fig. 2-14, θ, m, and l stand for the angle of joint, mass of link, and length of

the link; subscript 1, 2 and fix stand for link 1, link 2, and angle of the proximal phalanx which is fixed,

respectively. In this subsection, the modeling of the experimental systems is conducted.

Experimental systems in the motion-saving and motion-loading steps are shown Fig. 2-15 (a) and (b),

respectively. The device shown Fig. 2-15 (a) imitates the exoskeleton-type device. In the motion-saving

system, human puts on the ring which is connected on the linear motor by the universal joint in the

master system. Only x axis position and force are obtained by the linear actuator. Here, it is assumed

that the ring contacts with the finger tip. Hence, this device acquires the information of the finger tip.

In the motion-loading system, the end effector of the x-y table reproduces the trajectory and the applied

force of the finger tip point. The device shown Fig. 2-15 (b) imitates the endoskeleton-type device. The

models of these devices are shown in Fig. 2-16.

Modeling of Device Used in Motion-Saving System

In the motion-saving system, the finger model has two DOF, but the haptic device has one DOF. So, the

finger joint information is not obtained without a restraint condition. Here, the finger joint information

is obtained under the condition that the DIP joint is a passive DOF that follows the PIP joint through

tendons connection [100] which is represented as

θ2MS =
4

5
θ1MS (2.20)
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where subscript MS stands for the motion-saving system. From this condition, the tip position is written

by [
xMS

yMS

]
=

[
l1 cos(θ1MS + θfix) + l2 cos(

9
5θ1MS + θfix)

−l1 sin(θ1MS + θfix)− l2 sin(
9
5θ1MS + θfix)

]
(2.21)

where xMS and yMS stand for the positions of the absolute coordinate. Newton-Raphson method is used

in order to estimate the joint angle, because it is very difficult to calculate the analytic solution about

θ1MS and θ2MS.

The joint torque responses are obtained by[
T1MS

T2MS

]
= JT

acoMS

[
FxMS

FyMS

]

= JT
acoMS

[
0

FyMS

]
(2.22)

where subscript x and y stand for x axis and y axis, respectively. Jaco stands for Jacobian matrix, and it

is shown as

JacoMS =

[
J11MS J12MS

J21MS J22MS

]
(2.23)


J11MS = −l1 sin(θ1MS + θfix)− l2 sin(

9
5θ1MS + θfix)

J12MS = −l2 sin(
9
5θ1MS + θfix)

J21MS = −l1 cos(θ1MS + θfix)− l2 cos(
9
5θ1MS + θfix)

J22MS = −l2 cos(
9
5θ1MS + θfix) .

(2.24)

The information acquired by the actuators are transformed into the finger modal space by these equations.

Then, the estimated joint angle and torque are recorded to the motion data memory.

Modeling of Device Used in Motion-Loading System

In the motion-loading system, the end effector of the x-y table reproduces the recorded motion of the

finger tip. The tip position is written by[
xML

yML

]
=

[
l1 cos(θ1ML + θfix) + l2 cos(θ1ML + θ2ML + θfix)

−l1 sin(θ1ML + θfix)− l2 sin(θ1ML + θ2ML + θfix)

]
(2.25)

where subscript ML stands for the value used in the motion-loading system. Then, the recorded torque

are transformed by [
FxML

FyML

]
= J−T

acoML

[
T1ML

T2ML

]
.

(2.26)
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Table 2.5: Experimental parameters of motion-copying system based on human model.
Parameter Description Value

Ts Sampling time 100 µs
Ktn Force coefficient 3.3 N/A
Mn Mass 0.24 kg
Kp Position gain 10000
Kd Velocity gain 200
Kf Force gain 8

gpd
Cut-off frequency of

pseudo-derivation
2000 rad/s

gdis
Cut-off frequency of
disturbance observer

700 rad/s

gr
Cut-off frequency of

reaction force observer
700 rad/s

Jacobian matrix of the motion-loading system is described by

JacoML =

[
J11ML J12ML

J21ML J22ML

]
(2.27)


J11ML = −l1 sin(θ1ML + θfix)− l2 sin(θ1ML + θ2ML + θfix)

J12MS = −l2 sin(θ1MS + θ2ML + θfix)

J21MS = −l1 cos(θ1MS + θfix)− l2 cos(θ1MS + θ2ML + θfix)

J22MS = −l2 cos(θ1MS + θ2ML + θfix) .

(2.28)

From these equations, the recorded finger motion data are transformed into the actuator space.

2.3.4 Experiments

Experimental Setup

In order to verify the validity of the proposed method, the experiments were conducted. The experi-

mental systems shown in Fig. 2-15 are composed of the linear motors and the position encoders whose

resolution is 100 nm. The environment used in this experiments is an aluminum block. In these exper-

iments, the position information were measured by the position encoder, and the force responses were

estimated by the RFOB without force sensors. The control program was implemented in RTAI 3.7. The

experimental parameters are shown in Table 2.5, and the parameters about the finger model is set as Table

2.6.

In the motion-saving system, the human operator put on the haptic device shown in Fig. 2-15 (a),

and he moved only PIP and DIP joints. The slave system contacted with an environment, and human

operator felt the reaction force from an environment because the bilateral control is implemented. At the

same time, operator’s motion was recorded to the motion data memory on the basis of the human modal
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Table 2.6: Parameters of finger model for motion-copying system based on human model.
Parameter Description Value

l1 Length of link 1 0.025 m
l2 Length of link 2 0.025 m
m1 Mass of link 1 0.012 kg
m2 Mass of link 2 0.012 kg
θfix Fixed angle 0.524 rad
θ1 ini Initial angle of PIP joint 0.087 rad
θ2 ini Initial angle of DIP joint 0.070 rad
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Fig. 2-17: Experimental results of motion-saving system in actuator space.

information. Then, in the motion-loading system, the recorded motion is reproduced by the device shown

in Fig. 2-15 (b). The information in the human modal space is transformed into the actuator space, and

the slave system is controlled by transformed information.

Experimental Results

Figs. 2-17 and 2-18 show the experimental results of the motion-saving system. Fig. 2-17 (a) and (b)

indicate the position responses and the force responses acquired by the linear actuators. The responses

of the master and slave systems are depicted in one figure. Then, the movement of the operator’s finger

joint is estimated from the responses of the master system. Fig. 2-18 (a) and (b) indicate the estimated

angle and torque in the finger modal space, which are estimated by Newton-Raphson method and (2.22)

respectively. In these figures, the responses of PIP joint and DIP joint are described. The responses

shown in this figure were recorded to the motion data memory. Fig. 2-19 shows the experimental

results of the motion reproduction. (a) and (b) indicate position responses and force responses, and both

information about x axis and y axis are depicted. In Fig. 2-19, the “virtual master” means the responses

of the recorded motion, which is in the motion data memory. This figure shows that the motion acquired
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Fig. 2-18: Estimated finger motion.
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Fig. 2-19: Experimental results of motion reproduction using motion-copying system based on human
model.
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in the motion-saving system is reproduced by the device with different configurations through the finger

modal space. The information about x axis is unknown in the motion-saving system, but it is reproduced

through the estimated finger motion. It is expressed in Fig. 2-20. The trajectory of the tip point is

reproduced. From these figures, the availability of the proposal is verified.
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Fig. 2-21: Simplified figure of the experimental system.

2.4 Specialized Coordinate for Picking Up and Moving Motion

In this section, the motion modal space is introduced as specialized coordinate for complicated motion.

The basic concept is similar to function mode [101,102]. Human motions are composed of “do something

with a tool to an target object”; (e.g.)“writing with a pen,” “drinking in a cup,” “throwing a ball,” etc. The

picking up and moving motion is focused here as a complicated motion, and the specialized coordinate

for such motion is described. By the introduced coordinate, the human motion is separated into motion

elements. In the following chapter, the appropriate controller is implemented in each motion element

axis according to the aim of each motion element.

2.4.1 Modeling and Coordinate Transformation

In order to deal with a human motion, coordinate transformation from motor space information to

motion-mode space information is necessary. After the transformation, the human motion can be con-

trolled by separated motions. This section describes a modeling of the experimental system, and two

coordinate transformation is provided; between the motor space and work space; between the work

space and motion-mode space.

Modeling

The simplified figure of the experimental system is shown in Fig. 2-21. One unit of the experimental

device is constructed three motors; a rotary motor (horizontal) and two linear motors (horizontal and

vertical). In each motor, a disturbance observer (DOB) is implemented locally. The master system (or

the slave system) is constructed by two device units. In the master system, an operator inserts his/her

finger to rings and move his/her finger. On the contrary, in the slave system, an end-effector is controlled
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Fig. 2-22: Modelings of the experimental systems.

by the master system and it contacts with an environment. Model of the system is shown in Fig. 2-22

where L stands for length between center of the rotary motor to the end-effector (horizontal direction);

Lbase stands for length between rotary motors of two device units; θ stands for angle response of rotary

motor located horizontally; l stands for position response of linear motor located horizontally; z stands

for position response of linear motor located vertically; and subscript 1 and 2 stand for device unit 1,

which is for thumb, and device unit 2, which is for first finger respectively.

Coordinate Transformation between Motor Space and Work Space

First, information in the motor space is transformed into work space information. Generally, Jacobian

matrix is used for the coordinate transformation. Eqs. (2.29) – (2.31) show equations to transform

position, velocity, and force information:

Pwork =



xtmb

ytmb

ztmb

xfst

yfst

zfst


=



(L+ l1) cos θ1

(L+ l1) sin θ1

z1

Lbase − (L+ l2) cos θ2

(L+ l2) sin θ2

z2


, (2.29)
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Fig. 2-23: Motion mode.

Ṗwork = Jaco,workṖmotor =



cos θ1 −(L+ l1) sin θ1 0 0 0 0

sin θ1 (L+ l1) cos θ1 0 0 0 0

0 0 1 0 0 0

0 0 0 − cos θ2 (L+ l2) sin θ2 0

0 0 0 sin θ2 (L+ l2) cos θ2 0

0 0 0 0 0 1





l̇1

θ̇1

ż1

l̇2

θ̇2

ż2


,

(2.30)

Fwork = J−T
aco,workFmotor, (2.31)

where P and F stands for the position matrix and force matrix respectively; Jaco stands for Jacobian

matrix; subscript tmb and fst stand for thumb and first finger respectively; and subscript motor and work

stand for the motor-space information and work-space information, respectively. The equivalent mass

matrix in the work space is shown below:

M eq,workP̈work = Fwork, (2.32)

where

M eq,work = J−T
aco,workMmotorJ

−1
aco,work. (2.33)

In Eqs. (2.32) and (2.33), M stands for the mass matrix and subscript M eq stands for the equivalent

mass matrix.

Coordinate Transformation between Work Space and Motion-Mode Space

In order to deal with human motions, a coordinate transformation from work space to motion-mode

space is shown. In this section, the following six motion-mode axes are defined as Fig. 2-23.

move-x: target object’s linear motion on x axis;
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move-y: target object’s linear motion on y axis;

rotation: target object’s rotary motion;

grasp: grasping motion for target object;

lifting: target object’s linear motion on vertical axis;

z-difference: height difference between end-effectors of thumb and first finger.

These axes are on the basis of the relation of two end-effectors. Hence, they do not stand for the move-

ment of the target object directly. When the devices grasp the target object, axes of the move-x, move-y,

rotation, lifting, z-difference indicate the movement of the target object. Note that, in order to simplify

the motion, the “z-difference” axis is controlled by position controller which command is 0. As a re-

sult, height of the end effectors of two-device units is held as the same. Hence, the human motions are

expressed by remaining five axes in this research.

The transformation between work space and motion-mode space is similar as above subsection. Eqs.

