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Chapter 1

Introduction

1.1 Robots and Position/Force Control

Robots that interact with uncertain surrounding environments are expected to replace the labor force

and enhance productivity. A few industrial robots are installed in closed environments, such as factories.

In addition, the operation of communication robots that function in open environments where humans

are also active is gradually increasing [1]. However, the number of robots that interact with uncertain

surrounding environments remains limited. Thus, the development of the following three types of robotic

technologies is required: sensing, judgment, and actuation [2]. All of these are essential and expected to

be further developed; however, this dissertation expands the discussion regarding the actuation of motion

control.

Position and velocity control have been mainly applied to industrial robots in closed environments;

however, forces are also important physical variables to consider in the interactive tasks. If a robot does

not sense the force information, it does not have tactile sensation. Similar to humans changing motions

based on the surrounding rigidness of uncertain environments, robots should sense tactile information

to flexibly actuate accordingly and achieve safe and flexible motion similar to humans. The tactile in-

formation or rigidness of the uncertain surrounding environments can be represented by the impedance

or admittance, which indicate the ratio between the position/velocity and force. If not only the posi-

tion/velocity but also force values can be precisely sensed, analyzed, and controlled, the movements of

robots can be approximately the same or greater than those of humans.

The ratio between position control and force control is represented by the control stiffness as follows:
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Table 1.1: Target of motion and control stiffness.
Target of motion Control stiffness

Position ∞
Compliant Finite value

Force 0

Task

Controller

Command

generator

! Stability

! Robustness

! Required performance

! (Required performance)

! Control impedance

Fig. 1-1: Relationship between content of task and controller design.

[3–5]

κ =
position control

force control
(1.1)

Table 1.1 presents the relationship between the target of motion and control stiffness. If only the position

component is controlled, the control stiffness becomes infinite. By contrast, if only the force component

is controlled, the control stiffness becomes 0. This dissertation considers not only the position but also

the velocity for extending the control stiffness to the control impedance.

Various studies have been conducted regarding the position, velocity, and force control. Each object or

controller should be independently designed as indicated by the class in object-oriented programming.

Independency clarifies the role of each object and makes the system stronger to the amendment. The

relationship between the content of a task and the controller design is shown in Fig. 1-1. The controller

design is required to satisfy the stability or robustness, which are independent of the task content. Sta-

bility or robustness of systems must be secured regardless of the task assigned. Therefore, the controller

can be systematically designed considering stability or robustness. The required performance is also

necessary in addition to the stability or robustness when designing a controller; the required performance

depends on the task content. However, the performance should be higher if the stability, robustness, and

performance of the hardware/software permit it. For instance, the time constant or rise time should be
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minimal. The criteria of stability, robustness, and required performance can be determined only by the

model of the actuated device.

Unlike stability, robustness, and performance, the controller design cannot be independently deter-

mined from the task content considering control impedance. A few studies have addressed this issue

with various tasks by making significant efforts for command generation. For instance, robots lift soft

fragile material only by position/velocity control using a highly planned command; however, humans

dynamically change the softness or hardness of their motions. The control impedance should be consid-

ered both passively and actively to increase the adaptability to the uncertain surrounding environments

[6, 7].

The importance of control impedance has been discussed; however, the design of the balance of a

position/velocity and force controller needs to be considered. Because the controller design depends on

the task content, which is difficult to model, a prior understanding of the task is required, and it is thus

difficult to expand the systematic discussion.

The system design generally starts from modeling and approximates the objects or phenomena. The

analysis and synthesis are conducted based on the constructed model, which assist in the understanding

and construction of systems. This modeling–analysis–synthesis approach is highly capable and versatile.

In addition, this dissertation utilizes a data-driven approach for designing the position/force controller.

The data-driven concept is widely known. For instance, the Japanese government often emphasizes the

importance of a data-driven society as well as the concept of Society 5.0, and has stated that ”in the

data-driven society of the 21st century, the most important currency of economic activity is high-quality,

up-to-date, and abundant ”real data.” [8].

A data-driven controller design would be based on data or behaviors of actuated devices [9]. The

following three types of the data-driven approach relative to the topic of this dissertation are indicated

below:

• Experimental data

The controller is designed based on experimental data. Certain problems are formulated and solved

based on experimental data to determine the parameter of the controller. For instance, the opti-

mization problem is solved by tuning the control parameters based on experimental data using

virtual reference feedback tuning or fictious reference iterative tuning [10,11]. Certain parameters

of the controller should be tuned by solving the formulated problem based on experimental data
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using the design of the position/force control as well.

• Database

The parameters of a controller are referenced from a database that is constructed by the data of

actuated devices. Variables that represent the current state are input to the database, and the param-

eters are referenced from the database and applied to the actuated devices. This approach is similar

to the method of learning from demonstration (LfD). The supervised data of various situations are

collected and arranged in advance; the data having the most similar situations in the available his-

tory are referenced. Because the appropriate parameter is simply referenced from the database,

this approach is suitable when the computation cost for deriving a parameter is comparatively high

online. For instance, the reactions of a vehicle driver should be stored in a database.

• cerebellar calculation model

The parameter of a controller is tuned based on the cerebellar calculation model. If the causality of

a parameter and certain variables are clear, the database should be utilized owing to its simplicity

and low computation cost. However, the weights of each variable for deriving the parameter of a

controller are not clear at times, and thus, the concept of the cerebellar calculation model should be

applied. The controller designed based on the cerebellar calculation model is utilized for the entire

controller in a few studies; however, it should be partially combined with the controller designed

based on the model if the model of the actuated device can be obtained.

In [12], a data-driven control design was applied for the gain tuning of a proportional-integral-derivative

(PID) controller. The aforementioned data-driven approach should be applied or extended to the con-

troller design regarding position/force control based on real data.

1.2 Motivation and Contribution

The motivation and contribution of this dissertation is to design and present cases of the position/force

controller in a data-driven manner.

Various studies regarding the design of the position/velocity controller have been conducted. The con-

troller design often ultimately results in the balance between the performance and the stability/robustness
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in the case of position/velocity control, which is theoretically and systematically possible. On the other

hand, the desired controller is changed according to the types of motion and uncertain surrounding en-

vironments, which makes it difficult to obtain the unique solution when force control is considered. In

addition to having the design difficulty regarding force control, the design of the position/force con-

troller needs to control multiple contradicted physical variables simultaneously, for which the theoretical

or systematic design can be difficult to achieve. Therefore, this dissertation discusses a data-driven de-

sign based on simulations and real data from experiments, in addition to the model-based system design.

Bilateral control is considered for the position/force controlled human support system, and the hybrid

position and force control (HPFC) or impedance/admittance control is considered for the position/force

controlled machine automation.

This dissertation considers three approaches of data-driven control design to set the parameters of

position/force control. The first approach is based on the concept of the cerebellar calculation model.

The performance enhancement of force control is particularly necessary for discussing the position/force

control. The compensator is designed based on the concept of the cerebellar calculation model. The

second approach is based on a database. The characteristics of an operator regarding the position/force

information are collected and recorded in a database. Certain parameters of the control system are

referenced from the database by substituting the variables of a current state. The third approach is based

on experimental data. Experimental data regarding position/force are also collected and utilized for

certain problems, such as the optimization problem, to determine the parameter of control.

This dissertation presents the following five data-driven designs for the position/force controller.

(1) Force controller design: cerebellar calculation model

(2) Operator’s sensation-based design: Database

(3) Operator’s motion-based design: Database

(4) Evaluation index-based design: Experimental data

(5) Task implementation-based design: Experimental data

The discussion in this section is summarized in Table 1.2.
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Table 1.2: Data-driven control design and each chapter.
Chapter Controller Applied data-driven control design

3 Force control Cerebellar calculation model
4 Bilateral control Database
5 Hybrid position/force control Database
6 Bilateral control Experimental data
7 Hybrid position/force control Experimental data

1.2.1 Data-driven Based Force Control Design

Force control is an essential concept in motion control or haptics, especially when the interactive

motion is considered. Several studies have been conducted to enhance the performance of force control;

however, the unique or theoretical control design can be difficult because it is affected by the contact to

an environmental object or types of motion. Therefore, this dissertation proposes a data-driven-based

force control design prior to discussing the human support and machine automation systems. Especially,

the concept of the cerebellar calculation model in a data-driven control design is applied to the design of

the force control.

Human support robots are in high demand in certain countries owing to the circumstances of the

declining working population due to the lower birth rate and an aged society; moreover, these robots are

expected to operate in open environments where they interact with other objects. The development of

force control is expected in these environments, and the performance enhancement of force control has

been extensively studied. This dissertation considers explicit force control with a disturbance observer

(DOB) and reaction force observer (RFOB) [7, 13]. DOB and RFOB can enhance the robustness and

estimate the external force without using force sensors.

A PID controller is often utilized for controlling certain physical variables; moreover, a PID controller

can be applied for explicit force control. Certain studies estimated the derivative of force, which is

referred to as jerk, and a proportional-derivative gain was applied by designing the state estimator [14].

The derivative gain improves the performance in the high-frequency range; however, the information in

the dimension of the jerk is sometimes difficult to estimate and control owing to the noise effect. The

DOB is designed in the dimension of force as a force-based DOB (FDOB) instead of a DOB in the

acceleration dimension or based on the integral gain [15]. The transient response improved because the

inertial force was also compensated in addition to other disturbances; however, the system easily becomes

– 6 –



CHAPTER 1 INTRODUCTION

unstable depending on the environmental impedance. Therefore, a damper or velocity feedback is often

combined to stabilize the system in the FDOB; however, the transient response is degraded. A first- or

high-order sliding mode control was combined with the force control to enhance the performance while

guaranteeing stability [16]. However, chattering or a complicated parameter design can complicate the

implementation of the sliding mode control into the force control. The explicit force control with DOB

and RFOB has been extensively studied; however, the design of a controller and selection of appropriate

gains are challenging because they are affected by the condition of motion. For instance, the appropriate

gains can easily vary according to the environmental impedance. At the same time, certain disturbances

such as model uncertainties or friction also affect the performance, and they easily vary according to

the motion. Therefore, both feedback and feedforward components should be considered to enhance the

performance of force control, which contrasts with the methods used in conventional studies.

The target of this dissertation is to combine a neural network (NN), which has both feedback and

feedforward components, into the explicit force control composed of proportional–integral (PI) gain and

DOB for enhancing the performance of force control. The implementation of an NN into motor control

operations, such as position control, HPFC, and force control, has been extensively studied, and the

parameters of the compensator are iteratively updated based on the error of the control variable [17–21].

For instance, a system of two feedforward neural networks was proposed to learn the nonlinearities

of the position-controlled flexible arm associated with an inverse dynamics controller [22]. Moreover,

an approach for a two-link flexible manipulator was also discussed [23]. HPFC was developed using

feedback error learning (FEL) [24, 25]. Both the position and force controllers in the subspace were

constructed using NNs and each controller learned based on the free and contact motions. The NN or

FEL was also applied for the force control. Fuzzy logic and NN compensators were compared in a

milling control operation, in which the cutting force was in the order of a hundred units [26]. Nonlinear

viscoelastic environmental conditions were considered as a part of the system and approximated using an

NN feedforward term and the interactive motion was considered based on its approximated model [27].

NNs were also developed to compensate for model uncertainties or to be added as an additional gain in

these studies. The DOB is a critical tool for compensating model uncertainties of a system. To enhance

the performance of force control, a combination method of DOB and NN must be discussed by avoiding

the interference between the functions of these two methods.

This dissertation proposed a combination of NN and explicit force control with DOB by referring to

the concept of the cerebellar calculation model in the data-driven control design. The structure of the
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controller and composition of the NN were selected through simulation results, and the compensator

based on NN was designed to operate in a frequency range higher than that of the cutoff frequency of

the observer with a few hidden layers. Moreover, this dissertation discusses an online training method of

weights. Simulations and experiments were performed to present the effectiveness of the proposal.

1.2.2 Operator’s Sensation-based Data-driven Design

Certain parameters or characteristics of the human support system should be designed from the sen-

sation of operators. Bilateral control is a human support system that enables the transmittance of haptic

information from one location to another. Although this system is highly related to the tactile sensa-

tion, its design does not always consider the characteristics of operators. The sensation data of operators

should be analyzed and utilized for the design of a system; therefore, this dissertation proposes a JNDs-

based design policy of the haptics system. The concept of a database in a data-driven control design is

applied by considering the operator’s sensation. The database or look-up table is designed based on the

actual data regarding the operator’s sensation, and the control parameter is updated by referring to the

database.

Teleoperation systems are gaining attention as a method for conducting activities in remote locations.

Considering that phones and videos transmit auditory and visual information to remote locations, the

transmission of a third sense, such as the haptic sense, may be highly useful for teleoperation.

Bilateral control is a teleoperation method of transmitting the position and/or force between an oper-

ator (master) and an environmental entity (slave) [28, 29].

The sampling time of a system is often designed to be significantly short for precise haptic transmis-

sion, which significantly increases the data traffic. A high-resolution sensor and a short sampling time are

often used to improve the performance of impedance transmission in bilateral control. However, the de-

sign is occasionally over-specified for human perception or task implementation. Hence, an appropriate

design strategy that considers the desired performance is required.

The human sensing ability may not be as precise as digital technology at times. This ambiguity can

be used to design the auditory and visual presentation systems [30, 31]. “Just noticeable differences”

(JNDs) indicate the detectable amount of difference between two stimuli, and have been studied not only

for the auditory and visual senses, but also for the haptics sense. For instance, the time resolution of an

operator is 10 ms to feel a strong stimulus and 50 ms to feel a weak stimulus [32]. In addition, the spatial

resolution of an operator is 1–2 mm at the fingertip (one of the most sensitive parts). Regarding force,
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previous studies have shown that JNDs are 5–10%, depending on the part of the human body, posture of

measurement, range of measurement, etc. [33–35]. As indicated by the aforementioned studies, it may

be possible to deliberately reduce the quality of haptic transmission if the operators scarcely feel any

difference. Reducing the quality helps reduce data traffic.

Several studies have attempted to reduce the data size or data traffic for haptic systems. Data have

been compressed by adaptive sampling or quantization [36–40]. These approaches can be implemented

not only for a general haptic system, but also for bilateral control. For bilateral control, floating-point

compression has reduced the amount of data transmission [41]. The concept of JNDs has also been

considered in bilateral control [42, 43]. To reduce data traffic in bilateral control, haptic information

has been transmitted when either the velocity or force was changed more than the ratio of JNDs [44,

45]. Perceptual deadband and the time-domain passivity approach have been combined to reduce data

transmission while guaranteeing passivity. This approach has been expanded to the energy prediction-

based approach [46]. The prediction-based approach has also been proposed [47]. The least-squares

method and median filtering have been applied to predict the information of unreceived packets. This

approach has been expanded to multiple degrees of freedom [48].

These studies have focused on 2ch bilateral control, in which velocity and force components were

treated independently. The JNDs of velocity and force have been measured and used for data traffic

reduction. In 4ch bilateral control, the position and force components are combined and mutually in-

volved in communication between the master and slave because the transmitted information includes

both position/velocity and force. JNDs should be measured and discussed by considering not only the

JNDs of position/velocity and force, but also the performance of the bilateral control system. The data

transmission must be designed based on the impedance transmission performance of the bilateral control

system.

The purpose of this dissertation is to design the multirate sampling of the 4ch bilateral control by

considering JNDs against the variation of multirate sampling to reduce data traffic. Because the multi-

rate is an integer value and is therefore not suitable for representing the performance in bilateral control,

the performance of impedance transmission under various multirates is simulated. This performance is

indirectly or alternatively used as the variable of JNDs. A remarkable contribution of this dissertation is

the idea to measure JNDs against the variation of multirate and to analyze the relationship between the

multirate and performance of the impedance transmission, which is discussed in the frequency domain.

The deterioration criteria of the impedance transmission can be freely set depending on the situation;
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however, in this dissertation, it is determined based on the psychological tests. A look-up table is con-

structed by referring to an appropriate multirate based on the results of the JND tests, which is based on

the concept of the database in the data-driven control design. Our proposal is highly versatile owing to

the fact that our approach is directly designed for the desired performance of impedance transmission,

which can be determined in several ways.

1.2.3 Operator’s Motion-based Data-driven Design

A data-driven design for the position/force controlled human support system or bilateral control was

discussed considering the operator’s sensation in Section 1.2.2. The idea of a data-driven design for

position/force control based on an operator is also applicable to machine automation systems. More

specifically, the design of control impedance can be referenced from the operator. This dissertation

proposes an approach to extract the control impedance from the actual motion of an operator as a data-

driven design method for position/force control. Once the characteristics of the operator are extracted,

the database can be built similar to the database in a data-driven controller design. This chapter discusses

the method for estimating parameters, which will be a part of the database.

Owing to the decline of the laborious population due to the lower birth ratio and aged society, skill

succession is gaining attention. In particular, the motion conducted by skilled workers should be visu-

alized and preserved. Industrial robots are installed in factories to replace human labor force; however,

most of their tasks are simple. On the other hand, human workers judge the current situation and adapt

to the uncertain surrounding environments for achieving complicated motions. Further development of

skill succession technology is highly expected for passing along the advanced motions. Therefore, the

extraction of operator motions is highly expected as one of the countermeasures of the social issue.

Operator motion extraction based on visual information has been widely studied [49,50], in which the

trajectories of cardinal points were extracted; however, the interactive motion is out of scope. Because the

operators are constantly interacting with the uncertain surrounding environments, the motion extraction

method should consider the interactive force information.

The position, force, and impedance are well-known physical variables in the field of motion control.

Hybrid position/force control, compliance control, and impedance control have been widely applied

in several studies to consider both the position and force information simultaneously. However, these

control strategies indicate that not only the position and force information is required for achieving

human-like advanced motions, but also the impedance information; these three physical variables should
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be extracted for skill succession. The position and/or the force information is obtainable by using sensors,

while the impedance information must be estimated based on the obtained information.

The estimation method for the operator impedance has been widely studied. The impedance of fingers,

finger joints, hands, ankles, or arms have been estimated by considering postures or the direction of force

[51–61]. Friedman et al. considered the grasp stiffness matrices and represented them in ellipsoids [51].

Yoshikawa et al. made the impedance model of the fingertip and estimated the parameters by the least-

squares method. They have confirmed their proposals by a mechanical structure and concluded that

varying perturbations should be added for estimating different parts of the operator [52]. Dong et al.

considered the finger-hand-arm responses by adding a variety of sinusoidal excitations [55]. Theodore

et al. measured the two-dimensional static stiffness of each finger and discussed their characteristics by

involving posture and force direction [60]. Lee et al. estimated the ankle impedance by approximating

the second-order model based on the environment while the subject was walking [61]. Most of these

approaches have considered non-contact-point impedances such as those involved with joints, arms, and

ankles, although interactive motions with the uncertain surrounding environments has been conducted.

A few studies have considered the end-point impedance, but have not conducted any tasks. Because

subjects must grasp the sticks due to the experimental constraints, the variation of end-point impedance

while conducting the tasks cannot be obtained. Therefore, this dissertation aims to estimate the end-point

impedance while conducting actual tasks, such as pushing environmental objects. Because the sensitive

parameter setting of virtual impedance is expected in certain control strategies, including impedance

or hybrid position/force controllers, the information of impedance variation at the end-point is highly

valuable for achieving human-like motions [62, 64, 98]. The estimation of dynamics is not part of the

scope of this dissertation because the end-point impedance information is sufficient for designing these

control strategies.

The bilateral controller is suitable for considering both the operators and the environmental infor-

mation simultaneously; its controller has been utilized for motion extraction and impedance estimation

[65–68]. However, these approaches considered the position and force information independently or es-

timated the impedance of environmental objects instead of the operators. Because the position and force

responses of the bilateral controller are determined by the equilibrium point and the impedance of the

environmental objects, the impedance of the operators is unattainable.

The elemental separation method [4] was proposed in the study of the impedance estimation of opera-

tors by using the bilateral controller, Nozaki et al.. Sinusoidal force vibrations were added to the common
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mode of the bilateral control system, and both the operator and environmental stiffness were estimated

from the obtained haptic information, which contains both the position and force responses. However,

this has neglected the effect of manipulation, thus the estimated stiffness has been highly dependent on

the setting of the fingertip impedance. Moreover, the appropriateness of the proposed method has not

been confirmed by the true value including the virtual impedance.

The proposal of this dissertation aims to extend the impedance estimation method by using the bi-

lateral control system with an extra signal. The effect of manipulation is estimated and removed from

the impedance estimation process. The proposed method was evaluated by simulations with certain

conditions, and its effectiveness was confirmed through other simulations and an experiment.

1.2.4 Evaluation Index-based Data-driven Design

Data-driven designs for the position/force controlled system that refer to the operator’s information

from the database were presented in Sections 1.2.2 and 1.2.3. However, a system has a purpose or goal,

and the operator is only a component of the system. Therefore, position/force controlled systems should

also be designed considering its purpose or goal. This dissertation proposes a design of the position/force

control based on the experimental data using the data-driven approach.

Regarding the gain setting for position/velocity control, in particular PID tuning, several studies have

been conducted to reveal the open-loop step response, Ziegler-Nichols frequency response, Cohen-Coon,

and the limit sensitivity method [69–71]. The ideal PID gains can be theoretically or experimentally ob-

tained by using these approaches. Unlike the position control, the impedance of an operator and/or

environment vary for interactive tasks, where the force controller is often implemented [72]. Moreover,

describing the contact motion is insufficient at times because certain objects interfere each other. There-

fore, the gain setting approaches for position control should not simply apply to interactive tasks. In

addition, the balance between the position and force components must be considered for the HPFC [73].

The gain setting for bilateral control has also been studied, especially for stability theorems, such as

the Hinf theorem or the passivity theorem, by building the system model [74–77]. Stability is necessary

for every control strategy; however, the bilateral controlled system is stable if the communication delay

between the master and slave is significantly short [78]. A few studies have solved the optimization

problem by considering the stability constraint, tracking constraint, and fidelity measure, but they have

considered the model-based 2ch bilateral control [79, 80]. However, describing the contact motion and

precise identification of certain nonlinear terms such as noise, saturation, and friction can be difficult,
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and the approach that models all the elements of a system is not necessarily suitable for bilateral control.

Therefore, this dissertation considers the gain setting of bilateral control considering precise impedance

transmission in the evaluation index-based approach by using the experimental data.

The gains of bilateral control tend to be designed in an empirical manner, and the gains of the master

and slave have been set to be the same although their transfer functions are different. Therefore, in this

dissertation, gain tuning relative to the relationship between the master and slave were considered by the

different gain settings. In addition, this dissertation also aims to present the gain searching setup with a

limited number of trials for practical use.

The evaluation index-based gain tuning for bilateral control is proposed in this dissertation by referring

to the concept of experimental data in a data-driven control design. Moreover, this dissertation presents

the design process of the gradient-descent algorithm for an actual gain setting by considering the obtained

evaluation index-based gain tuning. This was conducted using a limited number of trials for practical

use. Two algorithms were considered for two cases, having the same and different gains between the

master and slave; the order and number of tuning was designed. The effectiveness of the proposed gain

tuning methods was verified through experiments.

1.2.5 Task Implementation-based Data-driven Design

As indicated in Section 1.2.4, the position/force controlled system should also be designed consider-

ing its purpose or goal. The position/force controlled machine automation system can be designed by

referring to the operator’s motion; however, the purpose is not to reproduce the referred motion, rather

to achieve the tasks. This dissertation proposes a selection method of position/force control considering

task completion based on the utilization of experimental data in the data-driven control design.

LfD is used to design parameters based on skilled motion to make robots conduct tasks [81–84].

LfD saves the motion demonstrated by an operator and utilizes it as the skilled motion data. LfD is

advantageous owing to its simplicity and intuitiveness. The obtained physical responses, such as position,

velocity, and force can be utilized as the command values. This method can reproduce the saved motion

and achieve the tasks. MCS is an LfD method, which is based on a bilateral controller that transmits and

receives the tactile or haptic information, and is composed of the position, velocity, and force information

between master and slave robots [85, 86]. MCS is composed of the motion saving and loading phases.

The skilled motion is demonstrated by the operator and stored in a database in the saving phase, and

its saved motion is performed in the loading phase. However, this system can only play back the saved
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skilled motion accurately when the environmental conditions between the motion saving and loading

phases are the same. Environmental variations, such as the position and impedance, degrade the motion

reproduction performance. For instance, the slave robot cannot sufficiently touch the environmental

object when it is farther in the motion loading phase. Moreover, the slave robot cannot add a sufficient

force when the impedance of the environmental object is larger than that of the motion saving phase. The

operators are constantly changing their impedance to adapt to the uncertain surrounding environments

and achieve a flexible motion. Therefore, the human-like adaptable motion is expected to be developed

in MCS.

The calligraphy motion method is considered for target tasks [87]. The original MCS, position-based

MCS, and force-based MCS are applied for reproducing motion under conditions where certain envi-

ronmental variations occur. These systems correspond with HPFC, position control, and force control.

However, the appropriate control strategy used against the environmental variations should be changed

from one time and axis to another. The environmental variation is treated as the disturbance of MCS in

[88]. The position of an environmental object is varied between the saving and loading phases, which

is considered as a disturbance and compensated by the observer. It mainly focuses on the position vari-

ation; however, the impedance variation is also a challenging issue because the compensation logic of

impedance variation should be designed by considering the task. In addition, the purpose of these studies

appears to load the original motion rather than the reproduction of a task, and the control architecture is

basically fixed.

Studies regarding the appropriate modular or controller determination are also analyzed [89, 90]. The

concept of MOSAIC architecture is useful for considering the switching of a module or control [91].

The weight of each module is updated based on the responsibility signal, and an appropriate module is

iteratively studied to implement the adaptability. These studies targeted the position or trajectory control,

such as a pendulum, while this dissertation considers not only the position but also force related tasks.

Implementing robot flexibility in LfD for either position or force-based tasks is widely studied. There

are mainly two methods for obtaining the flexibility of motion in the frame of LfD: estimation and direct

measurement. The estimation approach assumes certain models and estimates the variation of impedance

from the obtained position and force by LfD. A few studies have estimated the stiffness by fitting the

responses with a mass-spring-damper model [92–94]. For instance, the Gaussian Mixture Model is

trained and utilized for generating continuous stiffness profiles. Li et al. also considers the probabilistic

Gaussian process model and achieves variable impedance control. This estimation approach appears
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intuitive; however, it is difficult to distinguish between the impedance of the environment and operator,

as indicated in Chapter 5 [95]. Because the force information of the operator becomes the same as

that of the reaction force from the environment due to the law of action and reaction, the estimated

impedance is not necessarily the impedance of the operator. The direct measurement approach measures

the force response. Kronander et al. measured the grasping force of an operator, which corresponds

with the stiffness of the interactive joint [82]. Wu et al. measured the electromyogram of an arm,

which corresponded with the stiffness of the robot for achieving the variable impedance control [96].

These approaches complicate distinguishing between the impedance of the environment and an operator;

however, this occasionally highlights the difficulty of intuitive manipulation. Moreover, these approaches

utilize the stiffness of one axis for another axis. These related studies consider impedance control [62,

64, 97, 98]; however, this dissertation utilizes HPFC by considering the concept of MCS [73]. HPFC

unifies both position and force information into the same dimension and controls them simultaneously.

Considering the aforementioned studies, the purpose of this dissertation is to clarify the dominant

element of motion in each axis and time for improving the adaptability of MCS. Unlike the command

values, the balance between the position and force gains in HPFC is rarely emphasized for task achieve-

ment. The gain is maximized in the range where the stability of the system is guaranteed. Therefore,

the stability of the system is only concerning for the proper selection of controller gains. Therefore, the

amount of gain should be set considering the stability of the system, although they increase task perfor-

mance. Therefore, the method that clarifies the dominant element of a specific motion determined by

gain selection, that is, position dominant, force dominant, or impedance dominant, must be developed.

The flexibility of motion, which corresponds with the required controller, is learned not only from the

operator but also in the task implementation. Therefore, the required controller is experimentally learned

by considering the task achievements.

This dissertation considers the selection method of a required controller in each phase and axis for

MCS. The motion flexibility of MCS is conventionally fixed, and this dissertation aims to select the re-

quired controller by considering the task realization. The results of experiment 1 showed that the task

was achieved by motions based only on the required controller, and it was confirmed that the required

controller was properly extracted. The adaptability to the environmental variations and the effectiveness

of the command design considering the conditions for the success and type of controller design were

confirmed through experiments 2 and 3. For future studies, the determination method of an appropri-

ate controller value or range has to be developed, and the abstraction of human skilled motion by the
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Fig. 1-2: Chapter organization.

proposed controller selection algorithm would be expected.

1.3 Organization of Dissertation

The rest of this dissertation is organized by seven chapters as shown in Fig. 1-2.

In Chapter 2, fundamental of motion control considered in this dissertation is introduced. In sec-

tion 2.1, the modeling of a linear motor used in this dissertation is explained. In section 2.2, DOB and

RFOB are introduced for enhancing the robustness and estimating the external force without using force

sensors. In section 2.3, acceleration control is introduced for controlling certain physical variables in

motion control.

Studies regarding the data-driven design for position/force control are discussed from Chapter 3 to

Chapter 7.

In Chapter 3, a development method for force control with DOB and a NN is discussed based on the

concept of the cerebellar calculation model in a data-driven control design. In Section 3.1, the explicit

force control is explained. In Section 3.2, the proposed NN-based explicit force control is introduced. In

Section 3.3, the contents of the simulation are introduced. In Section 3.4, the contents of the experiment

are introduced. This chapter is summarized in Section 3.5.

In Chapter 4, a JNDs-based design policy of the haptics system is discussed as an approach for con-

structing a database regarding operator sensation. In Section 4.1, the outline of transparency is intro-

duced. In Section 4.2, the proposed JNDs-based design policy is introduced. In Section 4.3, the estima-

– 16 –



CHAPTER 1 INTRODUCTION

tion method of time-delay and stiffness is introduced. In Section 4.4, the simulations are discussed. This

chapter is summarized in Section 4.6.

In Chapter 5, an estimation method of the end-point impedance based on a bilateral control system

is discussed as an approach for constructing a database regarding operator motion. In Section 5.1, a

motion extraction method with bilateral control is explained. In Section 5.2, the outline of simulation

is explained. In Section 5.2.1, the simulations with multiple amplitude, bandwidth, and impedance

setups are discussed. In Section 5.2.2, the simulations with moving motors and changing impedances are

discussed. In Section 5.3, the experiment is discussed. This chapter is summarized in Section 5.4.

In Chapter 6, an approach for evaluating index-based gain tuning for bilateral control is discussed as

an index-based data-driven design using experimental data. In Section 6.1, the transfer function of a

master or slave is explained. In Section 6.2, the analysis for gain setting is introduced. In Section 6.3,

the gain tuning method is introduced. In Section 6.4, the experiments are introduced. This chapter is

summarized in Section 6.5.

In Chapter 7, a selection of the required controller for a position and force-based task in the motion

copying system is discussed as a task implementation-based data-driven design using experimental data.

In Section 7.1, the task statement is introduced. In Section 7.2, the task and motion analyses for MCS is

introduced. In Section 7.3, the experiments are introduced. This chapter is summarized in Section 7.4.

This dissertation is concluded in Chapter 8.
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Nomenclature

Abbreviations
ABC Acceleration-based bilateral control
DOB Disturbance observer
DOF Degree-of-freedom
FDOB Force-based DOBD
FEL Feedback error learning
HPFC Hybrid position and force control
JNDs Just noticeable differences
LfD Learning from demonstration
MCS Motion copying system
MOSAIC Module selection and identification for control
NN Neural network
PID Proportional-integral-derivative
RFOB Reaction force observer

Variables
b Bias
c Continuous number of trial successes
c′ Total number of situations
C Controller
D Viscosity
d Damper
E Error function
f Force
g Cutoff frequency
H Number of units in the hidden layer
I Number of units in the input layer
I Current
J Cost function
k Stiffness
K Gain
Kt Torque constant
M Mass
o Node value
s Laplace operator
ST Sampling time
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t Current time
T Total duration of motion
u Input value
U Unit
w Weight
x Position
y Output value
z Output from unit
Z Impedance
α Amount of improvement
η Learning rate
κ Control stiffness
θ Angle
τ Torque

Superscripts
cmd Command value
comp Compensation value
con Contact value
dis Disturbance value
dri Driving value
eq Equilibrium value
ext External value
h1 Hidden layer 1
h2 Hidden layer 2
i Input layer
load Load value
o Output layer
R RNN layer
ref Reference value
res Response value
vir Virtual value
◦̂ Estimated value

Subscript
a Armature
all Value in all frequency ranges
c Virtual value
col Corioli

– 19 –



CHAPTER 1 INTRODUCTION

conv Conventional approach
d Value of DOB
e Environmental value
f Value of force
g Gravitational value
high Value higher than the cutoff frequency
H Number of units in hidden layer
i Value of integral
int Internal value
I Number of units in input layer
k Number of iterations
n Nominal value
nn Value of NN
O Number of units in output layer
op Operation’s value
p Value of proportional
prop Proposed approach
r Value of RFOB
t Value of the current data
t− 1 Value of previous data
v Value of pseudo derivative
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Chapter 2

Fundamental of Motion Control

In this chapter, fundamental of motion control used in this dissertation is described. In section 2.1, the

modeling of a linear motor is explained. In section 2.2, DOB and RFOB are introduced. In section 2.2.1,

DOB is briefly explained. In section 2.2.2, RFOB is briefly explained. In section 2.3, acceleration control

is introduced. In section 2.3.1, position control is explained. In section 2.3.2, HPFC is explained. In sec-

tion 2.3.3, admittance control is explained. In section 2.3.4, force control is explained. In section 2.3.5,

bilateral control is explained.
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Fig. 2-1: The block diagram of motor dynamics.

2.1 Modeling of Linear Motor

This section considers one DOF linear motor for discussing the fundamental of motion control. Its

equation of motion is given as follows:

Ms2Xres = F dri − F load.　 (2.1)

Driving force is obtained by the multiplication of a thrust constant and an armature current and derived

as follows by postulating a current minor loop with a high gain:

F dri = KtI
ref
a . (2.2)

The block diagram of motor dynamics is shown in Fig. 2-1.

The load force can be broken down an external force, an internal interference force including Coriolis

and centrifugal forces, Coulomb and viscous friction forces, and a gravity. The internal interference force

and Coulomb and viscous friction forces are able to be neglected due to characteristics of 1 DOF linear

motor, which this dissertation mainly considers. In addition, 1 DOF linear motor is not affected by the

gravity because its motor is attached horizontal manner with the ground. Therefore, the load force F load

is derived as follows:

F load = F ext. (2.3)

By combining Eqs. (2.1), (2.2), and (2.3), the following equation is obtained:

Ms2X = KtI
ref
a − F ext. (2.4)

Although nominal values of mass and thrust constant can be identified in advanced, they can be fluctuated
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Fig. 2-2: The block diagram of motor dynamics taking into account the parameter variations.

and formulated as follows:

M = Mn +∆M, (2.5)

Kt = Kt,n +∆Kt. (2.6)

The equation of motion with parameter variations is formulated as follows:

(Mn +∆M) s2X = (Ktn +∆Kt) I
ref
a − F load. (2.7)

This dissertation defines disturbances as the summation of load force and parameter variations as follows:

F dis = F load +∆Ms2X −∆KtI
ref
a . (2.8)

The equation of motion considering the parameter variations is derived as follows:

Mns
2Xres = Kt,nI

ref
a − F dis.　 (2.9)

Its block diagram is shown in Fig. 2-2.
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2.2 Disturbance OBserver and Reaction Force OBserver

2.2.1 Disturbance OBserver

An enhancement of robustness is essential for realizing the desired motion control. This section

considers DOB as an approach for realizing the robust motion control [7]. DOB estimates the disturbance

from the current reference value and the velocity response. The estimated disturbance is fed forward for

suppressing the disturbance, and the robust acceleration control is achieved.