2.29 – 2.31 show equations to transform the position, velocity, and force information;

Pmode =



pmv−x

pmv−y

prot

pgrsp

plift

pz−dif


=



xtmb+xfst−Lbase
2

ytmb+yfst
2

tan−1 yfst−ytmb
xfst−xtmb√

(xfst − xtmb)2 + (yfst − ytmb)2

ztmb+zfst
2

ztmb−zfst
2


, (2.34)

Ṗmode = Jaco,modeṖwork =



1
2 0 0 1

2 0 0

0 1
2 0 0 1

2 0

A B 0 −A −B 0

C D 0 −C −D 0

0 0 1
2 0 0 1

2

0 0 1
2 0 0 −1

2





ẋtmb

ẏtmb

żtmb

ẋfst

ẏfst

żfst


, (2.35)

A = yfst−ytmb

(xfst−xtmb)2−(yfst−ytmb)2
, B = − xfst−xtmb

(xfst−xtmb)2−(yfst−ytmb)2
,

C = − xfst−xtmb√
(xfst−xtmb)2+(yfst−ytmb)2

, D = − yfst−ytmb√
(xfst−xtmb)2+(yfst−ytmb)2

,
(2.36)

Fmode = J−T
aco,modeFwork, (2.37)

where p stands for position; subscript mv−x, mv−y, rot, grsp, lift, and z−dif stand for axis of “move-x

mode,” axis of “move-y mode,” axis of “rotation mode,” axis of “grasp mode,” axis of “lifting mode,”
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Fig. 2-24: Coordinate transformation.

and axis of “z-difference” respectively; and subscript mode stands for motion-mode space information.

The equivalent mass matrix in the motion-mode space is shown as

M eq,modeP̈mode = Fmode, (2.38)

where

M eq,mode = J−T
aco,modeMworkJ

−1
aco,mode. (2.39)

From eqs. (2.29)–(2.39), the information of the motor space is transformed into the information of the

motion-mode space shown in fig. 2-24. In this section, the MCS is implemented in each axis in motion-

mode space. In addition, work space observer [103–105] is implemented in the motion-mode space not

to interfere with each modal axis.

2.4.2 Experiments

Experimental Setup

In this section, the validity of the proposed method is verified by experiments. Fig. 2-25 shows

the experimental system used in the experiments. This system is constructed by the master and slave

systems, and each system is composed of two-device units. The device unit is constructed by three

motors; a rotary motor (horizontal) and two linear motors (horizontal and vertical). In the motion-saving

step, both of the master and slave systems were used. A human operator operates the master system, and

the end effector in the slave system grasped an environment shown Fig. 2-26.

The position response was measured by the position encoder or the rotary encoder, and the force

response was estimated by reaction force observer (RFOB) without force sensors. The control program
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Fig. 2-25: Experimental systems for reproduction with motion mode.

Fig. 2-26: Target environment (Cork block).

was written in C language under RTAI 3.7. The parameters used in these experiments are shown in Table

2.7.

Experimental Results of Motion Recording

Figs. 2-27 and 2-28 show the experimental results of the motion recording. The responses of the

master and slave systems are depicted in the figure. The left figures show the position responses and the
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Table 2.7: Experimental parameters for reproduction with motion mode.
Parameter Description Value

Ts Sampling time 200 µs
L length between center of the rotary motor to the end-effector 0.16 m

Lbase length between rotary motors of two device units 0.41 m
Kfn Force coefficient of linear motor 40.0 N/A
Mn Mass of linear motor 0.3 kg
gpd,l Cut-off frequency of pseudo-derivation of linear motor 600 rad/s
gdis,l Cut-off frequency of disturbance observer of linear motor 600 rad/s
Ktn Torque coefficient of rotary motor 1.18 Nm/A
In Inertia around rotary motor 0.00288 kgm2

gpd,r Cut-off frequency of pseudo-derivation of rotary motor 250 rad/s
gdis,r Cut-off frequency of disturbance observer of rotary motor 250 rad/s

Kp,move Position gain for move-x and move-y axes 3600
Kd,move Velocity gain for move-x and move-y axes 120
Kf,move Force gain for move-x and move-y axes 5
Kp,rot Position gain for rotation axis 1600
Kd,rot Velocity gain for rotation axis 80
Kf,rot Force gain for rotation axis 2
Kp,grsp Position gain for grasp axis 3600
Kd,grsp Velocity gain for grasp axis 120
Kf,grsp Force gain for grasp axis 5
Kp,lift Position gain for lifting and z-diff axes 3600
Kd,lift Velocity gain for lifting and z-diff axes 120
Kf,lift Force gain for lifting axis 0.8
gwob Cut-off frequency of work space observer 500 rad/s
mobj1 Weight of cork block 0.05 kg
lobj1 Side length of cork block 0.055 m

right figures show the force responses. The responses of the motion-modal space are shown, because

the MCS controllers are implemented in the motion-modal space. It is shown from figures that the

operator grasped the block at first; then he lifted the block; moved the block at y direction; moved the

block at x direction; rotated the block; and finally got his finger off of the block. These figures show

that the responses of master and slave systems are almost the same because the ideal bilateral control

is implemented. Note that z-different axis was controlled by position controller to keep height of the

devices.

Experimental Results of Motion Reproduction

Figs. 2-29 and 2-30 show the experimental results of the motion reproduction. The responses of the

recorded data and reproduced data are depicted in the figure. The left figures show the position responses

and the right figures show the force responses. It is shown that recorded motion was reproduced. The

error between recorded data and reproduced data is caused by difference of environmental condition. As
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Fig. 2-27: Experimental result of motion recording based on motion mode. (1/2)

described in section 2.2, the completely same environmental condition is needed for perfect reproduction.

However, it is impossible to satisfy such condition. In particular in this experimental system, the device

is slightly warped, and the initial location of the device and target object is not completely the same.

Hence, the completely same response could not be achieved because environmental condition is little bit

different from motion recording phase.
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(e) Position responses of z-difference. (f) Force responses of z-difference.

Fig. 2-28: Experimental result of motion recording based on motion mode. (2/2)
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Fig. 2-29: Experimental result of motion reproduction based on motion mode. (1/2)

– 39 –



CHAPTER 2 MOTION RECORDING AND REPRODUCTION IN MULTI-DOF SYSTEM

5 10 15 20

90

60

50

80

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded, Reproduced

0

70

5 10 15 20

8

4

0

Time (s)

Fo
rc

e 
(N

)

Recorded

0

Reproduced
12

16

(a) Position responses of grasping. (b) Force responses of grasping.

5 10 15 20

40

10

0

30

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded, Reproduced

0

20

5 10 15 20

0

-4

-8

Time (s)

Fo
rc

e 
(N

)

Recorded

0

Reproduced4

(c) Position responses of lifting. (d) Force responses of lifting.

5 10 15 20

1

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded, Reproduced

0

0

-1
5 10 15 20

0

-4

Time (s)

Fo
rc

e 
(N

)

Recorded

0

Reproduced
4

8
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Fig. 2-30: Experimental result of motion reproduction based on motion mode. (2/2)
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2.5 Summary

In this chapter, coordinate transformation from motor space to common space was described and two

concepts were introduced; abstraction and specialization. Under the concept of the coordinate trans-

formation, three types of coordinates were discussed. First in section 2.2, the work space was chosen

as the common coordinate to abstract the motion data which depend on a hardware structure. By this

transformation, motion data could be reproduced even if the structures of the haptic devices are different.

Then, the human modal space and the motion modal space were introduced to specialize motion data for

applications in section 2.3 and section 2.4, respectively. The human modal space was introduced to treat

human motion on the basis of human model. It was assumed that an exoskeleton haptic device is used in

motion recording and an endoskeleton haptic device is used in motion reproduction. On the other hand,

the motion modal space was introduced to separate motion elements from the human motion. By this

transformation, the appropriate control methods could be implemented in each motion element. In each

section, the validity of the proposed methods was shown by the experimental results. These coordinate

transformations are used in the following chapter.

For ideal motion reproduction, it is more desirable to deal with the motion data in the relative coordi-

nate to the environment. It is because that the human motion targets the external environment. Hence, if

the environmental location is changed, it is expected that relation between the environment and the origin

of the coordinate is maintained. As described in section 2.4, the motion mode is not the coordinate of

the movement of the target object, but the coordinate of the movement of the end-effectors. In this case,

the motion mode does not completely depend on the structure of the devices because the relation of the

initial position between two end-effectors depends on the structure of the device. If we want to construct

the system which is not affected by the device at all, it is necessary to deal with the motion data in the

relative coordinate to the object. In addition, it is more desirable to consider the relation between the

target object and the external environment, too.
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Chapter 3

Integrated Reproduction of Motion
Components

3.1 Background and Overview of This Chapter

For the future applications of the motion-copying system, it is important to reproduce many motions

from fewer recorded motions. For example, in industrial processing, there are some processes such as

the cutting process, boring process, and polishing process. Of course, the motions for each process are

different. Hence, the skills required for them are also different. If the integrated reproduction is achieved,

expert motions for each process can be recorded separately as motion components and then integrated

and reproduced as a single motion by robots. As a result, the many motions can be constructed from the

recorded motion components. As mentioned above, the proposed system couples the recorded motions

temporally and an integrated motion reproduction can be achieved using it.

In this chapter, methods to connect two recorded motions in time series and reproduce in a single

motion are proposed. The concept of the integrated reproduction is shown in Fig. 3-1. The recorded two

motions are integrated temporally, and the integrated motion is reproduced in one motion.

In the previous studies about motion teaching to humanoid robots, some postures are recorded and

they are interpolated. As a result, one motion is generated by interpolation of the postures [106, 107]. In

other words, motion is just a set of the postures. On the other hand, there are few researches that one

motion is generated by motion components [108]. Because boundaries of the motion components are

just a posture, the same concept of the interpolation can be used at the motion-copying system.

In this chapter, two coupling methods are proposed. The method described in section 3.2 assumes that
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Recorded Motion 2

Recorded Motion 1

Integrated Reproduction

Integrated Reproduction
Motion 1 Motion 2

Fig. 3-1: Concept of integrated reproduction of motion elements.

human motions are dealt with position and force information [83–85]. In this method, interpolated data

are calculate and inserted between two motions to connect them smoothly. Concept of this method is

same as the motion teaching of the humanoid robots. The other method described in section 3.3 assumes

that human motions are dealt with acceleration information [86]. In this method, general interpolation

method cannot be used, because position information is not used as the motion data. Instead of it,

equivalent velocities of the two motions are connected by adding acceleration between two motions.

These two methods depend on the format of motion data. We can choose motion data format according

to the aim or the environmental condition of motion reproduction. These proposed methods can apply to

the basic motion-copying system [65] and the motion-copying system based on acceleration information

[91]. By the integrated reproduction, the motions in separated process are recorded independently, and

whole task is realized by connect any motion components of each process. In each section, experimental

results show the validity of the proposed methods.
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Fig. 3-2: Simplified diagram of integrated reproduction based on position and force information.

3.2 Integrated Reproduction Based on Position and Force Information

In this section, a method of integrating two recorded motions and of reproducing the integrated motion

in a single motion [83–85] is described. When recorded motions are integrated directly, the abrupt change

occurs between each motion because the commands of connection point are not continuous. To avoid

such case, the recorded position and force data are interpolated to connect the motions smoothly. Fig.

3-2 shows the concept of the proposed method. In this section, the proposed method is implemented in

the system described in section 2.3.

3.2.1 Control Structure

In order to avoid the abrupt change, a coupling interval is inserted between the two recorded motions

and the recorded motions are interpolated during the coupling interval. In this paper, cubic interpolation

is used to consider the effects of second-order derivation on the data. Further, it is assumed that the

position of an environment is known.