Disturbance can be computed as follows from Eq. (2.9):

F dis = Kt,nI
ref
a −Mns

2Xres. (2.10)

The acceleration response is computed from the derivative of position response that is obtained from an

encoder, and it sometimes contains a high-frequency noise such as quantization errors and sensor noise.

Therefore, a first-order low pass filter is utilized for suppressing the high-frequency noise in DOB. In

addition, a pseudo-differential is applied instead of the simple differential for the purpose of suppressing

the effect of high frequency noise. The block diagram of DOB and its equivalent form are shown in

Figs. 2-3 and 2-4.

Due to the feedforward of the estimated disturbance, the acceleration response is obtained as follows:

s2Xres = s2Xref − 1

Mn

s

s+ gd
F dis. (2.11)
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Fig. 2-4: The block diagram of equivalent form of DOB.

As the second term of right-hand side in Eq. (2.11) shows, the disturbance lower than DOB’s cut-off

frequency is suppressed due to the high-pass filter. Higher cut-off frequency ideally removes the effect

of disturbance although the effect of noise is enhanced.

If the nominal values are set larger or smaller than actual values, DOB works as the phase lead/lag

compensators [99]. The nominal values are set the same with the actual value of experimental set-up or

the value in the specification sheet in this dissertation, and DOB enables to compensate the disturbance

lower than its cut-off frequency. The external force estimated by RFOB is composed of stiffness and

viscous components because its observer is designed in the acceleration dimension.
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2.2.2 Reaction Force OBserver

Information of external force is useful for considering the interactive motion with the surrounded

environment. Force sensors are often utilized for its estimation although some disadvantages: the sen-

sitiveness to the ambient environment and the severeness of allocations are known. As an alternative

approach of force sensors, RFOB is introduced [13]. RFOB enables to estimate the external force from

an identified dynamical model and the principle of DOB.

The disturbance is represented as Eq. (2.10), but it includes the variation of mass ∆M and thrust

constant ∆Kt. Moreover, the internal interference force and Coulomb and viscous friction force have

to be considered for general use. All these variables are needed to be identified in advance in the use of

RFOB although they can be suppressed by DOB. The disturbance coincides with the external force is

represented as follows if the variables are perfectly identified and compensated:

F dis = F ext.　 (2.12)

The block diagram of RFOB is shown in Fig. 2-5. RFOB also uses the low-pass filter as similar as DOB

although the former is a model-based approach while the latter is not. The estimated external force is

computed as follows by inserting the low-pass filter.

F̂ ext =
gr

s+ gr
F ext.　 (2.13)
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2.3 Acceleration Control

Position, velocity, and force are three well-known physical variables in motion control. The differen-

tiation of position becomes the velocity, and the differentiation of velocity becomes the acceleration. In

addition, the force divided by the mass becomes acceleration. These facts specify that the precise con-

trol of acceleration enables the precise control of both position and force simultaneously. This chapter

considers acceleration based position, admittance, force, and bilateral controllers.

2.3.1 Position Control

A position response coincides with a position command in the case of the ideal position controller is

realized [100]. The block diagram of position control is shown in Fig. 2-6. A Proportional-Derivative

controller is used in position controller as follows:

Cp(s) = Kp +Kvs. (2.14)

The velocity gain is designed for making position controller critical damping as follows:

Kv = 2
√
Kp. (2.15)

The acceleration reference is obtained as follows:

s2Xref = Cp(s)(X
cmd −Xres)

= Kp(X
cmd −Xres) +Kv(sX

cmd − sXres) (2.16)

– 27 –



CHAPTER 2 FUNDAMENTAL OF MOTION CONTROL

2.3.2 Hybrid Position/Force Control

Regarding control methods of both position and force at the same axis, two approaches: HPFC and

impedance/admittance control, are often discussed [101]. This section introduces a hybrid position and

force control. Task space is divided into two subspaces for controlling position and force. The accelera-

tion reference is computed as follows:

s2Xref = Kp(X
cmd −Xres) +Kv(sX

cmd − sXres)−Kf(F
cmd − F ext). (2.17)
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Fig. 2-7: The block diagram of admittance control.

2.3.3 Admittance Control

Another approach that combines both position and force at the same axis is admittance control [64].

This regulates mechanical impedance by objects and realizes the dynamical relationship between position

and force of end-effector. The input and output of manipulator are position and force.

The acceleration reference of admittance control is computed as follows:

s2Xref = Kp(X
cmd −Xres −Xc) +Kv(sX

cmd − sXres − sXc)− s2Xc, (2.18)

s2Xc =
F̂ ext −KcXc −DcsXc

M c
. (2.19)

The block diagram of admittance control is shown in Fig. 2-7.

2.3.4 Force Control

A force response coincides with a force command in the case of the ideal force controller is realized

[102]. The block diagram of force control is shown in Fig. 2-8. The force controller is represented as

follows:

Cf = Kf . (2.20)

PD gains are sometimes applied into its controller, but the derivative of force is in the dimension of jerk

and heavily affected by noises. Therefore, this dissertation simply applies Proportional (P) gain into the
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Fig. 2-9: Concept of bilateral control.

force controller. The acceleration reference is obtained as follows:

s2Xref = Cf(F
cmd − F̂ ext)

= Kf(F
cmd − F̂ ext). (2.21)

2.3.5 Bilateral Control

Bilateral control system aims at transmitting haptic information to remote places as shown in Fig. 2-9

[86, 103].

Four-ch (4ch) bilateral control system, which this dissertation simply calls the bilateral control system

from later on, is composed of master and slave robots, and the control goals are the position synchro-
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nization and the realization of the law of action and reaction as follows:

Xm −Xs = 0, (2.22)

Fm + Fs = 0. (2.23)

The entire block diagram of the bilateral controller is shown in Fig. 2-10.
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Chapter 3

Data-driven Design of Force Control

This chapter discusses a development method of force control with DOB and neural network. In

Section 3.1, the explicit force control is explained. In Section 3.2, the proposed NN-based explicit force

control is introduced. In Section 3.2.1, the idea of combining NN and DOB is explained as an outline

of proposal. In Section 3.2.2, the structure of NN is explained. In Section 3.2.3, the learning method of

NN is explained. In Section 3.2.4, the learning result of NN is discussed. In Section 3.2.5, the idea of

fault tolerance is explained. In Section 3.3, the contents of simulation are introduced. In Section 3.3.1,

the outline of simulation is explained. In Section 3.3.2, the proposal and conventional methods are

compared. In Section 3.3.3, the performance of NN is investigated. In Section 3.4, the contents of

experiment are introduced. In Section 3.4.1, the outline of experiment is explained. In Section 3.4.2, the

setups of experiment is explained. In Section 3.4.3, the results of experiment are discussed. This chapter

is summarized in Section 3.5.
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Fig. 3-1: Block diagram of explicit force control with DOB and RFOB (conventional)

3.1 Explicit Force Control

This dissertation considers explicit force control with DOB and RFOB, and its block diagram is shown

in Fig. 3-1. The first-order environmental impedance is considered as follows:

F ext = Ze(s)X
res = (sde + ke)X

res. (3.1)
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Fig. 3-2: Block diagram of the operations from the occurrence of external and disturbance forces to the
force response

The transfer function of its control is computed as follows:

F̂ ext

F cmd
=

L(s)

1 + L(s)
, (3.2)

L(s) = Cf(s)
Mn

Kt,n

G1(s)

G2(s)
,

G1(s) = Kt,nGr(s)Z(s)− {1−Gr(s)}grKtMnGv(s),

G2(s) = {1−Gd(s)}{Z(s) +
Kt

Kt,n
gdMnGv(s)},

Cf(s) = Kp +
Ki

s
,

Gd(s) =
gd

s+ gd
,

Gr(s) =
gr

s+ gr
,

Gv(s) =
sgv

s+ gv
,

Z(s) = Ms2 + Ze(s).

The position response is measured using an encoder, and the velocity response is estimated through the

pseudo derivative of position response by Gv(s). The external force is estimated by RFOB. Derivative

control is sometimes implemented in the force controller with DOB and RFOB, but its dimension be-

comes a jerk in force control and is affected by noise. Therefore, PI controller was considered instead of

the PID controller in Cf(s) in this chapter. The first-order low-pass filter is implemented as Gd(s) and

Gr(s) in the DOB and RFOB, respectively.

The block from external and disturbance forces to the force response is shown in Fig. 3-2 and com-
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Table 3.1: Parameter setup for Bode diagram
Description Value

Nominal mass of motor 2.1 kg

Torque constant 33 N/A

Cutoff frequencies of DOB, RFOB, pseudo derivative 500 rad/s

Proportional gain 0.9 kg−1

Integral gain 156 skg−1

Environmental stiffness 5000 N/m
Environmental viscosity 20 sN/m

puted as follows:

Ms2Xres

F ext + F dis
= − s2

s2 + gdGv(s)
KtMn

Kt,nM

. (3.3)

If the pseudo derivative can be treated as a simple derivative and the nominal parameters are properly

identified, Eq. (3.3) can be recomputed as follows:

Ms2Xres

F ext + F dis
= − s

s+ gd
. (3.4)

Eqs. (3.3) and (3.4) show the filtering effect by DOB.

The motion equation of explicit force control with DOB is computed as follows:

Ms2Xres = Cf(s)
Mn

Kt,n
(F cmd − F̂ ext)− {1−Gd(s)}(F ext + F dis). (3.5)

Here, Gd(s) is equivalent to Eq. (3.3) or (3.4). The estimated external force is computed as follows:

F̂ ext = F cmd − {1−Gd(s)}
Kt,n

Cf(s)Mn
(F ext + F dis)− Kt,n

Cf(s)Mn
Ms2Xres. (3.6)

The second and third terms on the right-hand side of Eq. (3.6) become smaller as the gain of the force

controller becomes larger. Therefore, the setting of appropriate control gain or a combination of another

controller is able to improve the performance of its control.

The Bode diagram of explicit force control and the filtering effect by DOB with the parameters listed

in Table 3.1 are shown in Fig. 3-3. DOB ideally compensates for disturbances that are lower than its

cutoff frequency; however, the parameter setup of the nominal values or nonlinear terms affects the per-

formance. Moreover, the inertial force is not compensated because the DOB is designed in the dimension
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Fig. 3-3: Bode diagram of explicit force control

of acceleration, and the transient response of explicit force control with DOB must be improved. This

dissertation aimed to improve the performance of force control from the perspective of both feedback

and feedforward components without significantly limiting the condition of motion.
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Table 3.2: Candidate structures
DOB NN (all frequencies) NN (high frequency)

Conventional ✓ – –
Structure 1 – ✓ –
Structure 2 ✓ ✓ –
Structure 3 ✓ – ✓

Motor

+Env.

(R)NN

RFOB

!"#$%

&'$()

&*+,
Controller

-
-

- .

DOB

-

&#$/

&00
*1+2

&,3455
*1+2

Fig. 3-4: Block diagram of explicit force control with neural network (NN) (all frequency)

3.2 Proposed Neural Network (NN)-based Explicit Force Control with
Disturbance Observer

3.2.1 Outline

The NN is implemented into the explicit force control with DOB and RFOB. This dissertation con-

siders three candidate structures, as listed in Table 3.2, in order to select the method for combining DOB

and NN. The tick mark (✓) represents that the compensator of the structure is implemented, while the

dashed mark (–) represents that the compensator is not implemented. NN (all frequencies) shows that

the compensator works in all frequency ranges, while NN (high frequency) shows that the compensator

works in frequency ranges higher than the cutoff frequency of the DOB. The block diagrams of Struc-

tures 2 and 3 are shown in Figs. 3-4 and 3-5, where⃝d,all and⃝d,high denote the values generated by

DOB in the case of NN (all frequencies) and NN (high frequency), respectively. The force references of
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Structures 2 and 3 are computed based on Eqs. (3.7) and (3.8), respectively:

F ref = Cf(s)
Mn

Kt,n
(F cmd − F̂ ext) + F comp

d,all + F comp
nn , (3.7)

F ref = Cf(s)
Mn

Kt,n
(F cmd − F̂ ext) + F comp

d,high + F comp
nn . (3.8)

The block parts labeled Motor+Env. and DOB in Fig. 3-5 are equivalently transformed as illustrated in

Fig. 3-6. The compensation value generated by the NN (high frequency) is substituted from a similar

point to the external and disturbance forces, as illustrated in Fig. 3-6.
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The motion equations of Structures 2 and 3 are computed using Eqs. (3.9) and (3.10), respectively:

M2Xres = Cf(s)
Mn

Kt,n
(F cmd − F̂ ext)

− {1−Gd(s)}(F ext + F dis) + F comp
nn , (3.9)

M2Xres = Cf(s)
Mn

Kt,n
(F cmd − F̂ ext)

− {1−Gd(s)}(F ext + F dis − F comp
nn ). (3.10)

In Structure 3 or Eq. (3.10), the compensation value generated by NN (high frequency) also becomes the

input of the transfer function as well as F ext + F dis in Fig. 3-2. Therefore, it works for compensating

the external and disturbance forces higher than the cutoff frequency of the DOB.
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3.2.2 Structure of NN

The structure of recurrent NNs (RNNs) is useful when the time-sequence data is considered [104].

NN nodes are connected not only feedforward direction but also the recurrent direction in the RNN. An

example of network structure is illustrated in Fig. 3-7. Two units in the input layer, two units in the

hidden 1 layer with recurrent network, two units in the hidden 2 layer with recurrent network, and one

unit in the output layer are shown in this example. Each layer has certain units, which are represented

by circles. A leaky rectified linear unit (LReLU) is utilized as the activation function of all units. The

number of units in each hidden layer is set the same, and the outputs from the hidden 1, hidden 2, and

output layers are computed as Eqs. (3.11), (3.12), and (3.13), respectively:

oth1 =
∑
I

wh1,iz
t
i +

∑
H

wh1,h1z
t−1
h1 + bh1,

zth1 = LReLU(oth1). (3.11)

oth2 =
∑
H

wh2,h1z
t
h1 +

∑
H

wh2,h2z
t−1
h2 + bh2,

zth2 = LReLU(oth2). (3.12)

oto =
∑
H

wo,h2z
t
h2 + bo,

zto = LReLU(oto). (3.13)

The subscript of weight represents the connected layers. For instance, wh1,i specifies the weight from the

input layer to the hidden 1 layer, and wh2,h1 specifies the weight from the hidden 1 layer to the hidden

2 layer. wh1,h1 indicates the recurrent network and specifies the weight from the hidden 1 layer in the

previous data to the hidden 1 layer in the current data.

The error between the command and response becomes an input in the FEL scheme. If the error is

– 40 –



CHAPTER 3 DATA-DRIVEN DESIGN OF FORCE CONTROL

Table 3.3: Available compositions of neural networks
Candidate H L RNN

1 26 1 w/o
2 6 1 w/
3 9 2 w/o
4 4 2 w/
5 7 3 w/o

considered as one of the inputs, the NN works similar to the controller gains or feedback component.

Thus, the NN adjusts the controller gains to the appropriate values. In addition to the error, the force

command, input value to the DOB from the left side, and input value to DOB from the right side (velocity

response) are considered as the input variables of the NN. The force command is expected to operate the

NN as the feedforward component. The input values to the DOB from the left and right sides are also set

as inputs to ensure that the NN owns the element of the DOB or feedforward component. The selection

of input variables to the NN compensates the disturbance from the perspective of both feedback and

feedforward components. The input variables are selected based on the knowledge of actual controller

design.

The number of layers or units is generally expected to be as large as possible to enhance the represen-

tation ability of various situations; however, the composition of NN should be designed by considering

not only the performance but also the processing ability of the computer. The specifications of the com-

puter used in the experiment are Intel Core 2 Duo CPU E8400 at 3.00 GHz with 1.8 GB memory, using

Linux operating system. The NN was experimentally investigated based on the available compositions

in this experimental setup; the available compositions are listed in Table 3.3. Here, w/ and w/o denote

the compositions with and without the RNN layers, respectively. If the number of variables is increased,

the computer stops working. This dissertation selects an appropriate system from the three candidate

structures listed in Table 3.2 and available compositions listed in Table 3.3.
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3.2.3 Learning Method of NN

The network is trained by backpropagation and backpropagation through time for the NN and RNN

[104], respectively, and the weights are updated in each sample by the gradient descent algorithm as

follows:

wk+1 = wk − η
∂Jk
∂wk

. (3.14)

The cost function is designed based on the square error and is set as follows:

J =
1

2
(F cmd − F̂ ext)2. (3.15)

The objective of training is to minimize the cost function, and the estimated external force is expected

to follow the command by iterating the process of gradient descent. The objective is satisfied even if

the motor is accelerated in the negative direction owing to the inertial force, and the position response is

added as a constraint (Xres ≥ 0). If the cost function continuously increases 1000 times, all parameters

are initialized and the training is carried out again.

The network is trained on a simulation, and the trained network is directly utilized in the actual ex-

perimental setup. The environmental stiffness, environmental viscosity, and coefficient of command

amplitude were changed to enhance the versatility of the system.

The learning algorithm is as presented subsequently. Here, the amount of improvement α takes a

value smaller than one. The learning was performed until the NN-based approach achieved better per-

formance than the conventional approach in all situations, where PI gain with DOB was considered as

the conventional approach. The weights were updated at each sampling time if the error function of the

NN-based approach was larger than the conventional approach in Lines 9 – 10. Once the error function of

the NN-based approach became smaller than that of the conventional approach, the continuous number

of trial successes was increased and the situation was updated in Lines 15 – 16. The error function was

computed after one training was completed as follows:

E =

t=T∑
t=0

|F cmd − F̂ ext|. (3.16)

The error function shows the absolute mean square error of one training.

The learning code was written in C language; moreover, the learning process was performed 10 times

for each candidate structure and available composition of the NN. The learning was terminated after one
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Algorithm 1 The process of learning NN
1: while c < c′ do
2: if Violate constraints then
3: Initialization
4: else
5: Initialization except weights
6: end if
7: while t ≤T do
8: Motor Control
9: if c==0 then

10: Update weights based on Eq. (3.14)
11: end if
12: t+=ST
13: end while
14: Compute Enn and Econv

15: if Enn < (αEconv) then
16: c+= 1
17: Update situation
18: else
19: c=0
20: end if
21: end while

hundred thousand iterations if the learning was not completed by the algorithm within its number of

iterations. The learning was performed again in the actual experimental setup because certain elements

of the experiment, such as contact, could not be described perfectly in the simulation. Therefore, a

structure of the NN that requires fewer learning iterations is expected to be revealed and selected through

the learning process.

The parameters that were setup for the learning process are listed in Table 3.4. The remaining parame-

ters are similar to those listed in Table 3.1. While considering the controller gain setting, the proportional

gain was initially tuned in the order of 0.1 by minimizing the error function similar to the limit sensitivity

method. Then, the integral gain was tuned in the order of 1 by minimizing the error function. The tuned

proportional and integral gains, which were designed for the conventional method, were applied to all

candidates structures for a fair comparison. The learning rate was randomly chosen at the initialization

step. The faster convergence tends to be achieved by the larger learning rate, but the smaller learning rate

should be selected from the perspective of small steady-state error and stability of learning [105, 106].
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Table 3.4: Parameter setup for learning
Description Value

Sampling time 1 ms
Amount of improvement 0.9

Learning rate 0.0001 – 0.01
Assumed range of force command -10 – 10

Assumed range of input value to DOB from the right side -1 – 1
Assumed range of input value to DOB from the left side -0.05 – 0.05

Assumed range of error -10 – 10

Table 3.5: Parameter setup for different situations
Description Range Amount of change

Environmental stiffness 2000 N/m – 40000 N/m 2000 N/m
Environmental viscosity 10s N/m – 100s N/m 10s N/m

Coefficient of command amplitude 1 – 3 0.5
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Fig. 3-8: Command of motion

The input of the NN was normalized by assuming the range of each variable. For instance, the assumed

range of force command was ±10 and the input to NN was 0, 0.5, or 1 if the force command was -10N,

0N, or 10N, respectively.

The parameters were set in different situations are listed in Table 3.5. One thousand different types of

situations (twenty types of environmental stiffness values, ten types of environmental viscosity values,

and five types of amplitudes) were considered. The command of motion was designed as shown in Fig. 3-

8, where A represents the coefficient of the command amplitude. The motion includes both the step and

ramp motions, and these amplitudes and inclinations are varied based on the coefficient of the command

amplitude.
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Fig. 3-9: Learning result based on the different candidate structures

3.2.4 Learning Results

The learning results based on the different candidate structures with composition candidate 2, as listed

in Table 3.3, are shown in Fig. 3-9, where⃝str.1,⃝str.2,⃝str.3, and⃝can.2 denote the values of Struc-

tures 1, 2, and 3, and composition candidate 2 of the NN, respectively. The learning was not terminated

within one hundred thousand iterations in the case of Structures 1 and 2, as shown in Fig. 9 (b). The error

functions gradually became smaller, and the situation was updated at approximately 12000 and 40000

iterations in Structures 1 and 2. However, once the situation was updated, where the error functions

of conventional approaches were updated, the learned weight was not useful for the updated situation.

DOB is a significantly powerful method for compensating the disturbance, and it is considerably difficult

to achieve the work of DOB only by (R)NN with a limited number of layers. The enlarged view of

Structure 3 is shown in Fig. 9 (c). It can be observed that the amount of error functions of the proposed

method became smaller than that of the conventional method even if the situation was updated. Structure
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Fig. 3-10: Learning results of Structure 3

3 enables the avoidance of the interference between DOB and NN, and the learning of the NN could be

appropriately performed. The compensation by NN improves the performance. Therefore, the imple-

mentation of the NN for explicit force control with DOB improves the performance; however, it should

be designed without interrupting the work of DOB.

The learning results of Structure 3 with five available compositions of NN are shown in Fig. 3-10.

Compositions 3, 4, and 5 could not complete the learning within one hundred thousand iterations in

certain trials. Conversely, compositions 1 and 2 terminated the learning within the limited number of

iterations in all 10 trials. In particular, composition 2 required fewer iterations from the average of 10

trials in each composition. In summary, this dissertation implemented Structure 3 with composition 2.
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3.2.5 Fault Tolerance

Fault tolerance is also designed for the case when the learning of the NN is not performed appropri-

ately. Because NN may not operate properly if it is utilized in a situation that it has not encountered

previously, this dissertation cannot guarantee that the command designed in Fig. 3-8 includes all types of

motions. The force references of the conventional method (F ref
conv = Cf(s)

Mn
Kt,n

(F cmd − F̂ ext) + F comp
dob )

and proposed methods F ref
prop are computed.

The following four cases are the desired generation of force references when the force command takes

a value larger than zero:

1. (F cmd = F cmd
t−1 ) ∧ (F̂ ext > F cmd) ∧ (F ref

prop ≤ F ref
prop,t−1 ),

2. (F cmd = F cmd
t−1 ) ∧ (F̂ ext ≤ F cmd) ∧ (F ref

prop > F ref
prop,t−1 ),

3. (F cmd > F cmd
t−1 ) ∧ (F ref

prop > F ref
prop,t−1 ),

4. (F cmd < F cmd
t−1 ) ∧ (F ref

prop ≤ F ref
prop,t−1 ).

The force reference of the proposed method is utilized if the above-mentioned four cases are satisfied,

while the force reference of the conventional method is utilized if these cases are violated.

The switching algorithm also contributes to the safety of the experiment. The stability of the control

system cannot be assured because the transfer function of the NN cannot be precisely described. The NN

works as the feedforward component; moreover, the setting constraints to the NN compensation value or

cutting off NN enables the avoidance of unacceptable motion.
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Table 3.6: Parameters for environmental impedance in simulation
Description Amount

Environmental stiffness of hard object 25000 N/m
Environmental viscosity of hard object 100 sN/m
Environmental stiffness of soft object 2000 N/m
Environmental viscosity of soft object 15 sN/m

3.3 Simulation

3.3.1 Outline

Simulations were conducted to observe the performance of the proposed NN-based explicit force

control. The objectives of the simulations are as follows: 1. to compare the proposed method with

the conventional method; 2. to show the performance for a wide frequency range of disturbances. In

the first simulation, the leaning of NN was performed and the proposed method was compared with the

conventional method (PI + DOB). In the second simulation, the sweep sine disturbance was intentionally

added to check the compensation performance of the NN. The motor was assumed to contact both hard

and soft objects, and the environmental impedances were set as listed in Table 3.6. The rest of the

parameters were set to the values listed in Table 3.1.
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Fig. 3-11: Result of simulation 1

Table 3.7: Root mean square errors (RMSEs) of force response in the simulation
Method RMSE [N×10−2]

Conventional 5.58
Proposed 4.41

3.3.2 Comparison between Proposed and Conventional Methods

The motor was simulated to contact hard and soft objects for a time ranging from 0 to 5 s and 5 to

10 s. The force and position responses and root mean square error (RMSE) of the force responses are

shown in Fig. 3-11 and listed in Table 3.7. The proposed method achieved faster command tracking and

a smaller RMSE. In particular, the force response oscillated faster in the proposed method when the step

commands were provided.
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3.3.3 Performance against Wide Frequency Range of Disturbance

The motor was simulated to contact the hard and soft objects from 0 to 5 s and 5 to 10 s with a

wide frequency range of disturbances. A sweep was intentionally added as the disturbance, and the

amplitude of disturbance was ±0.1 N. The frequency was gradually increased and decreased from 10 to

1000 rad/s in steps of 0.1 s. The command of force control was constantly set as 1 N to evaluate the

performance against the disturbance. The input variables of the NN were the same as those illustrated

in Fig. 5; further, the learning was performed as discussed in Section 3. However, the constant value

of 1 N was set as the command of motion, and the coefficient of command amplitude was not changed

in this simulation. The proposed method was compared not only with the conventional approach but

also with the conventional approach with high control gains. The proportional and integral gains in the

case of high control gains were set as 1.6 kg−1 and 190 skg−1, respectively. These gains were designed

based on the error function. The force result, position result, and added disturbance and estimated result

are shown in Fig. 3-12. The simulation results show that the enhancement of control gains marginally

improved the response although its amount of improvement was limited. Conversely, the output of NN

zto almost estimated the added disturbance F dist, and the NN compensated the added disturbance. NN

has the capability to compensate for a wide frequency range of disturbances by the feedforward method

if the learning is properly performed.
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Fig. 3-12: Result of simulation 2
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3.4 Experiments

3.4.1 Outline of Experiments

Experiments were conducted to confirm the effectiveness of the proposed method. Four types of

experiments were performed: frequency, contact, disturbance, and fault tolerance experiments. The

conventional method was composed of PI gain + DOB, while the proposed method was composed of PI

gain + DOB + NN (high frequency) with composition 2.

Frequency experiment

In the frequency experiment, the sweep sine was utilized as the input, and the frequency response of

the conventional and proposed methods were measured by a contact with a screw box. The magnitude

and phase of the conventional and proposed methods were experimentally measured and compared to

determine the performance of the controller in the frequency domain.

Contact experiment

In the contact experiment, the motor contacted the screw box (hard object) and sponge (soft object)

using the conventional and proposed controllers to compare the performance of the controllers. In addi-

tion to these two controllers, the feedback-based NN (NN:FB) and the feedforward-based NN (NN:FF)

were also considered to observe the effects of the feedback and feedforward components.

Disturbance experiment

In the disturbance experiment, unexpected disturbances were deliberately added to the system to ver-

ify whether the proposed system could handle the disturbances. The motor contacted the screw box,

similar to the contact experiment, and the step- and lamp-shaped disturbances were added in the negative

direction from 2.5 to 2.8 s and from 4.5 to 4.8 s, respectively.

Fault tolerance experiment

In the fault tolerance experiment, the amounts of certain weights were deliberately changed from

the arbitrary value to zero at 4.5 s to check whether the undesirable control motion could be avoided

by the four cases defined in Section 3.7. The force reference of the conventional method was utilized

subsequently.
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Fig. 3-13: Picture of experimental setup
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Fig. 3-14: Picture of contact objects

3.4.2 Experimental Setup

The linear motor shown in Fig. 3-13 was utilized. The weights were learned in the simulation and

applied in the experimental setup. Learning was also performed in the experimental setup again to adapt

to the real environment, which could not be modeled in the simulation environment. Because the gain

setup, which minimized the error function, was different from that listed in Table 3.1, the proportional

and integral gains were tuned again for minimizing the error function in the experimental setup. The pro-

portional and integral gains were set as 2.0 kg−1 and 18.0 skg−1, respectively. The learning of weights

was conducted with the tuned gains again in the simulation and directly applied to the experimental

setup. The remaining parameters were the same as those listed in Tables 3.1 and 3.4.

The training of the NN was performed using six items and the testing or experiment was conducted

using two items, as shown in Fig. 3-14, and listed in Table 3.8. The learning result of the experimental

setup is shown in Fig. 3-15. Because the error function of the proposed method became smaller when

compared to the product of the error function of the conventional method and the amount of improvement
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Table 3.8: Stiffness of each contact object
Item Use Stiffness [N/m]
Box Training 6077

Towel Training 1056
Alminum Training 37581

Rope Training 2911
Eraser Training 14827
Bottle Training 4060

Screw box Testing 28596
Sponge Testing 1369
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Fig. 3-15: Learning result of the experiment

from the 42nd to 47th iterations, the proposed method that was composed of the same weights could

contact six training objects with a smaller error functions. In the contact experiment, NN:FB and NN:FF

were also considered. These NNs were also initially trained by the simulation; then, the training was

performed in the actual experimental setup. The structures of each NN were the same as that in the

proposed method; however, the number of input variables was different. Only the error was considered

as the input variable in NN:FB, while the remaining three variables were considered as the input in

NN:FF.

The unstable behavior was not observed at the learning process by experimental setup, but the algo-

rithm of forced learning termination was necessary in order to secure the safety of experiments if the

model used in simulation was not trustworthy.

– 54 –



CHAPTER 3 DATA-DRIVEN DESIGN OF FORCE CONTROL

10-2 10-1 100 101 102 103

Frequency [rad/s]

M
a
g
n

it
u

d
e

1

0.6

0.8

0.4

0.2

!"#$%

&'"(%

(a) Magnitude

-160

-40

0

P
h

a
se

 [
d

eg
]

10-2 10-1 100 101 102 103

Frequency [rad/s]

-80

-120

-200

!"#$%

&'"(%

(b) Phase

Fig. 3-16: Bode diagram

3.4.3 Experimental Results

Frequency experiment

The results of magnitude and phase are shown in Fig. 3-16. The magnitude and phase in the low-

frequency range (approximately 0.01 rad/s to 100 rad/s) were almost the same between the conventional

and proposed methods. The decay of the magnitude or the lag in the phase began at a higher frequency

in the proposed method. The proportional and integral gains were tuned based on the error function;

however, a combination of NNs can be considered to further improve the control performance.

Contact experiment

The force and position responses of the contact with the screw box and sponge are shown in Figs. 3-

17 and 3-18, respectively. The result of the proposed methods followed the force step command

among other methods pertaining to the contact to the screw box and sponge. NN:FB and NN:FF also

achieved better performance than the conventional approach. In particular, the force response of NN:FF

was better than that of NN:FB in the contact experiment with the sponge. All methods appropriately

tracked the lamp command from 5 to 9.5 s. The RMSEs of the force response are listed in Table 3.9. The

proposed method achieved the smallest RMSEs in the contact with both the screw box and sponge. Both

the feedback and feedforward components contributed to the performance improvement of force control

with the DOB.
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Fig. 3-17: Contact results with screw box
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Fig. 3-18: Contact results with sponge

Disturbance experiment

The force and position responses are shown in Fig. 3-19 and the RMSEs of the force response are listed

in Table 3.10. The proposed method could tackle unexpected disturbances as well as the conventional

method.

Fault tolerance experiment

The force and position responses are shown in Fig. 3-20 and the RMSEs of the force response are

listed in Table 3.11. Even if the method of reference generation was suddenly changed, the force

controller continued to follow the force command.
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Table 3.9: RMSEs of the contact experiment
Contact object Method RMSE [N× 10−2]

Screw box Conventional 1.85
Screw box Proposed (NN:FB) 1.74
Screw box Proposed (NN:FF) 1.68
Screw box Proposed (NN:FB+FF) 1.59

Sponge Conventional 2.63
Sponge Proposed (NN:FB) 2.45
Sponge Proposed (NN:FF) 2.32
Sponge Proposed (NN:FB+FF) 2.23
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Fig. 3-19: Results against disturbance
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Fig. 3-20: Results of fault tolerance
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Table 3.10: RMSEs of disturbance experiment
Method RMSE [N× 10−2]

Conventional 2.73
Proposed 2.31

Table 3.11: RMSEs of fault tolerance experiment
Method RMSE [N× 10−2]

Conventional 1.86
Proposed 1.63
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3.5 Summary

This dissertation proposed an NN-based explicit force control with DOB and RFOB. The compensator

of the NN was designed by comparing certain candidate structures and available compositions. Because

the DOB is already a strong method, the NN was designed in a frequency range higher than the cutoff

frequency of the DOB (Structure 3). The weights of the NN were updated at each sampling time based on

the cost or error function in both the simulation and actual setups. The simulation and four experiments,

i.e., frequency, contact, disturbance, and fault tolerance experiments, were performed to demonstrate the

effectiveness of the proposed method.

This chapter collects real motion data of force control and train the NN based on cerebellar calculation

model of data-driven control design. The design of force control is sometimes much more tough than the

one of position/velocity control, and the utilization of real data contributes to improve the performance

of force control.
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Chapter 4

Operator’s Sensation-based Data-driven
Design

This chapter discusses a JNDs-based design policy of haptics system. In Section 4.1, the outline of

transparency is introduced. In Section 4.1.1, the bilateral control is explained. In Section 4.1.2, the

bilateral control with multirate sampling is explained. In Section 4.2, the proposed JNDs-based design

policy is introduced. In Section 4.2.1, the outline of proposal is explained. In Section 4.2.2, the test

of JNDs is discussed. In Section 4.2.3, the constructed look-up table is discussed. In Section 4.3, the

estimation method of time-delay and stiffness is introduced. In Section 4.4, the simulations are discussed.

In Section 4.5, the experiments are introduced. In Section 4.5.1, the experimental setup is explained. In

Section 4.5.2, the experimental results are discussed. This chapter is concluded in Section 4.6.
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4.1 Transparency

The relationship between the external force and the position response of the master and slave is com-

puted by using a hybrid matrix as follows:[
F ext
m

Xres
m

]
=

[
H11 H12

H21 H22

][
Xres

s

−F ext
s

]
. (4.1)

The external force on the master and slave sides is computed as follows:

F ext
m = Zh(X

ref
h −Xres

m ), (4.2)

F ext
s = Ze(X

ini
e −Xres

s ), (4.3)

By combining Eqs. (4.1) - (4.3), the followings are obtained:

F ext
m = H11X

res
s +H12Ze(X

res
s −X ini

e ), (4.4)

Xres
m = H21X

res
s +H22Ze(X

res
s −X ini

e ). (4.5)

Eqs. (4.4) and (4.5) are recomputed as follows by assuming that the initial contact position of the envi-

ronment is constant:

F ext
m = H11X

res
s +H12ZeX

res
s , (4.6)

Xres
m = H21X

res
s +H22ZeX

res
s . (4.7)

The following equation is obtained from Eq. (4.1) by assuming F ext = ZXdis where Z and⃝dis denote

the impedance and the amount of displacement, respectively [86]:

F ext
m =

H12Ze +H11

H21 +H22Ze
Xres

m

=

{
H12

H21 +H22Ze
Ze +

H11

H21 +H22Ze

}
Xres

m

= {PrZe + Po}Xres
m

= PimpX
res
m . (4.8)

The performance of bilateral control is often evaluated by the transparency [29]. A transparent system

transmits the impedance to the operator as close as the environmental impedance. The impedance trans-

mitted to the operator becomes Pimp = PrZe+Po by transforming the left-hand side of Eq. (4.8) as F ext
m

Xres
m

.