The angle command θcmd and the torque command Tcmd during the coupling interval are

θcmd = aθ + bθ(t− t1) + cθ(t− t1)
2 + dθ(t− t1)

3 (3.1)

Tcmd = aT + bT (t− t1) + cT (t− t1)
2 + dT (t− t1)

3, (3.2)

where t and t1 stand for time and time when the first motion ends; a, · · · , d stand for coefficient of

t0, · · · , t3; and subscripts θ and T stand for angle command and torque command, respectively. The
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coefficients used in Eqs. (3.1) and (3.2) are calculated by

aθ = θend1

bθ = θ̇end1

cθ =
3(θbeg2 − θend1 )

(t2 − t1)2
− θ̇beg2 + 2θ̇end1

t2 − t1

dθ = −2(θbeg2 − θend1 )

(t2 − t1)3
+

θ̇beg2 + θ̇end1

(t2 − t1)2

(3.3)



aT = T end
1

bT = Ṫ end
1

cT =
3(T beg

2 − T end
1 )

(t2 − t1)2
− Ṫ beg

2 + 2Ṫ end
1

t2 − t1

dT = −2(T beg
2 − T end

1 )

(t2 − t1)3
+

Ṫ beg
2 + Ṫ end

1

(t2 − t1)2 ,

(3.4)

where t2 stands for time when the second motion begins; and superscript end and beg stand for last value

of recorded motion and first value of recorded motion, respectively. t2 is obtained by

t2 = t1 + tcpl, (3.5)

where tcpl stands for length of the coupling interval. A designer can set tcpl depending on the applica-

tions. If the working efficiency of an assembly process requires to be good, tcpl should be set to a value

that is as small as possible. On the other hand, if the proposed method is applied to a human support

field such as a power-assisted system, tcpl should be set to a value such that the operator does not feel

discomfort.

3.2.2 Experiments

In this sub-section, the validity of the proposed method is verified by experiments. Here, finger motion

is considered, and the operator’s motions are recorded and reproduced. The model of the experimental

system is described in the section 2.3.

Experimental Setup

The experimental systems are shown in Fig. 3-3. These systems are constructed using motor systems,

which are composed of linear motors and position encoders whose resolutions are 100 nm. An aluminum
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(a) Motion-saving system. (b) Motion-loading system.

Fig. 3-3: Experimental system for motion-copying system based on human model.

Table 3.1: Experimental parameters of integrated reproduction based on position and force information.
Parameter Description Value

Ts Sampling time 100 µs
Ktn Force coefficient 3.3 N/A
Mn Mass 0.24 kg
Kp Position gain 10000
Kd Velocity gain 200
Kf Force gain 12

gpd
Cut-off frequency of

pseudo-derivation
5000 rad/s

gdis
Cut-off frequency of
disturbance observer

700 rad/s

gr
Cut-off frequency of

reaction force observer
700 rad/s

block was used in the experiments. The position information was measured by a position encoder and the

force response was estimated by the RFOB without force sensors. The control program was implemented

in RTAI 3.7. The experimental parameters are listed in Table 3.1, and the parameters of the finger model

are listed in Table 3.2.

The experimental system used for the motion-saving system is shown in Fig. 3-3 (a). This experimen-

tal system is composed of master and slave systems. The linear motors are actuated only in the y-axial

direction. A human operator wears the ring, which is connected to the universal joint, and moves the

master system; the slave system is teleoperated. When the end effector of the slave system contacts an

environment, the human operator feels a reaction force from the environment resembling that experi-

enced by touching a real environment. The information acquired by the master system is transformed
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Table 3.2: Parameters of finger model for velification of integrated reproduction based on position and
force information.

Parameter Description Value
l1 Length of link 1 0.025 m
l2 Length of link 2 0.025 m
m1 Mass of link 1 0.012 kg
m2 Mass of link 2 0.012 kg
θfix Fixed angle 0.524 rad
θ1 ini Initial angle of PIP joint 0.087 rad
θ2 ini Initial angle of DIP joint 0.070 rad

into finger modal space and recorded to the motion data memory.

In this research, two types of motions were recorded separately. First, an unconstrained motion was

recorded. This motion is the one in which the end effector does not contact the environment. Hence, the

position response of the master system tracks that of the slave system. Second, a constrained motion was

recorded. This motion is the one in which the end effector contacts the environment and the operator

applies an external force on to the environment. The unconstrained motion was recorded as “motion 1,”

and the constrained motion was recorded as “motion 2.” The durations of both the motions were 5 s.

The experimental system for the motion-loading system is shown in Fig. 3-3 (b). This system is an

x-y table composed of two linear actuator systems. The distance between the initial position of the end

effector and the environment was set to 0.03 m.

In the motion-loading system, two recorded motions were integrated in a time series and reproduced

as a single motion. The recorded motions were interpolated during the coupling interval in the finger

modal space. Then, the integrated motion was transformed into commands for the position and force

controllers and reproduced on the basis of these commands. The coupling interval between two motions

was set to 0.5 s.

Experimental Results of Motion Recording

Figs. 3-4 and 3-5 show the experimental results of the motion-saving system. The responses of the

master and slave systems are depicted in the figure, (a) and (b) respectively show the position responses

and force responses acquired by the linear actuators in the real world. Then, the movement of the

operator’s finger joint is estimated from the responses of the master system. (c) and (d) respectively

show the estimated angle and torque in the finger modal space, which are estimated by the Newton-

Raphson method and using Eq. (2.22). In these figures, the responses of the PIP and DIP joints are
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Fig. 3-4: Experimental results of motion recording of motion 1 for velification of integrated reproduction
based on position and force information.

depicted. Fig. 3-4 shows the results for motion 1 (unconstrained motion). The position responses vary

significantly, but the force responses do not vary as much because the end effector does not contact the

environment. On the other hand, Fig. 3-5 shows the results for motion 2 (constrained motion). This

figure shows that the operator applied a force to the environment twice. The responses shown in Fig. 3-4

(c) and (d) and in Fig. 3-5 (c) and (d) were recorded to the motion data memory.

Experimental Results of Motion Reproduction

Fig. 3-6 shows the experimental result of the integrated motion reproduction of the two recorded

motions. In the figure, (a) and (b) respectively show the position and force responses and the information

about both the x axis and the y axis is shown. (c) and (d) respectively show the estimated responses

about the PIP joint and the DIP joint. In Fig. 3-6, the virtual master system stands for the responses

of the recorded motion in the motion data memory. The errors for each response are described in Fig.

3-7: (a) shows the angle error and (b) shows the torque error. These figures reveal two things. First, the

two recorded motions were integrated and reproduced as a single motion. In particular, motion 1 was

reproduced in the first 5.0 s and the recorded motion 2 was reproduced in the last 5.0 s. Between the two

motions, the coupling interval was inserted. Fig. 3-7 shows that the errors between the responses of the

motion-saving and motion-loading systems are sufficiently small. Second, the motion acquired by the
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Fig. 3-5: Experimental results of motion recording of motion 2 for velification of integrated reproduction
based on position and force information.

motion-saving system was reproduced using devices with different configurations through the conversion

of data point into the finger modal space. Even though the information of the motion about the x axis was

unknown in the motion-saving system, it was estimated through the finger motion data and reproduced

using a different device.

Next, the evaluation of the experimental results using a correlation coefficient is discussed. The goal of

motion reproduction is that the responses of the motion-saving and motion-loading systems should be the

same. Hence, it can be said that if the correlation coefficient between the responses of the motion-saving

and motion-loading systems is large, ideal motion reproduction is achieved. The correlation coefficient

is obtained by the equation:

R =

∑n
i=1(a

sav
i − asav)(aldi − ald)√∑n

i=1(a
sav
i − asav)2

√∑n
i=1(a

ld
i − ald)2

, (3.6)

where R, asav, ald, , and n stand for correlation coefficient, recorded response, and reproduced re-

sponses, average, and amount of data, respectively.

The correlation coefficients for each response are listed in Table 3.3. It can be seen that the values

of the correlation coefficients are large for both reproductions. Hence, it can be concluded that accurate

reproductions were achieved. From these experimental results, the validity of the proposed method is

confirmed. The haptic systems were coupled spatially and temporally.
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Fig. 3-6: Experimental results of integrated motion reproduction for velification of integrated reproduc-
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Fig. 3-7: Angle and force errors during motion reproduction for velification of integrated reproduction
based on position and force information.

Table 3.3: Correlation between recorded motion and reproduced motion.
Correlation coefficient

Angle (θ1) 0.999948
Angle (θ2) 0.999948
Torque (T1) 0.997864
Torque (T2) 0.998050
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Fig. 3-8: Simplified diagram of integrated reproduction based on acceleration information.

3.3 Integrated Reproduction Based on Acceleration Information

In this section, two human motions are stored to the motion data memory as the acceleration infor-

mation, and they are integrated in time series and reproduced [86]. In the case when two motions are

connected directly, the second motion is not reproduced because an actuator has the haptic energy at the

end of the first motion. Therefore, an integration method of the recorded haptic information considering

haptic energy is proposed. Fig. 3-8 shows the concept of the proposed method. In this section, the

proposed method is implemented in the system described in section 2.2.

3.3.1 Control Structure

In the case that two motions are connected directly, the second motion is not reproduced precisely

since the actuator has the haptic energy at the end of the first motion. Concretely speaking, the ap-

plied force becomes larger or tip velocity becomes faster in the second motion. Therefore, two motion

components need to be integrated considering the continuity of the equivalent haptic energy.

In this research, the equivalent velocity ẋequ which is the integration of the acceleration reference of

the recorded motion is assumed to the haptic energy:

ẋequ =

∫
ẍrefdt. (3.7)

The equivalent velocity can be assumed to the haptic energy since the acceleration response corresponds

with the reference by DOB. The acceleration response expresses the behavior of the device which include

both position variation and applied force. In order to cancel the haptic energy which is comprehended

the end of first motion, the rated acceleration of the actuator is applied during appropriate time period:

ẍref = −sgn(ẋequend 1 − ẋequbeg 2)ẍ
cpl (3.8)
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where sgn(•) shows the signum function; ẍcpl denotes the acceleration added during coupling time;

subscript end 1 and beg 2 stand for equivalent velocity when the first motion ends and the second motion

begins, respectively. The amount of the coupling time is obtained as

i =

∣∣∣ẋequend 1 − ẋequbeg 2

∣∣∣
|ẍcpl|Ts

(3.9)

where i and Ts denote the amount of samples and sampling time period, respectively. Here, ẋequend 1, ẋequbeg 2,

and Ts are the constant parameters which depend on the recorded motion and sampling time period of

the system. On the other hand, either i or ẍcpl is variable, and the other one is constant. It depends

on the application. If we want to set the coupling time as short as possible, ẍcpl is set as constant of

max acceleration of the system, and i is calculated by Eq. (3.9). On the other hand, if the coupling

time is defined by application, i is set constant, and ẍcpl is calculated by Eq. (3.9). After cancelling the

equivalent velocity, the second motion is reproduced. As a result, the integrated reproduction of human

motions is attained.

3.3.2 Experiments

In this sub-section, the validity of the proposed method is verified by experiments. The model of the

experimental system is described in the section 2.2.

Experimental Setup

Fig. 3-9 shows experimental systems. Two devices were used in the motion-saving system, and only

one device was used in the motion-loading system. The parameters of the serial-link device is shown in

Table 3.4. In each system, the same-type DD rotary motors were mounted. The angle responses were

measured by the rotary encoders, and the torque responses were estimated by RTOB without torque

sensors. Control program was implemented in RTAI 3.7. The experimental parameters are shown in

Table 3.5.

In this experiment, the method described in section 3.2 was implemented in x axis, and the proposed

method was implemented in y axis. In the motion-saving phase, human operates the master, and the slave

was teleoperated and contacted with the environment. The environment was almost located parallel to

the x axis. At the same time, the position and force responses of the x axis of the master system were

recorded. On the other hand, the acceleration reference of the y axis of the slave system was recorded

into the motion data memory. In addition, the equivalent velocity of the y axis of the slave system when
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Motor 1

Motor 2 Link 1

Link 2

Fig. 3-9: Experimental system for velification of integrated reproduction based on acceleration informa-
tion.

Table 3.4: Parameters of serial-link device for velification of integrated reproduction based on accelera-
tion information.