The reproducibility shows the transmission ratio of environmental impedance, while the operationality
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shows the excessive mechanical impedance. When the reproducibility and operationality are 1 and 0,

respectively, the environmental impedance is perfectly transmitted to the master side, and a transparent

system is achieved.

The reproducibility and operationality are obtained from the hybrid parameters, which are independent

from the environmental impedance. Each hybrid parameter is computed as follows.

[
H11 H12

H21 H22

]
=


F ext
m

Xres
s

|−F ext
s =0

F ext
m

−F ext
s

|Xres
s =0

Xres
m

Xres
s

|−F ext
s =0

Xres
m

−F ext
s

|Xres
s =0.

 (4.9)

Here, H11 and H22 terms are expected to become 0, while H12 and H21 terms are expected to become

1 to achieve an ideal performance of the impedance transmission. Because the hybrid parameter can be

obtained for computing the position and force of the master and slave by simulations, the performance

of impedance transmission PrZe + Po can be obtained by considering the sampling time.

A time delay occurred between the master and slave, and term e−ts is substituted in the block diagram.
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Fig. 4-1: Block diagram of the impedance field expressed 4ch bilateral control.

4.1.1 Bilateral Control

The block diagram of this system is shown in Fig. 4-1. This dissertation considers stiffness as a main

component of impedance. This block diagram includes some switching.

4.1.2 Bilateral Control Based on Multirate Sampling

The sampling time value of bilateral control should be as short as possible to achieve a higher impedance

transmission, although the shorter sampling time increases the data traffic. The basic idea is to apply the

concept of multirate sampling to bilateral control. To obtain output information is significantly more

important than to provide input information in case of acceleration control, because the sampling period

of the feedback loop should be small to enhance the stability [108, 109]. The sampling time of input,

output, controller, and communication can be designed as follows:

Tu = Tcom = nTy = nTcon. (4.10)
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The input, output, controller, and communication show the receiving cycle from another side, measuring

cycle of sensor, cycle of observer or feedback, and transmission cycle to another side, as shown in Fig. 4-

1. The data traffic can be reduced while suppressing the stability deterioration by considering multirate.
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4.2 Proposed Multirate Design Method

4.2.1 Outline

This section explains the multirate design method. An outline of the proposal is shown in Fig. 4-

2. The time delay and environmental stiffness are input to a look-up table that is constructed offline,

and the multirate is referred from the look-up table online. Because the relationship between the value

of multirate and deterioration of the impedance transmission cannot be calculated, the look-up table

is constructed based on a simulation. The performance of the impedance transmission is used as an

evaluation index, and the human perception is also considered to determine a deterioration criteria of the

impedance transmission or the desired performance of the impedance transmission.
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4.2.2 JND Tests and Simulation

This dissertation considers to obtain JNDs of operators in order to JND tests aims at obtaining JND

values of operators against the variation of multirate n, while the simulation aims at computing JNDs of

the impedance transmission. Because the multirate is an integer value that cannot be directly used to de-

sign a data traffic reduction method, the performance of impedance transmission under each investigated

multirate was simulated. The hybrid parameters in Eq. (4.9) were simulated, and these parameters were

substituted into Eq. (4.8) to obtain the impedance transmission.

Just Noticeable Differences of Impedance Transmission

Just noticeable differences show the detectable amount of difference between two stimuli. JNDs have

been combined with the transparency as the perceived transparency [110]. Because the operators are

limited in noticing the differences, JND of impedance transmission should be used to design a data traffic

reduction method. JNDs against the variation of multirate n was investigated in JND tests, but multirate n

is an integer that is not suitable for representing the performance of a bilateral control system. Therefore,

the performance of impedance transmission under different multirates was computed by obtaining the

hybrid parameters Eq. (4.9) in the simulation. In this way, JNDs against the variation of multirate n

correspond to JND of impedance transmission. The variation ratio of impedance transmission between

the single-rate and multirate is considered and defined as follows:

ωimp =
|
∫
Pimp|n=1dfre−

∫
Pimp|n=nntcdfre|∫

Pimp|n=1dfre
, (4.11)

where ωimp,⃝|n=1,⃝|n=nntc
, and

∫
dfre denote the variation ratio of impedance transmission, value

under single-rate, value under multirate when the operator notices the difference, and the integration of

frequency, respectively. This dissertation calls ωimp as JND of impedance transmission.

Protocols of JND Tests

JND tests were conducted based on up-down methods with a fixed step size [111, 112]. The multirate

was ascended by the fixed amount until the participants stopped noticing the difference between the

single-rate (n = 1) and multirate (n > 1), and vice versa. Seven right-handed participants (five males

and two females, average age: 23 years) took part in JND tests. All of them have been engaged in

research on motion control. This study was approved by the ethics committee of our university.
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Table 4.1: Parameters for JND Tests and Simulation
Description Value

Nominal mass of master and slave robots 0.5 kg

Position gain 1600 s2

Velocity gain 80 s

Force gain 1

Cut-off frequency of DOB and RFOB 500 rad/s

Sampling time 0.1 ms

Two single DOF linear motors were used to conduct the tests as the master and slave. Only position

information was measured by encoders, and the velocity and external force were estimated by pseudo

derivative and RFOB.

There were 3 motions (free motion, contact motion with sponge, and contact motion with plastic

box), and each motion was tested for 9 test conditions: 3 frequencies times 3 time delays. Therefore,

each participant participated in 27 test conditions. The frequencies of motion were 0.5 Hz, 1 Hz, and

2 Hz, and the time delays were 10 ms, 20 ms, and 30 ms. The stiffness of sponge and plastic box

were 1158 N/m and 5164 N/m, respectively. The parameters for JND tests and simulation are shown in

Table 7.3.

In each test, the participants were asked to grasp the master motor by the thumb and index fingers

of the dominant hand and to manipulate the master motor in the sinusoidal manner while perceiving

the dynamics of manipulator. The slave motor, which was connected to the master motor by a bilateral

control, did not contact any environmental object in the free motion. The participants were feeling the

operational force mainly due to the time delay. Because the multirate can be considered as the time delay

from the perspective of performance of bilateral control, the multirate can be set larger as the time delay

becomes longer for keeping Multirate
Time−delay+Multirate constant. This ratio shows the effect of multirate on

the total time delay (Time-delay + Multirate). The participants manipulated the master motor, and the

slave motor was always in contact with the environmental objects in the contact motion. The participants

were mainly feeling not only operational force but also the force generated by the transmission of the

environmental impedance. A metronome was used to adjust the manipulated frequency of participants,

and the amplitude was shown by the line marker in the master side when the free motion was conducted.

The master and slave motors were physically separated, and the participants were only looking at the

master side. Therefore, the participants did not receive any visual information about the slave side.
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Table 4.2: Results of JND Tests: Free Motion
Frequency
(Hz)

Time delay (ms) Smallest multi-
rate n

Standard devia-
tion of multirate
n

JND of impedance
transmission (%)

0.5 10 13 3.50 3.4
20 16 3.11 3.5
30 23 3.16 3.6

1.0 10 13 3.33 2.8
20 18 3.64 3.5
30 25 3.36 2.0

2.0 10 16 3.49 3.3
20 19 3.21 2.8
30 23 1.76 2.9

The participants were asked to compare the feelings in two trials (one a single-rate and another multi-

rate) and to respond whether they felt any differences or not. At the beginning of each test, the multirate

started from 1. The multirate was increased by 1, if they did not feel the difference in the ascending proce-

dure. The multirate was doubled if they felt the difference, and the procedure was shifted to descending.

The multirate was decreased by 1, if they continued to feel the difference in the descending procedure.

The multirate was reduced by half, if they stopped feeling the difference, and the procedure was shifted

to ascending. Each participant was asked to perform one test for every test condition, and each test

was composed of the three ascending/descending procedures. The average values of all procedures were

adopted as the final JND of multirate. It typically took 90 to 120 minutes per participant to complete the

test, including one break. Before starting the experiment, the corresponding instructions were provided

to the participants, and they were given time to familiarize themselves with the experimental hardware.

Results

The results of JND tests are summarized in Tables 4.2 and 4.3. JND of multirate n tended to become

smaller as the time delay was shorter, especially in the free motion. Because multirate n can be consid-

ered as a time delay from the perspective of performance of bilateral control, the larger time delay may

be able to mitigate the difference in feeling. In a pilot study, the authors noticed the difference between

the single-rate (n = 1) and multirate of n = 2 if the time delay was 0.1 ms. Therefore, the larger

time delay makes it possible to set a higher multirate. In other words, the multirate can be set higher as
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Table 4.3: Results of JND Tests: Contact Motion
Contact
object

Frequency
(Hz)

Time delay
(ms)

Smallest
multirate n

Standard
deviation of
multirate n

JND of impedance
transmission [%]

Sponge 0.5 10 10 2.31 2.2
20 17 1.85 2.8
30 16 3.23 2.1

1.0 10 12 2.44 2.6
20 13 3.25 2.3
30 18 2.96 2.8

2.0 10 14 2.70 3.0
20 20 2.75 2.2
30 28 3.33 2.0

Plastic
box

0.5 10 13 2.77 2.7

20 13 2.91 2.3
30 15 3.33 3.1

1.0 10 10 3.20 3.0
20 20 2.96 2.4
30 24 3.29 2.0

2.0 10 22 2.75 2.8
20 24 3.04 2.5
30 21 2.77 2.7

the original performance of impedance transmission becomes poorer. The enhancement of multirate in-

creases the position/velocity difference between the master and slave, and it causes the larger operational

force. The operational force or operationality caused by the time delay was the dominant component

in the impedance transmission in the free motion, while both the reproducibility and operationality due

to the time delay and environmental stiffness were mutually affected to JND of multirate in the contact

motion.

The smallest JND of impedance transmission among seven participants were listed in these tables,

because the most severe condition was used to construct a look-up table. The smallest or the most critical

JND values among all conditions was 2.0% change of impedance transmission, and this value was used

as a performance deterioration criterion. The adoption of the smallest JND values to all conditions was

highly conservative and not able to dramatically reduce data traffic, but the operators did not notice the
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significant difference from the single-rate system.
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Fig. 4-3: Outline of Section 4.2.3.

4.2.3 Constructing a Look-Up Table

Outline of Constructing a Look-Up Table

The look-up table was constructed to determine the multirate based on the conditions. An outline

of constructing a look-up table is shown in Fig. 4-3. The simulation was conducted by considering the

obtained deterioration criteria of impedance transmission. The multirate was increased until the change

of impedance transmission Eq. (4.11) became larger than its JND values obtained in JND tests (2.0%),

and the obtained multirate was recorded in the look-up table. This process was repeatedly conducted

with a varied time delay and environmental stiffness. This look-up table was constructed based on the

simulation.

The target frequency range should be determined to calculate the variation ratio of the impedance

transmission Eq. (4.11). This range is often designed by respecting the human motion or perception, but

this dissertation is focused on the performance of reproducibility. This dissertation assumes that there

is almost no value in reproducing a particular frequency range that is far from the ideal reproducibility
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value. The reproducibility of single-rate 4ch bilateral control in some example conditions is shown

in Fig. 4-4. The frequency analysis of four conditions (purple, green, light blue, and orange lines) is

shown by varying the environmental stiffness and time delay. In case of no time delay (purple and light

blue lines), the reproducibility was almost 0 dB from 0 to 100 Hz, which means that the environmental

stiffness on the slave side was almost properly transmitted to the operators on the master side. However,

the reproducibility was fluctuating and was not close to 0 dB when a time delay was present (green and

yellow lines). Because this dissertation assumes that there is no value in considering the frequency range

where the reproducibility is not close to 0 dB, the target frequency was determined as plus/minus 2 dB,

which was arbitrarily chosen. For instance, 0 to a Hz was the target frequency range of the variation

ratio of impedance transmission in the condition of orange line in Fig. 4-4, while 0 to b Hz was the target

frequency in the condition of green line.

Results

The constructed look-up table is shown in Fig. 5. The multirate tended to become higher when the

environmental stiffness was larger and the time delay was longer.
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4.3 Estimation of Time Delay and Environmental Stiffness

The time delay and environmental stiffness have to be estimated to determine the multirate online.

The time delay was estimated by the round trip of a timestamp. The elapsed time at the master side was

transmitted to the slave, and its data was directly transmitted back to the master. The time delay was

computed by comparing the previous and current values of the timestamp. The environmental stiffness

was estimated by the least squares method in both the master and slave, where the force threshold that

determined whether the estimation was started was set as plus/minus 0.5 N. This threshold was used

to determine an initial contacting point. The transmitted information in the general and proposed ap-

proaches are shown in Fig. 6. The proposed method needs two times larger data traffic, but it can reduce

the data traffic in total when the multirate can be set larger than two.

An example of multirate selection is shown in Fig. 7. The vertical and horizontal axes show the time

delay and environmental stiffness, respectively. The numbers surrounded by circles show the multirate

referred from the constructed look-up table. Because the environmental stiffness is hard to estimate, the
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most severe multirate should be selected. The multirate becomes 12, which is the smallest value in this

example. The range of time delay and environmental stiffness should be adjusted based on the estimation

performance of the time delay and environmental stiffness.
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Fig. 4-8: Impedance transmission for each condition.

4.4 Performance Confirmation

This section discusses the performance of multirate sampling and the constructed profile. The purpose

of this section is to show that the impedance transmission deterioration of the constructed profile is less

than 2%.

The performance of the constructed look-up table was confirmed by setting some conditions in the

frequency domain. Both the environmental stiffness and time delay were changed to 0 N/m, 2000 N/m,

4000 N/m, and 6000 N/m and 0 ms, 20 ms, and 40 ms, respectively. The multirate sampling was referred

from the constructed look-up table by assuming that the conditions were known in advance. The perfor-

mance based on the constructed look-up table was compared with the case when the multirate is equal to

1 (single-rate). The transmission shows Prke+Po, which is the transfer function from the position on the

master side to the estimated external force on the master side. The simulation results are shown in Fig. 8.

The purple line shows the environmental stiffness ke, and other lines are better to follow the purple line

from the perspective of impedance transmission. The green and light blue lines, the orange and yellow

lines, and the blue and red lines almost overlap: therefore, the deterioration of impedance transmission

is limited. The error percentage between n = 1 and n ̸= 1 of the target frequency in each condition is
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Table 4.4: Error Percentage Between n = 1 and n ̸= 1 of the Target Frequency in Each Condition
Environmental stiffness [N/m] Time delay (ms) Error percentage [%]

0 3.5
0 20 1.9

40 1.0
0 0.5

2000 20 0.5
40 0.5
0 0.4

4000 20 0.5
40 0.8
0 0.7

6000 20 0.6
40 0.9

summarized in Table 4.4. The criteria percentage obtained from JND tests was 2.0%, and all conditions

except the condition when both the time delay and environmental stiffness were 0 satisfied these criteria.

Because this dissertation did not consider the condition when the time delay was 0 for constructing the

look-up table, this unsatisfactory situation may occur. Note that the true multirate for the condition when

both time delay and environmental stiffness are 0 becomes 3, and the error percentage becomes 1.4% if

n = 3 is applied. Most error percentages were lower than 1% due to the selection logic of multirate,

which caused the conservative data-traffic reduction. In summary, the constructed look-up table prop-

erly worked for suppressing the deterioration of impedance transmission less than 2.0%, except for the

condition when both time delay and environmental stiffness were 0.
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4.5 Experiments

This section examines the effectiveness of the constructed look-up table and exemplifies the perfor-

mance of data traffic reduction. The position and force responses of single-rate and multirate sampling

are compared and discussed in the time domain under some conditions regarding the time delay and

contact object.
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(a) Saving phase (b) Loading phase

Fig. 4-9: Illustration of the experimental setup.

4.5.1 Experimental Setup

The experiments were carried out to confirm the performance of data traffic reduction. The command

motion was performed by the operator and obtained through 4ch bilateral control in advance by using the

concept of the motion-copying system [85]. An illustration of the experimental setup is shown in Fig. 9.

There were three motors: operator, master, and slave. The experiment included saving and loading. In

the motion saving, the operator manipulated the operator motor, which was not controlled. This operator

motor was mechanically connected with the master motor, and the manipulation was transmitted to the

master motor. The master motor was electrically connected with the slave motor by 4ch bilateral control.

The motions were conducted by the operator once for every condition, and the position, velocity, and

external force of the master motor were saved in the motion database. The single-rate sampling was

applied to the bilateral control, because the purpose was to obtain the command value of the operator

motor. In the motion loading, the saved motion was used as a command value of the operator motor,

which was controlled by hybrid position and force control. Thanks to this experimental setup, the same

disturbance or motion can be added to the master motor from the operator motor in both the single-rate

and multirate cases, and the performance between two cases can be fairly compared.

Four types of experiments were carried out by changing the environmental objects (sponge and plastic

box) and time delay (constant and variable). The experiments were conducted once per each condition.

In case of a variable time delay, it linearly varied between 10 ms and 40 ms. The constant time delay was

set as 25 ms. The experimental setup was the same as one summarized in Table 7.3.
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Fig. 4-10: Responses to a contact with the sponge with the constant time delay.
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Fig. 4-11: Responses to a contact with the plastic box with the constant time delay.

4.5.2 Experimental Results

The position and force results of the single-rate (n was always 1) and the proposed multirate (n was re-

ferred from the profiles) sampling are shown in Figs. 10 – 13 where “Sin.,” “Mul.,” “Mas.,” “Sla.,” “Dif.,”

and “Com.” denote the conventional single-rate, multirate, master, slave, differential mode (Xres
m −Xres

s ),

and common mode (F̂ ext
m + F̂ ext

s ), respectively. Both the differential and common modes should be 0

to satisfy two control goals: position tracking and realization of law of action and reaction. The posi-

tion and force results of the proposed multirate sampling were expected to follow the one of single-rate

to achieve a similar impedance transmission between the single-rate and the proposed multirate sam-

pling. The amount of differential and common modes is almost similar, except for the transient states

between the single-rate and proposed multirate sampling, although the position and force performances

deteriorated due to the time delay. Because the look-up table was not constructed by considering these

high-frequency ranges, the reproducibility of high-frequency range tended not to be close to 0 dB

Root mean square error (RMSE) of the stiffness estimation between the single-rate and multirate
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Fig. 4-12: Responses to a contact with the sponge with a variable time delay.
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Fig. 4-13: Responses to a contact with the plastic box with a variable time delay.

Table 4.5: RMSE of Stiffness Estimation Between the Single-Rate and Multirate Sampling
Constant delay Variable delay

Sponge 1.26% 1.67%
Plastic box 1.08% 0.72%

sampling is shown in Table 4.5. The stiffness estimation error for a plastic box was smaller than the

one for a sponge, but all RMSEs of the stiffness estimation were smaller than 2%. The tuning of force

threshold or selection of the estimation method would remain for future work.

The transitions of multirate n are shown in Fig. 14. Multirate n heavily transited when the slave

contacted environmental objects. Multirate n of the plastic box tended to become larger than the one of

the sponge in the contact state. Meanwhile, the time delay produced a varied multirate n, compared with

the results of the constant time delay.

The amount of data traffic reduction was also confirmed, as shown in Table 4.6. The proposed mul-

tirate sampling significantly, by more than 75%, reduced the data traffic compared with the single-rate
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Fig. 4-14: Transitions of multirate n.

Table 4.6: Amount of Data Traffic Reduction
Environmental object Time delay Data traffic [MB]

Single-rate Sponge - 1.83
Multirate Sponge Constant 0.41
Multirate Sponge Variable 0.38

Single-rate Plastic box - 1.46
Multirate Plastic box Constant 0.26
Multirate Plastic box Variable 0.25

sampling.

In summary, the proposed multirate system reduced the data traffic while suppressing the performance

deterioration of impedance transmission. The experimental results validated the effectiveness of the

proposal.
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4.6 Summary

This dissertation proposed a JNDs-based design policy of haptics system by considering the deterio-

ration criteria of impedance transmission. As a remarkable achievement of the proposed approach, the

look-up table that transforms time delay and environmental stiffness to multirate n was constructed by

considering the impedance transmission and human perception. In the experiments, more than 75% of

data traffic reduction was achieved while suppressing the deterioration of impedance transmission less

than the result shown in JND tests (2.0%).

This chapter collects real data regarding the sensation of operators and construct the look-up table

based on the database of data-driven control design. Human support robots have been widely researched

and developed, and some parameters, specifications, and standards should be considered based on the

characteristics of operators. Because the characteristics of operator is hard to be modeled, the concept of

data-driven design is necessarily.
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Chapter 5

Operator’s Motion-based Data-driven
Design

This chapter discusses an estimation method of end-point impedance based on bilateral control sys-

tem. In Section 5.1, a motion extraction method with bilateral control is explained. In Section 5.1.1, the

contact model is explained. In Section 5.1.2, the conventional impedance estimation by bilateral control

is explained. In Section 5.1.3, the bilateral control with extra signal is explained. In Section 5.1.4, the

estimation method of original responses is explained. In Section 5.2, the outline of simulation is ex-

plained. In Section 5.2.1, the simulations with multiple amplitude, bandwidth, and impedance setups are

discussed. In Section 5.2.2, the simulations with moving motors and changing impedances are discussed.

In Section 5.3, the experiment is discussed. This chapter is summarized in Section 5.4.

– 84 –



CHAPTER 5 OPERATOR’S MOTION-BASED DATA-DRIVEN DESIGN

Human operator

(Finger)

Environmental

Object

!"
"# !$

%"&

'" '$

!%"(

)$

)"

Fig. 5-1: The contact model.

5.1 Motion Extraction

5.1.1 Contact Model

The contact model is considered as shown in Fig. 5-1. The operators are pushing the environmental

objects, while the environmental objects are pushing back the operators by the equivalent force due to

the law of action and reaction. Since the end-point impedance of the operators and the environmental

objects are different, the displacements from the contact position: Xref
h −Xres and Xres −Xeq

e are also

different. Its relationship is represented as follows:

Fh = Zh(s){Xref
h −Xcon} = Ze(s){Xcon −Xeq

e } = −Fe. (5.1)

The first-order spring-damper model is considered as a model of impedance as follows:

Z(s) = k + sd. (5.2)

This dissertation assumes that the operators are realizing some tasks based on the position command and

constantly changing their impedance for adapting the surrounded environment, which means both the

end-point impedance of the operators and the position command are constantly changing. On the other

hand, both the impedance of environmental objects and the equilibrium position of environmental objects

are constant for assuming the static environmental objects. The operator’s force and the environmental

force become the same in the steady state.
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5.1.2 Impedance Estimation by Bilateral Control

The bilateral controller is applied because this controller enables to consider both the operator and the

environmental sides simultaneously. The structure of bilateral control is the same as one in Section 2.

The relationship regarding position and force are obtained by combining the contact model of Eq. (5.1)

and the bilateral controller as follows:

Xres
m = Xres

s = Xcon, (5.3)

F ext
m = −F ext

s = −Fe. (5.4)

The impedances of both the master and slave sides are computed by considering the cost function as

follows:

min
ˆIi≥0

J =

N∑
i=1

{
−Îixi + Fi

}
, (5.5)

Î =
[
M̂i d̂i k̂i ôi

]
, (5.6)

xi =
[
s2Xres

i sXres
i Xres

i 1
]T

, (5.7)

where ⃝i denotes the i − th value. The mass and offset are utilized for improving the convergence

performance. Since the position and force responses of the master and slave are matched with the contact

position and the environmental force as shown in Eqs. (5.3) and (5.4), the impedance estimation of

both the master and the slave sides means to estimate the impedance of environmental objects because

the position response and the external force from environmental objects are utilized for the impedance

estimation. The purpose is to develop the method for estimating the end-point impedance of operators,

and some modifications are necessary.
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5.1.3 Bilateral Control with the Extra Signal

Since the position and force responses of the master and slave are matched with the contact position

and the external force from environmental objects, the separation of master and slave has to be made

deliberately. This dissertation adds the extra signal to the force controller of both the master and slave. A

maximum length sequence and a sweep sine signal, which include the wide range of frequency informa-

tion as similar as the white noise, are often utilized for the system identification for satisfying with the

persistently exciting. In the case of maximum length sequence, however, the minimum and the maximum

frequencies and the cycle of sequences are determined based on the order of its characteristic polyno-

mial. It is hard to consider the appropriate sequence design from the perspective of both frequency and

time due to the constraint of uncertainty principle between them. Therefore, this dissertation applies the

sweep sine signal due to its simple design. The control goals of bilateral control are updated as follows:

Xres
m −Xres

s = 0, (5.8)

F ext
m + F ext

s − F extra = 0. (5.9)

The acceleration references of the master and slave are also updated as follows:

s2Xref
m = Kp(X

res
s −Xres

m ) +Kv(sX
res
s − sXres

m )−Kf(F
ext
m + F ext

s − F extra), (5.10)

s2Xref
s = Kp(X

res
m −Xres

s ) +Kv(sX
res
m − sXres

s )−Kf(F
ext
m + F ext

s − F extra). (5.11)

The stability of controller is equivalent with the original bilateral controller because the extra signal is

added as the independent input, but the transparency is degraded based on the amplitude or frequency of

the extra signal.

The entire block diagram and its concept are shown in Figs. 5-2 and 5-3.

Both the position and force responses are updated as the combination of two effects: bilateral control

and extra signals. The position responses of the bilateral controller with the extra signal are computed as

follows:

Xup
m = Xori

m +
F extra

Zh + Ze
, (5.12)

Xup
s = Xori

s +
F extra

Zh + Ze
. (5.13)

The updated value shows the summation of the response of original bilateral controller and the term

concerning the extra signal. Since the extra force is added to both the master and slave, the second terms
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Fig. 5-2: The block diagram of bilateral control with the extra signal.
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Fig. 5-3: The concept of approach.

of right-hand sides of Eqs. (5.12) and (5.13) are added. The position responses of the master and slave

are matched as the updated position control goal Eq. (5.8) shows.

The force responses of the bilateral controller with the extra signal can derived from Eqs. (5.10) and

(5.11) and computed as follows:

F up
m = −F up

s + F extra, (5.14)

F up
s = −F up

m + F extra. (5.15)
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F up
m and F up

s are computed as follows:

F up
m = F ori

m +
Zh

Zh + Ze
F extra, (5.16)

F up
s = F ori

s +
Ze

Zh + Ze
F extra. (5.17)

The second terms of right-hand side show the effect of extra signal. The denominators become the

summation of operator’s and environmental objects’ impedance because the extra signal is added to the

system, on the other hand, the numerators become the operator’s or environmental objects’ impedance

because the master/slave robot only contact operators/environmental objects. The updated position and

force responses are recomputed as follows by combining Eqs. (5.14)–(5.17):

F up
m = −F up

s + F extra = −F ori
s +

Zh

Zh + Ze
F extra, (5.18)

F up
s = −F up

m + F extra = −F ori
m +

Ze

Zh + Ze
F extra. (5.19)

The force responses of the master and slave are not matched in the case the impedance of the operators

and the environmental objects are not the same. Since the position and force responses are determined

based on the effect of bilateral controller and extra signal, they should be separated for estimating the

end-point impedance of operators.
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5.1.4 Estimation of the Original Motion

The effect of bilateral controller, which is called the original motion in Section 5.1.4, should be re-

moved for estimating the impedances of master and slave sides simultaneously and independently. There-

fore, the original motion is estimated as follows:

⃝ave
i =

n−1∑
j=0

⃝j (n is updated when F extra = 0), (5.20)

⃝calc
i =

Elapsed time

Length of this step
(⃝ave

i −⃝ave
i−1) +⃝ave

i−1. (5.21)

The calculation value is computed by the linear interpolation between the average of each step, and it is

updated when F extra = 0.

The cost function for estimating the impedance is updated from Eqs. (5.5) and (5.7) to as follows:

min
ˆIi≥0

J =

N∑
i=1

{
−Îixup

i + (F̂ ext,up
i − F calc

i )
}
, (5.22)

xup
i =

[
s2Xres,up

i − s2Xcalc
i sXres,up

i − sXest
i Xres,up

i −Xest
i 1

]T
. (5.23)

This dissertation calls its subtraction the compensation. The impedance in master and slave sides are

computed as follows in the case the compensation, which is based on the calculation value⃝calc, is well

designed:

F up
m

Xup
m

=
F ori
m +

Zh

Zh + Ze
F extra − F calc

m

Xori
m +

1

Zh + Ze
F extra −Xcalc

m

=

Zh

Zh + Ze
F extra

1

Zh + Ze
F extra

= Zh, (5.24)

F up
s

Xup
s

=
F ori
s +

Ze

Zh + Ze
F extra − F calc

s

Xori
s +

1

Zh + Ze
F extra −Xcalc

s

=

Ze

Zh + Ze
F extra

1

Zh + Ze
F extra

= Ze. (5.25)

Recursive Least-Squares (RLS) [107] is applied, and its solution is iteratively computed as follows:

gi =
Pi−1xi

1+xi
TPi−1xi

, (5.26)

Îi = Î i−1 + gi{(F̂ ext,up
i − F est

i )− Î i−1xi}, (5.27)

Pi = Pi−1 − gixi
TPi−1. (5.28)

The responses of the master are substituted in the case the end-point impedance of operators is esti-

mated, while on the other hand, the responses of the slave are substituted in the case the impedance of

environmental objects is estimated.
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5.2 Simulations

The operator robot was designed in order to confirm the effectiveness of proposal. The virtual

impedance is freely designed as the true value in the operator robot, and the validity of estimation value

can be confirmed.

The first part of this section evaluated the characteristics of the proposed estimation method. The sec-

ond part of this section applied the proposed estimation method into the moving and variable impedance

operator robot.
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Slave Robot

Operator Robot

Mechanical

Connection

Bilateral control 
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Fig. 5-4: The concept of simulation.

5.2.1 Evaluation of the Proposed Method

This section modified four parameters: the amplitude of the extra signal, the bandwidth of the extra

signal, the end-point impedance of operator robot, and the environmental impedance, and evaluated the

estimation performance by three indexes: the settling time, the absolute value of steady state error, and

the error ratio. It is noted that the final value was obtained after 100 s elapsed.

The concept of this simulation is shown in Fig. 5-4. The master and slave robots were connected by

the bilateral controller with the extra signal, and the operator robot was mechanically connected with the

master robot. The acceleration reference of the operator robot was designed as follows:

s2Xref
op = Kp(X

cmd
op −Xres

op −Xvir
op ) +Kv(sX

cmd
op − sXres

op − sXvir
op )− s2Xvir

op , (5.29)

s2Xvir
op =

F̂ ext
op − kvirXvir

op − dvirsXvir
op

mvir
. (5.30)

The simulation parameters are shown in Table 5.1.
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Table 5.1: Simulation parameters.
Description Value

Position gain 900 s−2

Velocity gain 60 s−1

Force gain 1.0 kg−1

Cut-off frequency of DOB 400.0 rad/s

Cut-off frequency of RFOB 400.0 rad/s

Nominal mass of robots 0.5 kg

Torque coefficient 33.0 N/A

Interval of the extra signal 1 s

Sampling time 0.1 ms

Virtual mass 0.5 kg
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Fig. 5-5: The responses when the amplitude is set as 1.
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Fig. 5-6: The estimation results when the amplitude is set as 1.

The Estimation Performance Evaluation with the Different Amplitude of the Extra Signal

The amplitude of the extra signal was set as different values, and the estimation performance was

evaluated with three indexes. Its amplitude was set as 1, 2, 5, and 10. The stiffness and viscosity of

operator robot were set as 2000 N/m and 50 sN/m, while the stiffness and viscosity of environmental

objects were set as 500 N/m and 50 sN/m. In addition, the bandwidth of the extra signal was set as

1− 5 Hz. These simulation parameters were arbitrarily decided.

The responses and estimation results when the amplitude was set as 1 are shown in Figs. 5-5 and

5-6 as an example of the estimation performance. The impedance estimation results of viscosity and
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Table 5.2: The estimation results of viscosity with the different amplitude.
Amplitude Settling time [s] Absolute error [sN/m] (True value − Final value

True value ) × 100 [%]

1 0.459 5.559 11.119
2 0.442 5.559 11.119
5 0.418 5.559 11.119
10 0.353 5.559 11.119

Table 5.3: The estimation results of stiffness with the different amplitude.
Amplitude Settling time [s] Absolute error [N/m] (True value − Final value

True value ) × 100 [%]

1 1.047 2.877 0.144
2 0.466 0.328 0.016
5 0.42 0.392 -0.020

10 0.339 0.498 -0.025

stiffness are summarized in Tables 5.2 and 5.3. The settling time, the absolute error, and the error ratio

were almost the same with the different amplitude for the viscosity estimation. The settling time, the

absolute error, and the error ratio were also the same except the amplitude is 1 for the stiffness estimation.

The stiffness could be estimated almost properly, while some errors were remaining in the viscosity

estimation. Many reasons for the poor viscosity estimation comparing with the stiffness estimation can

be considered including the design of extra signal, the method for velocity obtainment, the calculation

order of RLS, the estimation method, and so forth, and it is tough to identify what is the dominant factor

for the viscosity estimation error as well as conventional researches have encountered. In addition, the

initial values of estimation parameters affected to the settling time. Since this dissertation assumed that

the information with regard to the estimated impedance was not known in advance, the initial values

of estimation parameters were set to zero. This is why some shapes of impedance estimation became

sharp, and the appropriate design of initial values may improve the settling time. From these results,

the amplitude should be set higher than some extent, in this case higher than 1. It is also noted that the

time resolution of impedance estimation can be set 0.5 s when the amplitude is higher than 2, and its

information is valuable for designing the extra signal.

The mass and the force offsets estimation results with the different amplitude are summarized in

Tables 5.4 and 5.5. Since the true value of the force offsets was zero, their error ratios were not computed.

The settling time of both the mass and the force offsets estimation were shorter as the amplitude became

larger. The absolute error and the error ratio of mass and force offsets estimations became almost the

same for the different amplitude. Due to the extra signal design, the mass estimation performance was
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Table 5.4: The estimation results of mass with the different amplitude.
Amplitude Settling time [s] Absolute error [kgm2] (True value − Final value

True value ) × 100 [%]

1 8.147 0.384 76.8
2 2.356 0.385 77.0
5 0.79 0.384 76.8
10 0.471 0.384 76.8

Table 5.5: The estimation results of force offsets with the different amplitude.
Amplitude Settling time [s] Absolute error [N] (True value − Final value

True value ) × 100 [%]

1 21.948 0.000 -
2 3.929 0.000 -
5 1.848 0.000 -
10 0.8 0.000 -

worse than the viscosity estimation performance.
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Fig. 5-7: The responses when the bandwidth is set as 1− 5 Hz.