Parameter Description Value
m1 Mass 1 2.5 kg
m2 Mass 2 0.3 kg
l1 Length of link 1 0.14 m
l2 Length of link 2 0.14 m

gdis 1
Cut-off frequency of

DOB (motor 1)
80 rad/s

gdis 2
Cut-off frequency of

DOB (motor 2)
200 rad/s

gr 1
Cut-off frequency of

RFOB (motor 1)
300 rad/s

gr 2
Cut-off frequency of

RFOB (motor 2)
500 rad/s

Table 3.5: Experimental parameters for velification of integrated reproduction based on acceleration
information.

Parameter Description Value
Ts Sampling time 100 µs

Resolution of motor 260000 pulse/r
Ktn Torque coefficient 1.18 Nm/Arms
Jn Inertia moment of motor 0.00288 kgm2

Kp Position gain 4900
Kd Velocity gain 140
Kf Force gain 0.6

gpd
Cut-off frequency of

pseudo-derivation
400 rad/s

gwob Cut-off frequency of WOB 400 rad/s

the motion begins and ends were recorded to the motion data memory, too. In these experiments, two

motions were recorded: an unconstrained motion and a constrained motion. Each motion was recorded

during 5 seconds.
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Fig. 3-10: Experimental results of recorded motion 1 for velification of integrated reproduction based on
acceleration information.

In the motion-loading phase, the integrated reproduction of the recorded motions was conducted.

Concretely speaking, first, the motion 1 was reproduced, then the motion 2 was reproduced. Here, two

patterns of the reproductions were conducted: without proposed method and with proposed method. In

the case that the proposed method was used, the braking force was applied in order to connect the haptic

energy between the end of the motion 1 and the beginning of the motion 2. In this experiment, the

coupling time was 0.5 s. The acceleration added during coupling time was calculated during the motion

reproduction by Eq. (3.9).

Experimental Results of Motion Recording

Figs. 3-10 and 3-11 show the experimental results of the motion 1 and the motion 2 in the motion-

saving step. In these figures, (a) and (b) show the position responses and the force responses of x axis;

and (c) and (d) show the position responses and the force responses of y axis, respectively. From these

results, it turns out that the bilateral force feedback control is successfully realized. These motions were

recorded as the digital information to the motion data memory. In the motion 2, the data during 3 s to 5

s were recorded. In this experiment, the proposed method was implemented at only y axis. Therefore,

acceleration of the y axis was stored, and both position and force of the x axis were stored.
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Fig. 3-11: Experimental results of recorded motion 2 for velification of integrated reproduction based on
acceleration information.

Experimental Results of Motion Reproduction

Fig. 3-12 shows the experimental results of the integrated reproduction without proposed method. In

this figure, the responses of the reproduction and recorded motion are depicted. Fig. 3-13 shows the posi-

tion and force error of 3-12. Only results of y axis are shown in Fig. 3-13, because the proposed method

was implemented at y axis. It turns out that both the position and force responses are not reproduced as

the recorded ones in the motion 2. The reason why the recorded motion could not be reproduced is that

the equivalent velocities of the end of the motion 1 and beginning of the motion 2 did not correspond

with. In this case, the device applied force to the wall at the end of motion 1. After that, the acceleration

was added according to the motion 2. As a result, strong force was applied to the environment because

the remaining equivalent velocity was not canceled.

On the contrary, Fig. 3-14 shows the experimental results of the integrated reproduction with proposed

method, and Fig. 3-15 shows the position and force error of 3-14. Only results of y axis are shown in

Fig. 3-15, because the proposed method was implemented at y axis. It turns out that 2nd motion was

reproduced. The remained energy was canceled during coupling period, and the energy at the begin-

ning motion 2 was corresponding between motion recording and motion reproduction. As mentioned

above, the integrated reproduction for unknown environmental location is attained by using the proposed
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Fig. 3-12: Experimental results of integrated motion reproduction without proposed method for velifica-
tion of integrated reproduction based on acceleration information.
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Fig. 3-13: Error of motion reproduction at y axis without proposed method for velification of integrated
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method.
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Fig. 3-14: Experimental results of integrated motion reproduction with proposed method for velification
of integrated reproduction based on acceleration information.
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Fig. 3-15: Error of motion reproduction at y axis with proposed method for velification of integrated
reproduction based on acceleration information.
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3.4 Summary

The purpose of this chapter was that one motion was reproduced from some motion components by

connecting them time series. By the proposal, the recorded two motions are integrated temporally, and

the integrated motion is reproduced in one motion. In this chapter, two coupling methods were proposed.

In section 3.2, the integrated reproduction method based on interpolation was proposed. This method

is for the motion-copying system using position and force information. In this method, the coupling time

was inserted and the interpolation was implemented during it. By the method, the coupling time in which

two motions are connected is able to be set shorter, because the tracking performance is improved.

On the other hand, the integrated reproduction method considering haptic energy was proposed in sec-

tion 3.3. This method is for the motion-copying system using acceleration information. In this method,

equivalent velocity of the two motions were connected by adding acceleration between two motions.

The proposed coupling methods depend on the reproduction method of latter motion. When the

latter reproduction method is the basic motion-loading system which is based on position and force

information, the interpolation method described in section 3.2 should be used. On the other hand, the

method that cancels the equivalent velocity described in section 3.3 should be used when the latter

reproduction method is the acceleration-based motion-copying system.

In each section, the validity of the proposed methods was shown by the experimental results. By these

methods, it is expected to reproduce many motions by combining motion components.
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Chapter 4

Motion-Copying System with Adaptation
for Difference of Environment

4.1 Background and Overview of This Chapter

It is known that motion-copying system needs the completely same environment between motion

recording phase and motion reproducing phase [87–89]. In this chapter, the method to adapt the environ-

mental difference is described.

By using the motion reproduction method based on only position information like as motion capture

based method [6–9], the recorded motion can be reproduced only when the environmental location is

completely the same. However, the recorded motion cannot be reproduced when the environmental lo-

cation is different. On the other hand, by using the motion reproduction method based on only force

information [12], applied force for environment is reproduced but trajectory of the position is not repro-

duced. The motion-copying system is hybrid control of the position and force. By using position-force

hybrid system, adaptively for the minute change of the environment is improve [109–111]. However,

robustness for drastically different environment between motion recording and motion reproduction is

decreased by adding the force information to the recorded motion. For the future applications of the

motion-copying system, it is important to reproduce recorded motions even if the environmental con-

dition is different. In this chapter, the adaptation methods for motion-copying system when a target

environment is different are proposed.

In this chapter, two types of difference of environmental condition are discussed. Concept of adapta-

tion for difference of environment is shown in Fig. 4-1.
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Record Reproduction

Reproduction

different environment

different size

Adaptation for different environment

Fig. 4-1: Concept of adaptation for difference of environment.

First, motion reproduction method when target environmental size is different [91–94] is proposed

in section 4.2. Both position and force cannot be reproduced at the same time when environmental

location is different. Here, the motion reproduction which does not depend on the base of the position

is achieved. There are some researches of motion reproduction when the environmental location is

different in one-degree-of-freedom system [87,88]. The method described in this section can be grouped

the same category of them. This method can be used under the condition that the environmental location

is changed in the same direction of the motion. Therefore, the grasping axis is suitable for utilizing these

methods [112].

Then, motion reproduction method when target environmental material is different [95] is proposed

in section 4.3. Here, we assume that the motion-copying system is applied to the application of “peg-in-

hole.” There are some researches which the external environment is difference [89]. However, most of

them treat the simple motion which just contacts with the constrained environment such as a wall. On

the other hand, this section shows the method for more complicated application. In order to reproduce

the same task of the recorded motion, the effect from the difference of the target environment is omitted.

As a result, the task of the recorded motion is successfully reproduced. In each section, experimental

results show the validity of the proposed methods.
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4.2 Motion-Copying System Based on Acceleration Information

In this section, a motion-copying system based on acceleration information [91–94] is proposed. If

motion information includes the position information, the reproduced motion depends on the initial po-

sition because the position information is a relative information. Here, the human motion is regarded as

the acceleration information. The acceleration information is absolute value which expresses the amount

of change. Therefore, the recorded motion does not depend on the initial position.

4.2.1 Control Structure

Figs. 4-2 and 4-3 show the control structures of the proposed motion-saving and motion-loading

systems, where x and F stand for the position and force; superscripts ref , res, ext, and sav stand for the

reference, response, external force, and recorded response; subscripts M, S, C, and D stand for the master

system, slave system, common mode, and differential mode; ˆ stands for the estimated value; Q stands

for quarry matrix. The structure of the motion-saving system is the same as the basic method [65] The

motion-loading system is constructed by an actuator and the acceleration controller with the disturbance

observer (DOB). The recorded human motion is reproduced by substituting stored data for acceleration

reference of the slave system. In the basic method, position and force responses of the master system are

recorded, and a human motion is reproduced by the virtual master system constructed by the stored data.

On the other hand, in the proposed method, acceleration reference of the slave system ẍrefS is used. Thus,

the amount of data becomes half compared with the basic method. Furthermore, it is easy to implement

the proposed motion-loading system because the structure of the introduced system is very simple.

In the basic method, the position and force responses correspond with the stored information. There-

fore, the recorded motion is reproduced. Thus, the reproduced motion is affected by the initial position

because position information indicates the deflection based on the initial position. As a result, when

the environmental position is different in the motion-loading system, the motion which targets at an

environment is not achieved.

On the other hand, the acceleration information is dealt with in the proposed method. The equivalent

acceleration about the behavior of the motor ẍequ corresponds with acceleration reference ẍref by DOB

as

ẍref = ẍequ. (4.1)

The equivalent acceleration is used as the movement of the end-effector and/or applied force to an en-
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Fig. 4-2: Block diagram of proposed motion-saving system.
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Fig. 4-3: Block diagram of proposed motion-loading system.

vironment. Therefore, to record the acceleration reference is the same meaning of to record the whole

behavior of the system which includes position and force information. In the motion-loading system, the

recorded acceleration is reproduced. Hence, the recorded motion is reproduced when the environmental

condition is completely the same as the motion-saving system. In the case that the environmental posi-

tion is nearer, the equivalent acceleration about the movement of end-effector’s position is used as the

applied force. On the other hand, when the environmental position is farther, the equivalent acceleration

about the applied force is used as the movement of the end-effector. Then, the recorded motion is re-

produced since the position and force responses correspond with them in the motion-saving system. In

other words, while the relative condition for an environment is the same as the motion-saving system,
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Fig. 4-4: Experimental systems for verification of motion-copying system based on acceleration infor-
mation.

the recorded motion is reproduced. The condition is shown as

xsavenv − xsavres = xldenv − xldres (4.2)

where superscript sav and ld stand for the value in the motion-saving system and motion-loading system,

respectively.

4.2.2 Experiments

In this sub-section, the validity of the proposed method is verified by experiments. The model of the

experimental system is described in the section 2.4. In this research, the proposed method is implemented

only grasp axis. The other axes were controlled by the normal motion-copying system [65].
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Fig. 4-5: Target environment for verification of motion-copying system based on acceleration informa-
tion (Cork block).

Table 4.1: Experimental cases for verification of motion-copying system based on acceleration informa-
tion.

Case No. target object with/without proposed method
1 larger cork cube without proposed method
2 smaller cork cube without proposed method
3 larger cork cube with proposed method
4 smaller cork cube with proposed method

Experimental Setup

Fig. 4-4 shows the experimental system used in the experiments. This system is constructed by

the master and slave systems, and each system is composed of two-device units. The device unit is

constructed by three motors; a rotary motor (horizontal) and two linear motors (horizontal and vertical).

In the motion-saving step, both of the master and slave systems were used. A human operator operates

the master system, and the end effector in the slave system grasped an environment shown Fig. 4-5. The

position response was measured by the position encoder or the rotary encoder, and the force response was

estimated by reaction force observer (RFOB) without force sensors. The control program was written in

C language under RTAI 3.7.