0 1 2 3 4 5

Time[sec]

0

1000

800

1400

S
ti
ff
n
e
ss
[N
/m
]

1600

1800

2000

1200

600

400

200

Master

(a) Estimation of stiffness

0 1 2 3 4 5

Time[sec]

0

80

60

40

V
is
co
si
ty
[s
N
/m
]

20

100

120
Master

(b) Estimation of viscosity

0 1 2 3 4 5

Time[sec]

0

1.5

In
e
r
ti
a
[!
"
N
/m
]

1

2

2.5

3

0.5

Master

(c) Estimation of mass

0 1 2 3 4 5

Time[sec]

0

0.15

0.1

F
o

rc
e
 o

ff
se

t[
N

]

0.05

0.2

0.25

0.3

0.35

0.4

0.5

0.45
Master

(d) Estimation of force offset

Fig. 5-8: The estimation results when the bandwidth is set as 1 − 5 Hz.

The Estimation Performance Evaluation with the Different Bandwidth of the Extra Signal

The bandwidth of the extra signal was set as different values, and the estimation performance was

evaluated with three indexes. Its bandwidth was set as 1−5 Hz, 1−50 Hz, 1−100 Hz, and 1−400 Hz.

The stiffness and viscosity of operator robot were set as 2000 N/m and 50 sN/m, while the stiffness and

viscosity of environmental objects were set as 500 N/m and 50 sN/m. In addition, the amplitude of the

extra signal was set as 5. These simulation parameters were also arbitrarily decided.

The responses and the estimation results when the bandwidth was set as 1 − 5 Hz are shown in

Figs. 5-7 and 5-8 as the example of the estimation performance. The impedance estimation results of
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Table 5.6: The estimation results of viscosity.
Bandwidth [Hz] Settling time [s] Absolute error [sN/m] (True value − Final value

True value ) × 100 [%]

1 − 5 0.418 5.559 11.119
1 − 50 0.484 10.472 20.945
1 − 100 0.402 12.100 24.200
1 − 400 0.170 14.197 28.394

Table 5.7: The estimation results of stiffness.
Bandwidth [Hz] Settling time [s] Absolute error [N/m] (True value − Final value

True value ) × 100 [%]

1 − 5 0.42 0.392 -0.020
1 − 50 0.432 101.797 -5.090
1 − 100 0.852 205.690 -10.284
1 − 400 4.041 460.780 -23.039

viscosity and stiffness are summarized in Tables 5.6 and 5.7. The settling time of the viscosity estimation

was almost the same except the bandwidth was 1−400 Hz. The absolute error and the error ratio became

larger as the bandwidth becomes wider. The settling time of the stiffness estimation was shorter when

the bandwidth is 1−5 Hz and 1−50 Hz. The absolute error and the error ratio of the stiffness estimation

became larger as the bandwidth becomes wider. From these results, the bandwidth should be set 1−5 Hz

among other bandwidth from the perspective of error. The time resolution of impedance estimation can

be set 0.5 s when the bandwidth is 1− 5 Hz.

The mass and the force offsets estimation results with the different bandwidth are summarized in

Table 5.8 and Table 5.9. The error ratio of force offsets was not computed because of the same reason in

Section 5.2.1. The settling time of mass estimation was shorter when the bandwidth was 1−5 Hz. At the

same time, the absolute errors when the bandwidth was 1− 5 Hz were better than others, but errors were

large overall conditions. The settling time of force offsets was longer when the bandwidth was 1− 5 Hz.
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Table 5.8: The estimation results of mass.
Bandwidth [Hz] Settling time [s] Absolute error [kgm2] (True value − Final value

True value ) × 100 [%]

1 − 5 0.018 0.384 76.8
1 − 50 0.922 0.424 84.8
1 − 100 0.947 0.446 89.2
1 − 400 0.96 0.469 89.8

Table 5.9: The estimation results of force offsets.
Bandwidth [Hz] Settling time [s] Absolute error [N] (True value − Final value

True value ) × 100 [%]

1 − 5 1.848 0.000 -
1 − 50 0.384 0.000 -
1 − 100 0.308 0.000 -
1 − 400 0.891 0.000 -
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Fig. 5-9: The responses when the operator and environmental stiffness and viscosity are 500 N/m and
50 sN/m.

The Estimation Performance Evaluation with the Different Impedance of Operator Robot and
Environmental Objects

The impedance of operator robot and environmental objects were set as different values, and the

estimation performance was evaluated with three indexes. The stiffness of the operator robot and the

environmental object were set as 500 N/m, 2000 N/m, 5000 N/m, and 10000 N/m, while on the other

hand, their viscosity were set as 50 sN/m, 100 sN/m, 200 sN/m, and 500 sN/m. The amplitude of the

extra signal was set as 5, while its bandwidth was set as 1 − 5 Hz. These simulation parameters were

also arbitrarily decided.

The responses and the estimation results when the stiffness and viscosity of operator robot and envi-

ronmental objects were 500 N/m and 50 sN/m are shown in Figs. 5-9 and 5-10 as the example of the

estimation performance. The impedance estimation results of viscosity and stiffness with the differ-

ent environmental impedance are summarized in Tables 5.10 and 5.11. It is noted that the stiffness and

the viscosity of operator robot were fixed as 2000 N/m and 50 sN/m, respectively. The settling time

of the viscosity estimation was shorter with the larger stiffness. The absolute error and the error ratio

of the viscosity estimation became almost the same with the different impedance although some errors

were remaining in the viscosity estimation as similar as other cases. The settling time of the stiffness

estimation was longer as the larger stiffness. It can be improved by designing the initial values of RLS

properly. The absolute error and the error ratio of stiffness estimation were smaller when the viscosity

was set as 100 sN/m and 200 sN/m. From these results, the proposed method can be applicable to all

environmental impedance set-up when the virtual stiffness and the virtual viscosity of the operator robot

is set as 2000 N/m and 50 sN/m. The time resolution of impedance estimation can be set as 0.5 s if the
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Fig. 5-10: The estimation results when the operator and environmental stiffness and viscosity are
500 N/m and 50 sN/m.

slave stiffness is not extremely high (ke = 10000 N/m).

The mass and the force offsets estimation results with the different environmental impedance are

summarized in Tables 5.12 and 5.13. The error ratio of force offsets was not computed because of the

same reason in Section 5.2.1. The settling time of mass estimation was longer when the impedance

became larger. The absolute error and the error ratio of mass estimation became almost the same for the

different environmental impedance. The settling time of force offsets estimation was longer when the

viscosity became large.
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Table 5.10: The estimation results of viscosity.
Env. stiffness [N/m] Env. viscosity [sN/m] Settling time [s] Absolute error [sN/m] (True value − Final value

True value ) × 100 [%]

500 50 0.418 5.559 11.119
500 100 0.425 5.538 11.075
500 200 0.431 5.533 11.067
500 500 0.355 5.582 11.163
2000 50 0.419 5.607 11.215
2000 100 0.426 5.578 11.155
2000 200 0.434 5.558 11.117
2000 500 0.437 5.586 11.171
5000 50 0.116 5.64 11.295
5000 100 0.119 5.623 11.245
5000 200 0.125 5.596 11.192
5000 500 0.137 5.596 11.192

10000 50 0.103 5.661 11.321
10000 100 0.101 5.649 11.298
10000 200 0.103 5.629 11.259
10000 500 0.112 5.612 11.225

Table 5.11: The estimation results of stiffness.
Env. stiffness [N/m] Env. viscosity [sN/m] Settling time [s] Absolute error [N/m] (True value − Final value

True value ) × 100 [%]

500 50 0.420 0.392 -0.020
500 100 0.430 0.286 -0.014
500 200 0.446 0.121 -0.006
500 500 0.504 0.538 0.027
2000 50 0.425 0.446 -0.022
2000 100 0.434 0.294 -0.015
2000 200 0.449 0.078 -0.004
2000 500 0.513 0.646 0.032
5000 50 0.441 0.329 -0.016
5000 100 0.450 0.183 -0.009
5000 200 0.465 0.084 0.004
5000 500 0.652 0.881 0.044

10000 50 0.628 0.089 0.004
10000 100 0.636 0.241 0.012
10000 200 0.654 0.508 0.025
10000 500 0.876 1.342 0.067
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Table 5.12: The estimation results of mass.
Env. stiffness [N/m] Env. viscosity [sN/m] Settling time [s] Absolute error [kgm2] (True value − Final value

True value ) × 100 [%]

500 50 0.018 0.384 76.8
500 100 0.017 0.384 76.8
500 200 0.017 0.384 76.8
500 500 3.887 0.384 76.8

2000 50 0.925 0.384 76.8
2000 100 1.042 0.384 76.8
2000 200 1.909 0.384 76.8
2000 500 4.170 0.384 76.8
5000 50 1.832 0.384 76.8
5000 100 2.061 0.384 76.8
5000 200 2.921 0.384 76.8
5000 500 5.877 0.384 76.8

10000 50 3.785 0.384 76.8
10000 100 3.867 0.384 76.8
10000 200 4.353 0.384 76.8
10000 500 7.088 0.383 76.6

Table 5.13: The estimation results of force offsets.
Env. stiffness [N/m] Env. viscosity [sN/m] Settling time [s] Absolute error [N] (True value − Final value

True value ) × 100 [%]

500 50 1.848 0.000 -
500 100 1.904 0.000 -
500 200 3.922 0.000 -
500 500 22.001 0.000 -

2000 50 1.863 0.000 -
2000 100 1.913 0.000 -
2000 200 3.927 0.000 -
2000 500 11.967 0.000 -
5000 50 1.913 0.000 -
5000 100 1.941 0.000 -
5000 200 3.929 0.000 -
5000 500 7.978 0.000 -

10000 50 1.929 0.000 -
10000 100 1.940 0.000 -
10000 200 1.956 0.000 -
10000 500 5.953 0.000 -
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Table 5.14: The estimation results of viscosity.
Ope. stiffness [N/m] Ope. viscosity [sN/m] Settling time [s] Absolute error [sN/m] (True value − Final value

True value ) × 100 [%]

500 50 0.286 1.625 3.250
500 100 0.277 2.001 2.006
500 200 0.271 2.757 1.378
500 500 0.238 5.010 1.002

2000 50 0.418 5.559 11.119
2000 100 0.411 5.978 5.978
2000 200 0.332 6.746 3.373
2000 500 0.311 8.977 1.795
5000 50 0.129 13.343 26.686
5000 100 0.434 13.845 13.845
5000 200 0.433 14.711 7.355
5000 500 0.429 16.990 3.398

10000 50 0.112 26.221 52.441
10000 100 0.111 26.794 26.794
10000 200 0.117 27.805 13.902
10000 500 0.446 30.328 6.066

The impedance estimation results of viscosity and stiffness with the different operator impedance are

summarized in Tables 5.14 and 5.15. It is noted that the stiffness and the viscosity of environmental

object were set as 500 N/m and 50 sN/m, respectively.

The settling time of the viscosity estimation was almost the same although some impedance set-up,

i.e., 5000 N/m and 50 sN/m, showed the different values. The absolute error of viscosity estimation

became larger when the impedance became larger, while the error ratio became larger with the larger

stiffness and the smaller viscosity. The settling time of the stiffness estimation was longer with the larger

impedance. The absolute error and the error ratio of the stiffness estimation were larger as the impedance

became larger when the stiffness was set as 500 N/m and 2000 N/m, while they became smaller when

the viscosity became smaller with the stiffness 10000 N/m. From these results, the proposed method can

be applicable to all environmental impedance set-up when the stiffness and the viscosity of the operator

robot is set as 500 N/m and 50 sN/m. The time resolution of impedance estimation can be set as 1 s in

the range that the environmental stiffness is smaller than 10000 N/m. The time resolution of impedance

estimation can be shortened for designing the initial values of estimation process.

The mass and the force offsets estimation results with the different operator impedance are summa-

rized in Tables 5.16 and 5.17. The error ratio of force offsets was not computed because of the same

reason in Section 5.2.1. The settling time of mass estimation was longer when the stiffness/viscosity

became larger/shorter. The absolute error and the error ratio of mass estimation became almost the same

for the different environmental impedance. The settling time of force offsets estimation was longer when
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Table 5.15: The estimation results of stiffness.
Ope. stiffness [N/m] Ope. viscosity [sN/m] Settling time [s] Absolute error [N/m] (True value − Final value

True value ) × 100 [%]

500 50 0.323 0.377 -0.075
500 100 0.336 0.805 -0.161
500 200 0.361 1.696 -0.339
500 500 0.507 5.079 -1.016

2000 50 0.420 0.392 -0.020
2000 100 0.431 0.907 -0.045
2000 200 0.447 1.837 -0.092
2000 500 0.494 5.069 -0.253
5000 50 0.435 0.519 0.010
5000 100 0.444 0.175 -0.0035
5000 200 0.460 1.141 -0.023
5000 500 0.586 3.566 -0.071

10000 50 0.636 7.195 0.072
10000 100 0.645 6.137 0.061
10000 200 0.668 5.372 0.054
10000 500 0.949 4.957 0.050

Table 5.16: The estimation results of mass.
Ope. stiffness [N/m] Ope. viscosity [sN/m] Settling time [s] Absolute error [kgm2] (True value − Final value

True value ) × 100 [%]

500 50 0.456 0.385 77.0
500 100 0.458 0.385 77.0
500 200 0.467 0.387 77.4
500 500 0.038 0.390 78.0

2000 50 0.790 0.385 77.0
2000 100 0.660 0.386 77.2
2000 200 0.656 0.387 77.4
2000 500 0.690 0.390 78.0
5000 50 3.821 0.386 77.2
5000 100 2.107 0.386 77.2
5000 200 1.860 0.387 77.4
5000 500 1.877 0.391 78.2

10000 50 16.315 0.388 77.6
10000 100 9.940 0.388 77.6
10000 200 6.311 0.386 77.2
10000 500 4.996 0.391 78.2

the operator stiffness became larger.
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Table 5.17: The estimation results of force offsets.
Ope. stiffness [N/m] Ope.viscosity [sN/m] Settling time [s] Absolute error [N] (True value − Final value

True value ) × 100 [%]

500 50 0.480 0.000 -
500 100 0.482 0.000 -
500 200 0.662 0.000 -
500 500 0.061 0.000 -
2000 50 1.848 0.000 -
2000 100 1.842 0.000 -
2000 200 1.856 0.000 -
2000 500 1.899 0.000 -
5000 50 3.932 0.000 -
5000 100 1.951 0.000 -
5000 200 1.947 0.000 -
5000 500 3.917 0.000 -
10000 50 20.001 0.000 -
10000 100 5.985 0.000 -
10000 200 5.975 0.000 -
10000 500 5.979 0.000 -
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Table 5.18: The trajectory of the operator robot.
Time [s] Type of motion

0-1 Keeping position
1-4 Moving 1 cm forward
4-6 Keeping position
6-9 Moving 1 cm backward

9-10 Keeping position
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Fig. 5-11: The responses with the moving operator robot.

5.2.2 Bilateral Control with the Moving and the Variable Impedance Operator Robot

This section considers the moving and the variable impedance operator robot. The amplitude and the

bandwidth of the extra signal were fixed as 2 and 1− 5 Hz, respectively.

Bilateral Control with the Moving Operator Robot

The operator robot was operating the master robot while executing interactive motions. This case

took the movement of operator robot into consideration. The trajectory of the operator robot is shown in

Table 5.18.

The position and force responses are shown in Fig. 5-11. The estimation results of impedance are

shown in Fig. 5-12. The red lines show the expected values of viscosity and stiffness, which is designed

in the operator robot. The estimated viscosity between the with compensation and the without compen-

sation showed the similar behaviour. On the other hand, the estimated stiffness of master side with the

compensation almost converged at their expected values, while the estimated stiffness without the com-

pensation converged at one of the environmental values. Since the effect of movement is much larger

than the effect of extra signal, the estimation results without compensation were highly affected by the

effect of bilateral controller. The appropriate estimation of the original movement is one of the issues to

tackle with.
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Fig. 5-12: The estimation results with the moving operator robot.

Table 5.19: The stiffness and the viscosity variations of the operator robot.
Time [s] Stiffness [N/m] Viscosity [sN/m]

0-1 500 50
1-4 2000 100
4-6 2000 50
6-9 500 100
9-10 500 50

Bilateral Control with the Variable Impedance Operator Robot

The impedance of human operator is known to be constantly changing for adapting the surrounded

environment and realizing tasks. Although it is better to update the impedance estimation process at

every sampling time, this dissertation updated its process in each 1 s from the perspective of convergence

speed of RLS, which is obtained in Section 5.2, and the signal design. The stiffness and the viscosity

variations of operator robot is summarized in Table 5.19.

The position and force responses are shown in Fig. 5-13. The impedance estimation results are shown

in Fig. 5-14. Both the stiffness and viscosity were almost properly estimated in each 1 s. The time

resolution of impedance estimation should be variable based on the type of motion since the impedance

estimation is constrained by the setting of extra signal, which is related to the estimation accuracy of the
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Fig. 5-13: The responses with the variable virtual impedance operator robot.
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Fig. 5-14: The estimation results with the variable virtual impedance operator robot.

original motion.
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Fig. 5-15: Experimental set-up.

5.3 Experiment

The purpose of this experiment was confirming the effectiveness of proposed estimation method. The

experiment was conducted as a similar condition as Section 5.2.2, and the experimental set-up is shown

in Fig. 5-15. Three linear motors were utilized as the operator, the master, and the slave robots. Since

the true values of operator’s end-point impedance were unknown and the purpose of its experiment was

showing the validity of the proposed impedance estimation method, the operator robot that impedance

values could be freely set was utilized instead of the motion execution by the operators. Encoders were

attached alongside the motors for obtaining the position response. The velocity and acceleration were

obtained by the pseudo derivative of position information obtained by the encoders, and the external

force was obtained by RFOB. The spring was attached in front of the slave robot as the environment.

The experimental parameter was the same as one in the simulations.

The position and force responses are shown in Fig. 5-16. The results of impedance estimation are

shown in Fig. 5-17. Although some estimation errors were confirmed, the tendency of impedance vari-

ation was properly observed. The estimation value of stiffness followed the expected value in each 1 s.