In this experiment, two kinds of cork blocks were used. One of the target object is a cork cube 55

mm on each side, and the other is a cork cube 45 mm on each side. In addition, it was assumed that

the environmental position was unknown. In the motion recording step, the human operator grasped the

block at first; then, lifted the block; moved the block at y direction; and took down the block. Then, the

stored motion was reproduced as Table 4.1.

The parameters used in these experiments are shown in Table 4.2.

– 64 –



CHAPTER 4 MOTION-COPYING SYSTEM WITH ADAPTATION FOR DIFFERENCE OF
ENVIRONMENT

Table 4.2: Experimental parameters for verification of motion-copying system based on acceleration
information.

Parameter Description Value
Ts Sampling time 200 µs
L length between center of the rotary motor to the end-effector 0.16 m

Lbase length between rotary motors of two device units 0.41 m
Kfn Force coefficient of linear motor 40.0 N/A
Mn Mass of linear motor 0.3 kg
gpd,l Cut-off frequency of pseudo-derivation of linear motor 600 rad/s
gdis,l Cut-off frequency of disturbance observer of linear motor 600 rad/s
Ktn Torque coefficient of rotary motor 1.18 Nm/A
In Inertia around rotary motor 0.00288 kgm2

gpd,r Cut-off frequency of pseudo-derivation of rotary motor 250 rad/s
gdis,r Cut-off frequency of disturbance observer of rotary motor 250 rad/s

Kp,move Position gain for move-x and move-y axes 3600
Kd,move Velocity gain for move-x and move-y axes 120
Kf,move Force gain for move-x and move-y axes 5
Kp,rot Position gain for rotation axis 1600
Kd,rot Velocity gain for rotation axis 80
Kf,rot Force gain for rotation axis 2
Kp,grsp Position gain for grasp axis 3600
Kd,grsp Velocity gain for grasp axis 120
Kf,grsp Force gain for grasp axis 5
Kp,lift Position gain for lifting and z-diff axes 3600
Kd,lift Velocity gain for lifting and z-diff axes 120
Kf,lift Force gain for lifting axis 0.8
gwob Cut-off frequency of work space observer 500 rad/s
mobj1 Weight of cork block (large) 0.05 kg
lobj1 Side length of cork block(large) 0.055 m
mobj2 Weight of cork block (small) 0.03 kg
lobj2 Side length of cork block (small) 0.045 m

Experimental Results of Motion Recording

Fig. 4-6 shows the experimental results of the motion recording. The responses of the master and

slave systems are depicted in the figure. The left figures show the position responses and the right figures

show the force responses. In addition, the dotted line of (g) mean the block surface. The responses of

the motion-modal space are shown, because the MCS controllers are implemented in the motion-modal

space. It is shown from figures that the operator grasped the block at first; then he lifted the block; moved

the block at y direction; and took down the block. These figures show that the responses of master and

slave systems are almost the same because the ideal bilateral control is implemented.
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Experimental Results of Motion Reproduction

Fig. 4-7 shows the experimental results of the motion reproduction in case 1. The responses of the

recorded motion and reproduced motion are depicted in the figure. The left figures show the position

responses and the right figures show the force responses. In addition, the dotted line of (g) mean the

block surface. The recorded motion was reproduced in all axes because the environment was the same

between motion recording and motion reproduction. Note that the small error of the x axis is from the

tracking performance of the controllers, and it is not a problem because amount is small.

Fig. 4-8 shows the experimental results of the motion reproduction in case 2. The responses of the

recorded motion and reproduced motion are depicted in the figure. The left figures show the position

responses and the right figures show the force responses. In addition, the dotted line of (g) mean the

block surface. It is shown by Fig. 4-8 (g) and (h) that both position and force error occurred in grasp

axis when the constrained motion. It is because that the environmental position in the grasp axis was

different. The normal motion-copying system is a hybrid control, hence it needs completely the same

environment.

Fig. 4-9 shows the experimental results of the motion reproduction in case 3. The responses of

the recorded motion and reproduced motion are depicted in the figure. The left figures show the position

responses and the right figures show the force responses. The recorded motion was reproduced in all axes

even if the proposed method was used in the case of the same environment between motion recording

and motion reproduction. It is shown by Figs. 4-7 and 4-9 that both basic motion-loading system and

proposed motion-loading system based on acceleration information can be used under the condition when

the environmental condition is the same. However, there is the position error in grasp axis after 9 s in

Fig. 4-9, it is because that the operator finished the operation and took his hand off the device. As a

result, the system maintained the acceleration of the end of the motion.

Fig. 4-10 shows the experimental results of the motion reproduction in case 2. The responses of the

recorded motion and reproduced motion are depicted in the figure. The left figures show the position

responses and the right figures show the force responses. In addition, the dotted line of (g) mean the

block surface. It is shown by Fig. 4-10 (g) and (h) that the ideal motion reproduction is achieved. Since

the condition between the slave system and the target object was identical with that of motion-saving

system (since time t is about 3 s), the responses of the slave system corresponded with the recorded

motion. In particular, the position response had the offset which was caused by the deflections of the
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environmental position (10 mm), and force response corresponded with recorded one. As mentioned

above, the validity of the proposed method is confirmed.
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Fig. 4-6: Experimental results of motion recording for verification of motion-copying system based on
acceleration information.
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Fig. 4-7: Experimental results of motion reproduction in case 1 (same target environment, without pro-
posed method) for verification of motion-copying system based on acceleration information.
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Fig. 4-8: Experimental results of motion reproduction in case 2 (different target environment, without
proposed method) for verification of motion-copying system based on acceleration information.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 4-9: Experimental results of motion reproduction in case 3 (same target environment, with proposed
method) for verification of motion-copying system based on acceleration information.

– 71 –



CHAPTER 4 MOTION-COPYING SYSTEM WITH ADAPTATION FOR DIFFERENCE OF
ENVIRONMENT

5 10

5

0

-5

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded

0

Reproduced

5 10

2

0

-3

Time (s)

Fo
rc

e 
(N

)

Recorded

0

1

-1

-2

Reproduced

(a) Position responses of x axis. (b) Force responses of x axis.

5 10

20

0

-10

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded, Reproduced

0

10

5 10

2

0

Time (s)

Fo
rc

e 
(N

)

Recorded

0

1

-1
Reproduced

(c) Position responses of y axis. (d) Force responses of y axis.

5 10

0.15

0.00

-0.15

Time (s)

A
ng

le
 (

ra
d)

Recorded

0

0.05

0.10

-0.05

-0.10

Reproduced

5 10

0.20

0.00

Time (s)

To
rq

ue
 (

N
m

) Reproduced

0

0.10

Recorded

(e) Angle responses of rotation axis. (f) Torque responses of rotation axis

5 10

9

6

Time (s)

P
o

si
tio

n
 (

1
0-3

m
)

Recorded

0

7

8

5

4
block’s surface

Reproduced

5 10

12

0

Time (s)

Fo
rc

e 
(N

)

Reproduced

0

4

8

Recorded

(g) Position responses of grasp axis. (h) Force responses of grasp axis.

5 10

30

Time (s)

Po
si

tio
n 

(1
0

-3
m

)

Recorded, Reproduced

0

20

10

0

5 10

4

-2

Time (s)

Fo
rc

e 
(N

)

0

0

2

-4

-6
Recorded

Reproduced

(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 4-10: Experimental results of motion reproduction in case 5 (different target environment, with
proposed method) for verification of motion-copying system based on acceleration information.
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4.3 Adaptive Motion Reproduction for Different Target Object

In this section, the motion reproduction method when target environmental material is different [95] is

proposed. We focus a motion which includes motions to pick up a block, to move the block near the hole,

get down the block, move while being in contact with the external environment, and to insert the block

into a hole. The goal of this section is to achieve recorded “peg-in-hole” motion even if a target block

is different. In particular, we deal with the case which weight and material of the blocks are different.

Here, the effect from the difference of the target environment is omitted, and the task of the recorded

motion is successfully reproduced.

4.3.1 Control Structure

The application of this research is “peg-in-hole” task which includes following motion;

(1) to grasp a block;

(2) to pick up a block;

(3) to move the block near the hole;

(4) to get down the block;

(5) to move while being in contact with the external environment (search the hole);

(6) to insert the block into a hole;

which is shown in Fig. 4-11.

In this task, it is known by the pre-experiment that searching motion with hand feeling is important.

The relations of the initial positions of device, target object, and external environment are not completely

the same between motion recording and reproduction. By carrying out searching motion with hybrid

control, the target object can be inserted into the hole even if the environmental location is slightly

different. When the target environment is different, applied force during searching motion is different.

As a result, the recorded task cannot be reproduced. In this research, we assume that applied force is

separated to force affected by the difference of a target object and common force which is not affected

by it. In this section, the former one is denoted as f eff , and the latter one is denoted as f com. The applied

force during motion is written as

f com = f cmd − f eff , (4.3)
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• Application : peg-in-hole
1. grasp the block

2. lift up the block

3. move the block near the hole

4. get down the block

5. move the block while 
being in contact with floor
(search the hole)

6. insert the block into the hole

7. release the block

6

7

4

5

2

1

3

�hole size is almost same as 
size of the block

goal of this application

Fig. 4-11: Motion procedure of the application.

where superscript cmd stands for the recorded information. Important point is to correspond with f com

between motion recording and motion reproduction. When the target object is different, f eff is different.

As a result, the recorded task is not reproduced because f com is different. In order to correspond with

f com, compensation force f cmp is added when the target object is different;

f com = f cmd − (f eff − f cmp). (4.4)

Eqs. (4.3) and (4.4) are general for the motions to act external environment using target object such as

writing with pen and so on.

In this application, condition of the different target object affects two kind of applied force. One

of them is the applied vertical force to floor, and the other is the horizontal force. In particular, the

former force is affected by the weight difference of the object, and latter force is affected by the friction

difference of the object. By compensating force in each axis, the recorded task is reproduced.

Human can apply the same force to the floor even if a weight of a tool is different, because human can

compensate difference of the weight. Hence, the weight compensator is implemented in a lifting axis.

In the steady state of the lifting motion, difference between the stored force and reproduced force is the
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difference of the weight of the target object,

F cmp
lift =

1

n

n∑
i=0

(F rcd
lift,i − F rpd

lift,i) (4.5)

where n stands for sample number during steady state of the lifting motion; and superscript cmp, rcd,

and rpd stand for the compensation value, recorded value and response in motion-recording phase,

respectively. In this research, n is defined by the motion date in the motion recording in advance.

In the task, friction force is different because the target environment is different between the motion

recording and motion reproduction steps. Hence, it is necessary to compensate the force difference on

the basis of the friction force. In this paper, the difference of Coulomb friction is dealt with, because it is

simplified model of friction. The compensation force is described as

F cmp
mv = µest

mvN, (4.6)

where N stands for the normal force between the object and the floor, and subscript mv stands for move-x

and move-y axes. The friction coefficient µest
mv is calculated by

µest
mv =

1

n

n∑
i=0

(F rcd
mv,i − F rpd

mv,i)

Ni
. (4.7)

The force difference based on the friction difference is estimated while the force of lifting axis is steady.

Note that this estimation needs to be conducted while the weight compensation is in effect.

By the above equations, the recorded force is compensated and the motion applying the same force

to the external environment is achieved. In the future, it is desired to use better method to estimate

the compensation force. However, the simplified method is used as a first step of the research. F cmp

is calculated during motion reproduction and added it after the calculation. The time period during

calculation is defined in advance in this research. In the future, it is expected that the system recognizes

the feature of the motion, and the system decides when the compensation value is calculated and when

the compensation value is added to the command.

Finally, the controller of the motion-loading system is shown in Fig. 4-12, where P , F , and veM eq

stand for position matrix, force matrix, and equivalent mass matrix: superscript res, cmd, ext, and ref

stand for response, command, external value, and reference: subscript mode stands for value of motion

modal space: Kp, Kd, and Kf stand for proportion gain matrix, derivation gain matrix, and force gain

matrix, respectively; and F cmp stand for force compensation matrix which elements are described by

Eqs. (4.5) and (4.6). Each of these matrices is diagonal matrix.

– 75 –



CHAPTER 4 MOTION-COPYING SYSTEM WITH ADAPTATION FOR DIFFERENCE OF
ENVIRONMENT

Controller of the motion-loading system
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cmd
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+
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-
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Fig. 4-12: Controller of the proposed method.

4.3.2 Experiments

In this sub-section, the validity of the proposed method is verified by experiments. The model of the

experimental system is described in the section 2.4.

Experimental Setup

Fig. 4-13 shows the experimental system used in the experiments. This system is constructed by

the master and slave systems, and each system is composed of two-device units. The device unit is

constructed by three motors; a rotary motor (horizontal) and two linear motors (horizontal and vertical).

In the motion-recording step, both of the master and slave systems were used. A human operator operates

the master system, and the end effector in the slave system brought the block and inserted the block into

the hole. In particular, motion procedure is i) grasping a block; ii) picking up a block; iii) moving the

block near the hole; iv) getting down the block; v) moving while being in contact with the external

environment (search the hole); vi) inserting the block into a hole. On the contrary, only the slave system

was used in the motion-reproducing step. The recorded motion was reproduced by the slave system.

Then, the device picked up the block and inserted the block into the hole as if it is recorded motion. The

goal of this application is that the block exists in the hole after the motion reproduction. The target

object is shown in Fig. 4-14. In the motion-recording step, the acrylic block was used. Then in the

motion-reproducing step, both the acrylic block and the cork block were used. Size of the hole and the

block are almost the same, but they are not completely the same. In this experiment, 4 patterns of motion

reproduction, which is shown in Table 4.3, were carried out.
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(a) Master system.
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Linear motor (horizontal)
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Hole (block is inserted in here)

(b) Slave system.

Fig. 4-13: Experimental systems for verification of adaptive motion-loading system for environmental
difference.

Table 4.3: Experimental cases for verification of adaptive motion-loading system for environmental dif-
ference.

Case No. target object with/without proposed method
1 acrylic cube (the same object) without proposed method
2 cork cube (the different object) without proposed method
3 acrylic cube (the same object) with proposed method
4 cork cube (the different object) with proposed method

In this experiment, the different controllers are implemented in each axis during motion reproduction;

move-x: MCS controller with compensation force;

move-y: MCS controller with compensation force;

rotation: normal MCS controller;

grasp: force controller;

lifting: MCS controller with compensation force.
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(a) Acrylic block. (b) Cork block.

Fig. 4-14: Target environments for verification of adaptive motion-loading system for environmental
difference.

The position response was measured by the position encoder or the rotary encoder, and the force

response was estimated by reaction force observer (RFOB) [39] without force sensors. The control

program was written in C language under RTAI 3.7. The parameters used in these experiments are

shown in Table 4.4.

Experimental Results of Motion Recording

Fig. 4-15 shows the experimental result of the motion recording. The responses of the master and

slave systems are depicted in the figure. The left figures show the position responses and the right figures

show the force responses. The responses of the motion-modal space are shown, because the bilateral

controllers are implemented in the motion-modal space. After 5 s, the human operator held the acrylic

block, and then picked up the block about 7.5 s. From about 12 s to 18 s, the operator moved the block

while being in contact with the floor. Finally the block was inserted into the hole at about 19.5 s. After

inserting the block, the operator got his finger off the block at 23 s. This motion was recorded to the

motion data memory. Fig. 4-16 shows errors of responses between master and slave system. These

results show that the responses of master and slave systems were almost the same because the ideal

bilateral control was implemented.

Experimental Results of Motion Reproduction

Fig. 4-17 shows the experimental results of motion reproduction in case (1). Fig. 4-18 shows the

errors between motion recording and motion reproducing. In this case, we succeeded the recorded task

because the target object was the same. On the other hand, Figs. 4-19 and 4-20 show the experimental

result of motion reproduction in case (2). In this case, the recorded task could not be reproduced because
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Table 4.4: Experimental parameters for verification of adaptive motion-loading system for environmental
difference.

Parameter Description Value
Ts Sampling time 200 µs
L length between center of the rotary motor to the end-effector 0.16 m

Lbase length between rotary motors of two device units 0.41 m
Kfn Force coefficient of linear motor 40.0 N/A
Mn Mass of linear motor 0.3 kg
gpd,l Cut-off frequency of pseudo-derivation of linear motor 600 rad/s
gdis,l Cut-off frequency of disturbance observer of linear motor 600 rad/s
Ktn Torque coefficient of rotary motor 1.18 Nm/A
In Inertia around rotary motor 0.00288 kgm2

gpd,r Cut-off frequency of pseudo-derivation of rotary motor 250 rad/s
gdis,r Cut-off frequency of disturbance observer of rotary motor 250 rad/s

Kp,move Position gain for move-x and move-y axes 3600
Kd,move Velocity gain for move-x and move-y axes 120
Kf,move Force gain for move-x and move-y axes 5
Kp,rot Position gain for rotation axis 1600
Kd,rot Velocity gain for rotation axis 80
Kf,rot Force gain for rotation axis 2
Kp,grsp Position gain for grasp axis 3600
Kd,grsp Velocity gain for grasp axis 120
Kf,grsp Force gain for grasp axis 5
Kp,lift Position gain for lifting and z-diff axes 3600
Kd,lift Velocity gain for lifting and z-diff axes 120
Kf,lift Force gain for lifting axis 0.8
gwob Cut-off frequency of work space observer 500 rad/s
mobj1 Weight of acrylic block 0.45 kg
lobj1 Side length of acrylic block 0.055 m
mobj2 Weight of cork block 0.05 kg
lobj2 Side length of cork block 0.055 m
lhole Side length of hole 0.055 m

a target object was different. It is figured out that the force error of each axis was larger than Fig. 4-18. In

particular, the contact force applied to the floor during tracing motion was different because the weight

of lifting axis was different. Then, both force and trajectory of the recorded motion could not be carried

out in the move-x and move-y axes. Finally, the force response after 19.5 s is too large. It means that

the task to insert the block into the hole was failed and the end-effector push the block against the floor.

As a result, the cork block could not be inserted into the hole because contacting force and tracing force

was not reproduced during tracing motion.

Figs. 4-21 and 4-22 show the experimental result of motion reproduction in case (3). In this case,

we succeeded the recorded task because the target object was the same. Fig. 4-23 (a) shows the com-

pensation force of the lifting axis which was calculated during time period of “phase 1.” Fig. 4-23 (b)

shows the estimated friction difference of the move-x and move-y axes which was calculated during
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time period of “phase 2.” These calculation periods were defined by the author from the responses of the

recorded motion which is shown in Fig. 4-15. The period of “phase 1” is determined 8.0 s–11.5 s by

position response of the lifting axis. The reason is that the block was completely taken off the floor and

the response was stable. The period of “phase 2” is determined 13.2 s–14.1 s by position response of the

lifting axis and force responses of move-x and move-y axes. The reason why this period was selected is

that the block contacted with the floor and the searching motion started and force response was stable.

In the future application, it hopes that the system recognizes the motion and defines calculation period

automatically. It is shown that the recorded task was reproduced using the same block even if the force

compensation was implemented. On the other hand, Figs. 4-24 and 4-25 show the experimental result

of motion reproduction in case (4). In this case, we succeeded the recorded task even if the target object

was different. As shown in Fig. 4-26 (a), the weight difference was calculated in “phase 1,” and applied

force to the floor was compensated after that. Then as shown in Fig. 4-26 (b), the friction different of the

horizontal direction was calculated in “phase 2,” and applied force of these axes were compensated after

that. It is shown by Figs 4-20 and 4-25 that the applied force error during tracing motion was decreased

by proposed method. In particular, the force error of the lifting axis during about 19.5 s–23 s is small. It

means the task of inserting the block is achieved. As a result, the cork block could be inserted into the

hole because the tracing motion was carried out successfully. By these experimental results, the validity

of the proposed method is confirmed.
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Fig. 4-15: Experimental results of motion recording for verification of adaptive motion-loading system
for environmental difference.
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Fig. 4-16: Errors of motion recording for verification of adaptive motion-loading system for environ-
mental difference.
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Fig. 4-17: Experimental results of motion reproduction in case 1 for verification of adaptive motion-load-
ing system for environmental difference.

– 83 –



CHAPTER 4 MOTION-COPYING SYSTEM WITH ADAPTATION FOR DIFFERENCE OF
ENVIRONMENT

5 10 15 20 24

8

Time (s)

Po
si

ti
on

 e
rr

or
 (

10
-3

m
)

move-x

0

move-y
4

0

-4

-8

lift move-ymove-x
lift

5 10 15 20 24

20

Time (s)

Fo
rc

e 
er

ro
r 

(N
)

0

10

0

-10

-20

(a) Position error. (b) Force error.

Fig. 4-18: Errors of motion reproduction in case 1 for verification of adaptive motion-loading system for
environmental difference.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 4-19: Experimental results of motion reproduction in case 2 for verification of adaptive motion-load-
ing system for environmental difference.
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Fig. 4-20: Errors of motion reproduction in case 2 for verification of adaptive motion-loading system for
environmental difference.
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Fig. 4-21: Experimental results of motion reproduction in case 3 for verification of adaptive motion-load-
ing system for environmental difference.
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Fig. 4-22: Errors of motion reproduction in case 3 for verification of adaptive motion-loading system for
environmental difference.
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Fig. 4-23: Compensation value in case 3 for verification of adaptive motion-loading system for environ-
mental difference.
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Fig. 4-24: Experimental results of motion reproduction in case 4 for verification of adaptive motion-load-
ing system for environmental difference.
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Fig. 4-25: Errors of motion reproduction in case 4 for verification of adaptive motion-loading system for
environmental difference.
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Fig. 4-26: Compensation value in case 4 for verification of adaptive motion-loading system for environ-
mental difference.
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4.4 Summary

In this chapter, the adaptation methods, when target environments between motion recording and

reproducing are different, were proposed. For the future applications of the motion-copying system, it is

important to reproduce recorded motions even if the environmental condition is different. In particular,

2 types of difference were dealt with in this research.

In section 4.2, the method for the position difference of the environment was proposed. In the proposed

system, human motion was regarded as the acceleration information. The recorded motion does not

depend on the initial position, because the acceleration information expresses the amount of change. In

the case that the environmental position is nearer, the equivalent acceleration about the movement of

end-effector’s position is used as the applied force. On the contrary, when the environmental position is

farther, the equivalent acceleration about the applied force is used as the movement of the end-effector.

The basic motion-loading system, which is position/force hybrid system, is effective method when

the environmental condition is almost the same. On the other hand, the proposed method is effective

method when the only environmental location is different and it is located the same direction as motion

direction. Of course, the proposed method can be used when the environmental condition is almost

the same. However, the basic method is more stable than acceleration-based method when the other

conditions such as mass, friction, and so on are different. Hence, the proposed method should be used

only when the environment location is different and it is located in the same direction of the motion

direction.

In section 4.3, the method for the difference of the target environment was proposed under the appli-

cation of “peg-in-hole.” In the proposal, we assumed that the applied force to the external environment

can be separated to the force on the basis of the difference of a target object and the common force which

does not depend on it. The compensation force was applied to achieve the same force against the floor

during searching motion. By the proposal, the tracing motion was successfully carried out because the

applied force was modified. The effect from the difference of the target environment was omitted, and

the task of the recorded motion was successfully reproduced.

In this section, the simplified method is used as a first step of the research. In the future, it is desired to

use better method to estimate the compensation force. In addition, the time period during calculation is

defined by the author in advance. In the future, it is expected that the system recognizes the feature of the

motion, and the system decides when the compensation value is calculated and when the compensation
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value is added to the command.

In each section, the validities of the proposed methods was shown by the experimental results. By

these methods, it is expected to reproduce the motion by the motion which is same task but for different

environment.
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Chapter 5

Motion Reproduction with Adaptation to
Different Target Object based on Coupling

of Motion Components

5.1 Background and Overview of This Chapter

For the future applications of the motion-copying system, the methods for each purpose need to be

combined in order to achieve required motion reproduction. In addition, it is expected to search motion

elements from the database [79, 80, 113] during motion reproduction and change the motion depending

on the situation. In this chapter, the motion reproduction with the different target object is achieved by

selecting and coupling the motion elements under the application of “peg-in-hole.”

The goal of the application is the same as the section 4.3, but the approach is the different. The concept

diagram is shown in Fig. 5-1. By selecting and changing the motion elements according to the target

environment during motion reproduction, the goal of the task is achieved. Here, the proposed methods

described in chapters 2–4 are implemented in each motion modal axis at the same time as culmination of

this thesis.
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recorded motion 
with target object B

recorded motion 
with target object A

target object A

Fig. 5-1: Concept of the motion reproduction with selecting motion elements.

• Application : peg-in-hole
1. grasp the block

2. lift up the block

3. move the block near the hole

4. get down the block

5. move the block while 
being in contact with floor
(search the hole)

6. insert the block into the hole

7. release the block

6

7

4

5

2

1

3

�hole size is almost same as 
size of the block

goal of this application

Fig. 5-2: Motion procedure of the application.

5.2 Adaptive Motion Reproduction for Different Target Object based on
Selection of Motion Component

In this section, the motion reproduction when target environmental material is changed is achieved

by combining method described in chapters 2–4. The application of this chapter is “peg-in-hole” which

is the same application of section 4.2. The procedure of the application is shown in Fig. 5-2. In this

section, the proposed method is implemented in the system described in section 2.4.
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5.2.1 Control Design

In order to achieve “peg-in-hole” task even if a target block is different, the motion elements for each

environment are selected and coupling. Because the roles of the axes are different, the different methods

are implemented in each axis. We should consider the following two points to design the system of this

application;

• which reproduction method should be selected for each axis;

• which coupling method should be selected for each axis.

First, the reproduction method is selected. The basic motion-loading system, which is position/force

hybrid system, is effective method when the environmental condition is almost the same. On the other

hand, the proposed acceleration-based method described in section 4.2 is effective method when the only

environmental location is different and it is located the same direction as motion direction. However,

the basic method is more stable than acceleration-based method when the other conditions such as mass,

friction, and so on are different. In this application, the location of the target environment and the hole

is almost the same in x-y surface. Hence, the position and force information is used as the motion

information in move-x and move-y axes. Then, the position and force information is used as the motion

information in rotation axis, because the environmental condition about rotation axis is almost the same.

The target environment is located the same direction of grasp axis. Hence, the reproduction method using

acceleration information is selected as the reproduction method in grasp axis. The basic motion-loading

system is selected to reproduce 1st motion of lifting axis, and reproduction method of 2nd motion is

based on acceleration information. It is because that height of grasp point of the block is different. As

a results, distance between target environment and the floor is different. It means that the environmental

location is different and floor is located the same direction. Therefore, the acceleration based method is

selected to reproduce 2nd motion in lifting axis.

Then, the coupling method is selected. The proposed coupling methods depend on the reproduction

method of latter motion. When the latter reproduction method is the basic motion-loading system, the

interpolation method described in section 3.2 should be used. Therefore, the method of interpolation of

position and force information is implemented in move-x, move-y and rotation axes. On the other hand,

the method that cancels the equivalent velocity described in section 3.3 should be used when the latter

reproduction method is the proposed acceleration-based method.

Table 5.1 shows the summary of implemented methods in each axis.
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Table 5.1: Control method in each axis.
axis 1st motion 2nd motion coupling method

move-x Position & Force Position & Force Interpolation
move-y Position & Force Position & Force Interpolation
rotation Position & Force Position & Force Interpolation
grasp Acceleration Acceleration equivalent velocity
lifting Position & Force Acceleration equivalent velocity

Finger ring

Linear motor (vertical)

Linear motor (horizontal)

Linear motor (horizontal)

Rotary motor

Master

Rotary motor

(a) Master system.

Endeffector

Rotary motor

Linear motor (vertical)

Linear motor (horizontal)

Linear motor (horizontal)

Rotary motor

Slave

Hole (block is inserted in here)

(b) Slave system.

Fig. 5-3: Experimental systems for adaptive motion reproduction based on selection of motion compo-
nents.

5.2.2 Experiments

In this sub-section, the validity of the proposed methods are verified by experiments. The model of

the experimental system is described in the section 2.4.

Experimental Setup

Fig. 5-3 shows the experimental system used in the experiments. This system is constructed by

the master and slave systems, and each system is composed of two-device units. The device unit is
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(a) Acrylic block. (b) Cork block.

Fig. 5-4: Target environments for adaptive motion reproduction based on selection of motion compo-
nents.

constructed by three motors; a rotary motor (horizontal) and two linear motors (horizontal and vertical).

In the motion-recording step, both of the master and slave systems were used. A human operator operates

the master system, and the end effector in the slave system brought the block and inserted the block into

the hole. In particular, motion procedure is i) grasping a block; ii) picking up a block; iii) moving the

block near the hole; iv) getting down the block; v) moving while being in contact with the external

environment (search the hole); vi) inserting the block into a hole. On the contrary, only the slave system

was used in the motion-reproducing step. The recorded motion was reproduced by the slave system.

Then, the device picked up the block and inserted the block into the hole as if it is recorded motion. The

goal of this application is that the block exists in the hole after the motion reproduction.

The target object is shown in Fig. 5-4. In the motion-recording step, 2 motions are carried out. The

recorded motion 1 is a motion that the acrylic block was used as the target object. Then the recorded

motion 2 is a motion that the cork block was used as the target object. Size of the hole and the block

are almost the same, but they are not completely the same In this experiment, 6 pattern of motion repro-

duction, which is shown in Table 5.2, were carried out. When 1st motion and 2nd motion is the same,

the coupling time was not inserted between 1st and 2nd motions. When they are different motion, the

coupling time was inserted between motions. The coupling time is set 1 s. The position response was

measured by the position encoder or the rotary encoder, and the force response was estimated by reaction

force observer (RFOB) [39] without force sensors. The control program was written in C language under

RTAI 3.7. The parameters used in these experiments are shown in Table 5.3.
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Table 5.2: Cases of motion reproduction for adaptive motion reproduction based on selection of motion
components.

case No. 1st motion 2nd motion target environment
1 Recorded motion 1 Recorded motion 1 Acrylic block
2 Recorded motion 1 Recorded motion 1 Cork block
3 Recorded motion 1 Recorded motion 2 Cork block
4 Recorded motion 2 Recorded motion 2 Cork block
5 Recorded motion 2 Recorded motion 2 Acrylic block
6 Recorded motion 2 Recorded motion 1 Acrylic block

Table 5.3: Experimental parameters for adaptive motion reproduction based on selection of motion com-
ponents.

Parameter Description Value
Ts Sampling time 200 µs
L length between center of the rotary motor to the end-effector 0.16 m

Lbase length between rotary motors of two device units 0.41 m
Kfn Force coefficient of linear motor 40.0 N/A
Mn Mass of linear motor 0.3 kg
gpd,l Cut-off frequency of pseudo-derivation of linear motor 600 rad/s
gdis,l Cut-off frequency of disturbance observer of linear motor 600 rad/s
Ktn Torque coefficient of rotary motor 1.18 Nm/A
In Inertia around rotary motor 0.00288 kgm2

gpd,r Cut-off frequency of pseudo-derivation of rotary motor 250 rad/s
gdis,r Cut-off frequency of disturbance observer of rotary motor 250 rad/s

Kp,move Position gain for move-x and move-y axes 3600
Kd,move Velocity gain for move-x and move-y axes 120
Kf,move Force gain for move-x and move-y axes 5
Kp,rot Position gain for rotation axis 1600
Kd,rot Velocity gain for rotation axis 80
Kf,rot Force gain for rotation axis 2
Kp,grsp Position gain for grasp axis 3600
Kd,grsp Velocity gain for grasp axis 120
Kf,grsp Force gain for grasp axis 5
Kp,lift Position gain for lifting and z-diff axes 3600
Kd,lift Velocity gain for lifting and z-diff axes 120
Kf,lift Force gain for lifting axis 0.8
gwob Cut-off frequency of work space observer 500 rad/s
mobj1 Weight of acrylic block 0.45 kg
lobj1 Side length of acrylic block 0.055 m
mobj2 Weight of cork block 0.05 kg
lobj2 Side length of cork block 0.055 m
lhole Side length of hole 0.055 m
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Experimental Results of Motion Recording

Figs. 5-5 and 5-6 show the experimental results of the motion recording. The responses of the master

and slave systems are depicted in the figure. The left figures show the position responses and the right

figures show the force responses. The responses of the motion-modal space are shown, because the

bilateral controllers are implemented in the motion-modal space. In Fig. 5-5, the human operator held

the acrylic block after about 5 s, and then picked up the block about 7 s, and held the block during about

7 s to 10.5 s. From about 12 s to 18 s, the operator moved the block while being in contact with the floor.

Finally, the block was inserted into the hole at about 19 s. After inserting the block, the operator got

his finger off of the block at 20.5 s. The boundary of motion elements of motion 1 is defined 9 s, which

time is about center of the holding motion. In Fig. 5-6, the human operator held the cork block after 4.5

s, and then picked up the block about 5.5 s, and held the block during about 5.5 s to 9 s. From about

10.5 s to 16 s, the operator moved the block while being in contact with the floor. Finally, the block was

inserted into the hole at about 17 s. After inserting the block, the operator got his finger off of the block

at 19 s. The boundary of motion elements of motion 2 is defined 8 s, which time is about center of the

holding motion. In the future application, it hopes that the system recognizes the motion and determines

boundary of motion elements automatically. But it was defined by the author in this research. These 2

motions were recorded to the motion data memory.

Experimental Results of Motion Reproduction

Fig. 5-7 shows the experimental results of motion reproduction in case (1). In this case, the target

object is same as motion 1, hence the motion is not necessary to be changed and the recorded task is

successfully achieved.

Fig. 5-8 shows the experimental results of motion reproduction in case (2). In this case, the recorded

task could not be reproduced because a target object was different. It is figured out that the force error

of each axis was large. In particular, the contact force applied to the floor during tracing motion was

different because the weight of lifting axis was different. Then, both force and trajectory of the recorded

motion could not be carried out in the move-x and move-y axes. The force response of lifting axis about

19 s was larger than motion recording. It means that the task to insert the block into the hole was failed

and the end-effector pushed the block against the floor. As a result, the cork block could not be inserted

into the hole because contacting force and tracing force was not reproduced during tracing motion.
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On the other hand, Fig. 5-9 shows the experimental result of motion reproduction in case (3). In this

case, we succeeded the recorded task even if the target object was different. The target environment

was recognized during holding phase, and the system changed the motion from motion 1 to motion

2. Here, it was assumed that the target blocks used in the experiments were 2 kinds, and the simply

method was used to recognition. After coupling time, the used motion data were correspond with that

for the actual target object. The responses of the move-x, move-y, and rotation axes correspond with the

recorded motion by using the basic motion-copying system and coupling method of the interpolation.

The response of the grasp axis corresponds with the recorded motion by using the acceleration-based

motion-copying system and coupling method of cancelling equivalent velocity. The position error of

lifting axis was caused by the height difference of grasp point of two motions. Dotted line shows the

position that the target block contacted with the floor. By using the acceleration-based motion-copying

system, the motion reproduction not depending on the position was achieved. As a result, the cork block

could be inserted into the hole because the tracing motion was carried out successfully.

Fig. 5-10 shows the experimental results of motion reproduction in case (4). In this case, the target

object is same as motion 2, hence the motion is not necessary to be changed and the recorded task is

successfully achieved.

Fig. 5-11 shows the experimental result of motion reproduction in case (5). In this case, the recorded

task could not be reproduced because a target object was different. It is figured out that the force error

of each axis was large. In particular, the contact force applied to the floor during tracing motion was

different because the weight of lifting axis was different. Then, both force and trajectory of the recorded

motion could not be carried out in the move-x and move-y axes. The force response of lifting axis about

17 s was larger than motion recording. It means that the task to insert the block into the hole was failed

and the end-effector pushed the block against the floor. As a result, the cork block could not be inserted

into the hole because contacting force and tracing force was not reproduced during tracing motion.

On the other hand, Fig. 5-12 shows the experimental result of motion reproduction in case (6). In

this case, we succeeded the recorded task even if the target object was different. The target environment

was recognized during holding phase, and the system changed the motion from motion 2 to motion

1. Here, it was assumed that the target blocks used in the experiments were 2 kinds, and the simply

method was used to recognition. After coupling time the used motion data were correspond with that

for the actual target object. The responses of the move-x, move-y, and rotation axes correspond with the

recorded motion by using the basic motion-copying system and coupling method of the interpolation.
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Table 5.4: Summary of experimental results for adaptive motion reproduction based on selection of
motion components.

case No. 1st motion 2nd motion target environment result
1 Recorded motion 1 Recorded motion 1 Acrylic block success
2 Recorded motion 1 Recorded motion 1 Cork block fail
3 Recorded motion 1 Recorded motion 2 Cork block success
4 Recorded motion 2 Recorded motion 2 Cork block success
5 Recorded motion 2 Recorded motion 2 Acrylic block fail
6 Recorded motion 2 Recorded motion 1 Acrylic block success

The response of the grasp axis corresponds with the recorded motion by using the acceleration-based

motion-copying system and coupling method of cancelling equivalent velocity. The position error of

lifting axis was caused by the height difference of grasp point of two motions. Dotted line shows the

position that the target block contacted with the floor. By using the acceleration-based motion-copying

system, the motion reproduction not depending on the position was achieved. As a result, the cork block

could be inserted into the hole because the tracing motion was carried out successfully.

Table 5.4 show the summary of the experiments. By selecting and changing the motion elements

according to the target environment during motion reproduction, the goal of the task was achieved. By

these experimental results, the validity of the proposed method is confirmed.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 5-5: Experimental results of motion recording of motion 1 (with acrylic block) for adaptive motion
reproduction based on selection of motion components.
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(g) Position responses of grasp axis. (h) Force responses of grasp axis.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 5-6: Experimental results of motion recording of motion 2 (with cork block) for adaptive motion
reproduction based on selection of motion components.
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Fig. 5-7: Experimental results of motion reproduction in case 1 for adaptive motion reproduction based
on selection of motion components.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 5-8: Experimental results of motion reproduction in case 2 for adaptive motion reproduction based
on selection of motion components.
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Fig. 5-9: Experimental results of motion reproduction in case 3 for adaptive motion reproduction based
on selection of motion components.
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(g) Position responses of grasp axis. (h) Force responses of grasp axis.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 5-10: Experimental results of motion reproduction in case 4 for adaptive motion reproduction based
on selection of motion components.
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(g) Position responses of grasp axis. (h) Force responses of grasp axis.
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(i) Position responses of lifting axis. (j) Force responses of lifting axis.

Fig. 5-11: Experimental results of motion reproduction in case 5 for adaptive motion reproduction based
on selection of motion components.
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Fig. 5-12: Experimental results of motion reproduction in case 6 for adaptive motion reproduction based
on selection of motion components.
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5.3 Summary

In this chapter, motion reproduction with the different target object was achieved by coupling the

motion elements. The application of this chapter was “peg-in-hole,” which is the same application as

section 4.3. By selecting and changing the motion elements according to the target environment during

motion reproduction, the goal of the task was achieved. In order to connect two motions, the control

design for each motion axis which has different feature was shown. In this chapter, it was confirmed that

the proposed methods of chapters 2–4 were able to be implemented in each axis at the same time. The

validity of the proposed method was shown by the experimental results.

In this chapter, it was assumed that the target object in the motion reproduction was the same as the

target object which was used in the motion recording phase. Therefore, the recorded motion could be

used directly. At the general application, the target object is not always the same as them of the recorded

motions. In this case, it is expected that the nearest motion is selected and the adaptation method like as

the method described in section 4.3 is applied to the second motion at the same time.

Finally, the expected flow of the motion reproduction is discussed. Fig. 5-13 shows the expected

flow of the motion reproduction. First, the system calculates error between the reproducing motion

information and the actual reproduced response. Then, the system decides which motion element is

suitable to be reproduced, and if necessary the system changes the motion element. In order to change

motion element, reproduction method is selected according to the feature of the axis, and the coupling

method is selected according to the data format of the reproduction method. If the motion element

is a suitable one but error still occurs, the system applies the adaptive method against environmental

difference. In this way, the required task will be achieved. In the section 5.2, the simple case of the left

side of Fig. 5-13 was carried out. However, it is expected in future to improve each process elements

such as judging the motion result, recognizing the motion, searching and deciding the motion elements,

applying adaptive method, and so on.
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Fig. 5-13: Expected motion reproduction flow.
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Chapter 6

Conclusions

The purpose of this research was to expand the adaptability of the motion-copying system. In this

thesis, the author researched based on the following three points of view in order to apply the motion-

copying system to various applications in future,

• motion recording and reproduction in multi-DOF system;

• integrated reproduction of motion components;

• adaptation for difference of environment.

In chapter 2, the control spaces to deal with the information of the motion were discussed. In order

to apply the motion-copying system to multi-DOF applications, the motion data should be dealt with

in common coordinate. The work space is one of the common coordinates which does not depend on

the structures of the devices. In other words, the information in the actuator space is abstracted by

transforming to the work space. Therefore, the motion-copying system was implemented in the work

space first. Then, the human modal space and the motion modal space were introduced to specialize

motion data for applications. The control spaces should be selected according to the application, and

it was expressed as “specialization” in this thesis. The human modal space was introduced to treat

human motion on the basis of the human model. It was assumed that an exoskeleton haptic device is

used in motion recording and an endoskeleton haptic device is used in motion reproduction. On the

other hand, the motion modal space was introduced to separate motion elements from human motion.

By this transformation, the adequate control methods can be implemented in each motion element. By
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the proposed methods, the recorded motion can be reproduced even if the structures of the devices are

different.

In chapter 3, the integrated reproduction of motion components were proposed. The purpose of chapter

3 was that one motion was reproduced from some motion components by connecting them time series.

In chapter, 2 connecting methods were proposed. These methods depend on the format of motion data.

One of the methods can be applied to the case when the motion information is on the basis of position

and force information. In this method, position and force information of two motions ware interpolated

to maintain continuousness. The other method can be applied to the case when the motion information

is on the basis of acceleration information. In this method, equivalent velocities of the two motions were

connected by adding acceleration between two motions. By these methods, it is expected to reproduce

many motions by combining motion components.

In chapter 4, the methods to reproduce recorded task even if the environmental conditions are different

between the motion recording and the motion reproducing. In this chapter, two types of the difference

of the environmental condition were discussed. One of them was difference of the environmental lo-

cation. The other one was difference of the target environmental material, which included weight and

friction differences. First, the motion reproduction method when target environmental size is different

was proposed. By using acceleration information as the motion information, the reproduction which

is not according to base point was achieved. Then, the motion reproduction method when the target

environmental material is different was proposed. By omitting the effect from the difference of the

target environment, the common force which does not depend on the target object was achieved. By

these methods, it is expected to reproduce the motion by the motion which is same task but for different

environment.

Finally in chapter 5, the proposed methods were implemented in each motion modal axis at the same

time. In other words, this chapter was culmination of this thesis. The motion reproduction with the

different target object under the application of “peg-in-hole” was achieved by coupling the motion ele-

ments. Here, the recorded task was achieved by selecting and changing the motion elements according

to the target environment during motion reproduction. The design method how to select the reproduction

method according to the characteristics of the motion axis and how to select the coupling method accord-

ing to the reproduction method is described. In addition, we discussed the expected motion reproduction

flow.
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The validities of the each proposed method were verified by each experimental result. The motion-

copying system becomes more useful by the research described in this thesis, and it is expected to be

applied to preserve the expert motions in the industrial processing and so on. Furthermore, the haptic

recording will be able to be utilized in our lives such as the audio recording and the visual recording.
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Future Work of Motion-Copying System

In this section, the challenges for the future application of the motion-copying system are described.

We discussed here on the basis of three view points; i) to improve the reproduction performance; ii) to

use motion data as media contents; iii) to know what human motion is. In other words, they are the view

points of control engineering, computer science, and ergonomics.

In order to improve the reproduction performance, we introduce several research fields. First, the re-

production method adapting to the environmental difference is required. Almost of the proposed methods

in this thesis is included in this research field. However, the many cases that the motion-copying system

cannot reproduce the recorded motion still exist. In particular, there are some researches to focus the

external environmental difference, but there are few researches to focus the difference of the device own.

In order to use the multi-degree-of-freedom system which is a different device from motion recording

phase, the influence from the uncertainty of the device’s structure will be the problem. For example,

null space should be used to maintain the condition which does not affect the motion. In addition, it

is required to integrate other information such as visual information. As described in section 2, human

motion is a relative motion of the target environment. Therefore, the relative coordinate between the

device and the external environment is necessary. It is little difficult to adapt external environment for

the current motion-copying system, because it uses only information from the devices. In the future, it is

hoped that the motion-copying system and vision based system are integrated and the system recognize

the relation between the device and the external environment. Then, the reproduction control system is

composed on the basis of the relative relation.

Then, we discuss how to construct and use the motion data. The one of the main purposes of the

motion-copying system is to use the motion data like as audio and visual information. In order to use

the motion data as media information, it is necessary to define the format of the data, to compress the

data, and so on. For example, the current motion data of the motion-copying system is too large. In

order to transmit, reserve, and reproduce the multi-degree-of-freedom motion data, it will be necessary

to achieve the precise motion reproduction from smaller data. Meanwhile, there are some methods which

use the information other than position and force information. Hence, we should consider which kind of

information to be recorded, and we should define the data format according to it.

Finally, the research field to know the human motion should be combined the motion-copying system.

In particular, in order to apply the motion-copying system under the different environmental condition,
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Fig. 6-1: Whole system of the task reproduction.

the goal of the motion and adequate reproduction method depend on the characteristic of the motion.

For example in this thesis, time period to calculate the compensation value was decided by the author.

However, it is expected that the system recognizes the characteristic of the motion, and the system decides

when the compensation value should be calculated and when the compensation value should be added

to the command. Meanwhile, how to associate the task with the motion elements is one of the important

future works. It is expected to acquire the principal motion component of the “task,” and to maintain

the principal motion component in order to reproduce the “task” of the motion. In the motion-copying

system, one of the most difficult problems is to define the control aim of the reproduction. There are

many control methods to achieve the control aim, but it is difficult to turn out what the control aim is for

the reproducing task. Therefore, it is necessary to analyze and recognize the characteristics of the human

motion.

In this thesis, the methods about motion reproduction were described. However, it is not sufficient to

achieve the task of the motion. The motion reproduction is the one part of the system of task reproduc-

tion. The whole system of the task reproduction is shown in Fig. 6-1. The system is composed of several

layers. First, the system recognizes the task of the motion and the external environment which is the re-

lation between the device and the target environment. Here, the study fields of the motion recognition or

signature analysis of the motion are necessary. In addition, it is necessary to combine the other informa-
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tion such as visual servoing in order to know the relation between the system and external environment.

Then, the system should carry out the motion planning to achieve the task of the motion under the con-

dition of the device and the external environment. Here, the control aim of the reproducing motion is

defined. After that, the system should select the coordinate to control the motion, and the system should

transform the motion data according to the coordinate. Finally, the motion reproduction is carried out.

The control aim is achieved by applying the reproduction methods. As mentioned above, several study

fields should be integrated as one system in order to reproduce the intended task of the motion.
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