The estimation performance of viscosity was sometimes poor as well as most of other impedance es-

timation studies show [52]. Some elements of viscosity estimation including the method for velocity

obtainment, the design of extra signal, the estimation method, the calculation order of RLS, and the

noise should be considered further as one of our future works.
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Fig. 5-16: The responses when the operator and environmental stiffness and viscosity are 500 N/m and
50 sN/m.
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Fig. 5-17: The estimation results when the operator and environmental stiffness and viscosity are
500 N/m and 50 sN/m.
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5.4 Summary

This dissertation proposed the end-point impedance estimation method based on bilateral control sys-

tem. The operators constantly change their impedance in order to adapt to the surrounded uncertain

environments and realizing the complicated tasks. Most of conventional studies, however, considered

the non-contact impedance or simple tasks such as only holding the vibrated sticks due to the experi-

mental constraint. Because this dissertation uses the bilateral controller, the operators and environmental

objects can be treated at the same time. The extra signal is added to the force controller, and the orig-

inal motion is estimated and removed in order to estimate the end-point impedance. The effectiveness

of the proposed method was validated through the simulations and the experiment. The amplitude of

extra signal should be set higher in some extent, in this time higher than 1, as simulation results show.

The range of bandwidth should not be wider when the target is dynamical as the simulation results of

different bandwidth show although it is not appropriate from the perspective of persistently exciting. The

proposed method can be applied to various conditions regarding environmental impedance as the sim-

ulation results of different environmental impedance show. Both the stiffness and viscosity estimation

performances became worse as the impedance of operators became larger from the simulation results

of different operator impedance. In the experiment, the estimation performance of stiffness was con-

firmed even if the operator robot was moving and changing its end-point impedance. The estimation

performance of viscosity was not good as the one of stiffness estimation, but the tendency of viscosity

variation was observed from the experimental result. Because the extra signal degrades the performance

of task execution, the estimation strategy should be designed by taking the content of task, the length of

estimation period, and the expected estimation performance into consideration.

This chapter collects real motion data through bilateral control and estimates the impedances of op-

erator and environmental objects simultaneously. The proposal helps to build the database regarding the

transition of control impedance. The position or force commands can be easily designed by sensing the

actual motions, however, the design policy of control impedance is still not clear. Data-driven design

helps to design some parameters in motion control.
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Chapter 6

Evaluation Index-based Data-driven
Design

This chapter discusses an approach to evaluation index-based gain tuning for bilateral control. In

Section 6.1, the transfer function of master or slave is explained. In Section 6.2, the analysis for gain

setting is introduced. In Section 6.2.1, the outline of analysis is explained. In Section 6.2.2, the evaluation

method of analysis is explained. In Section 6.2.3, the case when the gains between master and slave are

the same is discussed. In Section 6.2.4, the case when the gains between master and slave are different

is discussed. In Section 6.2.5, the frequency analysis is discussed. In Section 6.2.6, the analysis of other

cases different from Sections 6.2.2 is discussed. In Section 6.3, the gain tuning method is introduced.

In Section 6.3.1, the outline of gain tuning method is explained. In Section 6.3.2, the gain tuning when

the gains between master and slave are the same is discussed. In Section 6.3.3, the gain tuning when the

gains between master and slave are different is discussed. In Section 6.4, the experiments are introduced.

In Section 6.4.1, the set-ups of experiment are explained. In Section 6.4.2, the set-ups of each approach

are explained. In Section 6.4.3, the results of experiment are discussed. This chapter is summarized in

Section 6.5.

– 113 –



CHAPTER 6 EVALUATION INDEX-BASED DATA-DRIVEN DESIGN

!

"
Master

Time-

delay

Zero

input

Slave
Time-

delay

Open-loop transfer function

Fig. 6-1: The block diagram of entire system

!"#$%
&

'

()

*+)
*+

,

-!

!.#$%!

!"#$%!

/01

2301

&

&

&

'

&

&

4 56789

$

$

:;8<+

&

&

&

'
= >

$?678"

Fig. 6-2: The block diagram of master or slave

6.1 Transfer Function of Master and Slave

The outline of bilateral control was briefly discussed in Chapter 2. This section unifies position and

force information [113, 114] in order to consider the master or slave as single input system. The block

diagram of entire system is shown in Fig. 6-1 by considering the data flow. Since the control goals

of bilateral control are 1) position tracking and 2) achievement of law of action and reaction that are

described by the relationship between the master and slave regarding the position and force, the command

becomes zero to the system. The open-loop transfer function is computed as the multiplication of master

and slave with the time-delays due to the transmission of haptic data. This dissertation postulates that

the time-delay is simply one sample.

The block diagram of master or slave described in Fig. 6-1 is shown in Fig. 6-2. A P controller is

applied to the force controller and a PD or position-velocity controller is applied to the position controller
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as follows:

Cf(s) = Kf , (6.1)

Cp(s) = Kp + sKv. (6.2)

The derivative term is designed for making the system critical damping and computed as follows:

Kv = 2
√
Kp. (6.3)

The only difference between the master and slave is the impedance term and the direction of disturbance

from operator and environmental object if all parameter values are set the same between the master and

slave. The definition of motion direction and the block diagrams of motors with operator and environ-

mental object are shown in Fig. 6-3. The definition of motion direction in master and slave are the same,

and the direction of forces added by the operator and environmental object are opposite. The mechanical

impedance of master and slave are computed from Figs. 6-3 (b) and (c) and modeled as follows:

Zm(s) = s2M − sdh − kh, (6.4)

Zs(s) = s2M + sde + ke. (6.5)

If DOB and RFOB ideally work by setting the cut-off frequency as infinity and all nominal values are

– 115 –



CHAPTER 6 EVALUATION INDEX-BASED DATA-DRIVEN DESIGN

properly identified, the transfer function from the input to the output of Fig. 6-2 is computed as follows:

Gsys1(s) =
Cp(s)− Cf(s)Zh/e(s)

Cp(s) + Cf(s)Zh/e(s)

=
G1(s)− 1

G1(s) + 1
, (6.6)

G1(s) =
Cp(s)

Cf(s)Zh/e(s)
,

where ⃝h/e specifies that the operator/environmental values are utilized in the master/slave. Eq. (6.6)

shows the reflection coefficient of two port-circuit, and it is often utilized for the discussion of passivity-

based approach [115].

The transfer function of master/slave system is recomputed as follows if the cut-off frequencies of

observers are not infinity and the nominal values are not identified properly:

Gsys2(s) =
G2(s)

G3(s)
, (6.7)

G2(s) =
Kt

Ktn
Cp(s)Mn −

Kt

Ktn
Cf(s)Gr(s)MnZ(s)

+ {1−Gr(s)}
Kt

Ktn
Cf(s)Mn

2s,

G3(s) = {1−Gd(s)}{Z +KtMns}+
Kt

Ktn
Cp(s)Mn

+ Cf(s)Gr(s)MnZ(s)− {1−Gr(s)}
Kt

Ktn
Cf(s)Mn

2s.

The transfer function of closed-loop system shown in Fig. 6-1 is computed as follows:

Gsys3(s) =
L(s)

1 + L(s)
, (6.8)

L(s) = Gsys2,m(s)Gsys2,s(s)e
−2Ts.

The time-delay for the communication is considered as one sample in this dissertation.
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6.2 Analysis for Gain Setting

6.2.1 Outline

This section aims at discussing the strategy of gain setting for bilateral control. Many analytical or

numerical gain tuning methods have been studied. However, this dissertation makes clear the gain tuning

through the evaluation index-based approach by using the experimental data. It is because the modeling

of contact motion and precise identification of some nonlinear terms such as noise, saturation, friction,

and so forth are sometimes highly difficult. The gains of position/velocity and force of master and slave

are evaluated by the actual experiment in two cases: 1) same gains between master and slave and 2)

different gains between master and slave, although the gains of master and slave tend to be set the same.

The obtained knowledge of gain tuning is also analyzed through frequency analysis.
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Contact

Fig. 6-4: Picture of experimental set-up (slave side)

6.2.2 Evaluation

The control goals of bilateral control include both the position and force components, and both of

them are needed to be incremented into the evaluation index in order to reduce both errors.

A cost function is designed based on the equivalent energy as follows:

J =

√√√√ S∑
i=1

(Xres
m,i −Xres

s,i )
2

S

√√√√ S∑
i=1

(F̂ ext
m,i + F̂ ext

s,i )2

S
. (6.9)

Its objective is to minimize the cost function, which is also used in other haptic research [116].√∑S
i=1

(Xres
m,i−Xres

s,i )
2

S shows a Root Mean Square Error (RMSE) of position tracking,

while
√∑S

i=1

(F̂ ext
m,i+F̂ ext

s,i )2

S shows a RMSE of force feed-back. The weights of both the position and

force components can be treated equivalently in this cost function.

This dissertation considers the contact motion to a screw box, which surface is made by plastic. The

slave side of experimental set-up is shown in Fig. 6-4 [117]. A linear motor was utilized in both the

master and slave sides. Position responses were obtained by encoders, and the velocity responses were

computed by the pseudo derivative of measured position responses. The stick attached to the slave

contacted the screw box. Because the linear motor is horizontally set, the effect of gravity and coriolis

force are assumed to be negligibly small. Viscous friction is identified in advance and removed from the

disturbance in the feed-forward manner. Therefore, the components of disturbance except external force

are removed, and only external force can be estimated by RFOB.

The same disturbance is added to the master in each trial for identifying the appropriate combination

of gains. The position and force responses of trial motion with one gain setting (Kv = 100 s,Kf =

10 kg−1) is shown in Fig. 6-5. This motion is designed from the actual manipulation conducted by

the operator, and it contains the slow/quick and free/contact motions. Parameter settings of an actual
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Fig. 6-5: Position and force responses of trial motion

Table 6.1: Parameter settings of an actual experimental set-up
Description Value

Nominal masses of master and slave 2.1 kg

Cut-off frequencies of DOB and RFOB 500 rad/s

Stiffness of operator 2000 N/m

Viscosity of operator 20 sN/m

Stiffness of environmental object 29800 N/m

Viscosity of environmental object 29.8 sN/m

Sampling time 0.1 ms

experimental set-up are summarized in Table 6.1. The stiffness of environmental object was measured in

advance, while the stiffness of operator was designed from the literature [80, 118].
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Fig. 6-6: Results of experimental analysis for the same gain case

6.2.3 Same Gains Between Master and Slave

This subsection considers a case when the velocity and force gains between the master and slave are

set the same. The grid search was carried out in order to grasp the tendency of cost function versus

gain setting. The force gain was changed from 2.5 kg−1 to 25 kg−1 in each 2.5 kg−1 (10 gain cases),

while the velocity gain was changed from 50 s to 500 s in each 50 s (10 gain cases). The position gain

was designed based on Eq. (6.3). Therefore, 100 different gain settings (10×10) were experimentally

analyzed. The result of experimental analysis is shown in Fig. 6-6. As the velocity or force gain be-

came higher, the cost function basically became smaller. The cost function gradually became larger by

increasing the velocity and force gains if they were higher than 250 s and 15 kg−1, respectively. The

system vibrated due to the effect of noise or quantization error when the velocity and force gains became

higher than 400 s and 20 kg−1. These values can be considered as limit sensitivities. The smallest cost

function value was 5.41×10−8 Nm, and it was achieved when the velocity and force gains were 250 s

and 15 kg−1. The shape of cost function in Fig. 6-6 is almost a convex function, but some areas have

unevenness shape. The enhancement of velocity control performance and the enhancement of force con-

trol performance are often considered to have trade-off relationship from the perspective of velocity and

force or reproducibility and operationality [86, 119], but the improvement effect of cost function can be

dominant rather than the deterioration effect of cost function. Therefore, the velocity and force gains

should be basically increased. Since the shape of cost function is almost convex, the effects of velocity

and force gains may not be deeply interfered each other and enable them to increase independently.
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Table 6.2: Results of experimental analyses for the different gain case
Velocity
gain of
master s

Force gain
of master
kg−1

Velocity
gain of
slave s

Force gain
of slave
kg−1

RMSE of
position
tracking
m × 10−6

RMSE
of force
feed-back
N × 10−3

Cost
function
Nm×10−8

Remark

250 15 250 15 4.95 10.93 5.41 The best per-
formance in
Section 6.2.3

300 5 150 - 300 25 - 30 5.01 - 5.38 8.08 - 8.48 4.27 - 4.47
250 10 - 15 300 25 4.65 - 4.93 9.19 - 9.38 4.37 - 4.43
300 10 50 - 250 25 4.94 - 5.35 8.46 - 9.19 4.26 - 4.41
300 15 150 - 200 25 4.69 - 4.93 9.12 - 9.27 4.34 - 4.50
300 10 200 25 4.94 8.62 4.26 The best perfor-

mance among all
trials.

6.2.4 Different Gains Between Master and Slave

The impedances of operator and environmental object are not necessarily the same because the op-

erators adjust their motions by changing not only impedance but also the equilibrium point. Hence, the

transfer functions of master and slave are better to be set differently, and the velocity and force gains of

master and slave should not be the same in some cases. The grid search was also carried out in order

to grasp the tendency of cost function versus gain setting. The force gain was changed from 5 kg−1 to

30 kg−1 in each 5 kg−1 (6 gain cases), while the velocity gain was changed from 50 s to 400 s in each

50 s (8 gain cases). Therefore, 2304 different gain settings (6×6×8×8) were experimentally analyzed.

Since the visualization of its result is tough because of the high dimensionality, some gain settings, which

cost function was smaller than 4.5×10−8 Nm, are summarized in Table 6.2. The velocity gain of master

should be set as high as possible, while the force gain of master should not be set high as well as the

one of slave. Therefore, the enhancement of velocity control performance is necessary for the master.

The velocity gain of slave should be set relatively high, while the force gain should be selected as high

as possible. Therefore, the enhancement of force control performance is necessary for the slave. There

were no combination of gains that overwhelmed both RMSEs of position tracking and force-feedback si-

multaneously, and the tuning should be carried out by considering the balance of them. The costs based

on another functions: Eq. (6.9) with the normalized position and force values, the continuous energy

( 1S
∑{√

(Xres
m −Xres

s )2
√

(F̂ ext
m + F̂ ext

s )2
}

), and the continuous energy with the normalized position

and force values were also computed. The obtained knowledge: 1) the velocity gain of master should

be set as high as possible and 2) the force gain of slave should be set as high as possible, are same with
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Eq. (6.9) in this analytical setting although the amount of cost function and the combination of gains

when the system achieves the smallest cost function are slightly different. The system vibrated when the

velocity or force gain was high enough. In addition to that, the system vibrated when the velocity and

force gains in the master were high, while the force gain of slave was comparatively small. This implies

that the order of gain tuning has to be deeply considered.

To recapitulate, the obtained knowledge through evaluation index-based gain tuning are 1) the velocity

gain of master should be set as high as possible under the condition where the force gain of slave is set

high and 2) the force gain of slave should be set high as possible.
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Fig. 6-8: Nyquist plot of Case 2

6.2.5 Frequency Analysis

The Bode diagrams are drawn in order to investigate the characteristics of system. Two different gain

settings are compared, and they are summarized in Table 6.3. Cases 1 and 2 are obtained results of gain

settings from Sections 6.2.3 and 6.2.4. The Bode diagrams of the entire loop Gsys3 are depicted, and

its results are shown in Fig. 6-7. The magnitude of Case 2 does not become completely 0 dB but closer

to 0 dB than the one of Case 1 in the low frequency, which explains that the control goals are achieved

more precisely. The balance between the velocity and force gains affects its performance, and the gains

of master and slave should be set differently.

The stability of Case 2 was investigated by drawing nyquist plot as shown in Fig. 6-8. The line passes

through (Re, Im)=(-0.998, -0.0656) at 104 rad/s, (Re, Im)=(-0.829, 1.38e-05) at 111 rad/s, and (Re,

Im)=(-0.938, -0.0181) at 499 rad/s. Therefore, the gain could be set approximately 1.2 times larger till

the system reached at the stability limit. The reciprocal from nyquist plot at 499 rad/s to (Re, Im)=(-1,

0) in real axis was approximately 1.07. The system can be said stable although the amount of stability

margin was not large.

The stability of system is guaranteed by checking the stability after updating gains in the flowchart.
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The flowchart can be flexibly designed if there exists a required stability margin.
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Table 6.3: Ideal gain setting for the contact to screw box
Kv,m s Kf,m kg−1 Kv,s s Kf,s kg−1

Case 1 250 15 250 15
Case 2 300 10 200 25

Table 6.4: Ideal gain setting for the contact to sponge
Kv,m s Kf,m kg−1 Kv,s s Kf,s kg−1

Case 3 200 15 200 15
Case 4 300 10 150 15

6.2.6 Other Cases

This subsection discusses two other cases: 1) different environmental object and 2) different ma-

nipulated motion. The grid search was also carried out in order to analyze the effects of the different

impedance of environmental object and manipulated motion.

Different environmental object

This dissertation considers the case when the impedance of environmental object is smaller than the

one in Table 6.1. The sponge was placed in front of the slave motor instead of the screw box. Its stiffness

is measured as 1630 N/m, and the viscosity is set as 16.3 sN/m. The grid search was carried out for

both the same gain and different gain cases as well as Sections 6.2.3 and 6.2.4. The obtained ideal gain

settings are summarized in Table 6.4. Case 3 shows the ideal gain setting for the case of same gain, while

Case 4 shows the ideal gain setting for the case with different gain.

The velocity gain of slave should be set smaller when the impedance of environmental object is smaller

from the results of Cases 1 and 3. The amounts of velocity and force gains in the slave side should be

set smaller as the impedance of environmental object becomes smaller from the results of Cases 2 and

4. At the same time, the amounts of velocity and force gains in the slave side should be set smaller

as the impedance of environmental object becomes smaller. The Bode diagrams are drawn in order to

investigate the characteristics of system and shown in Fig. 6-9. The magnitude of Case 4 does not become

completely 0 dB but closer to 0 dB than the one in Case 3. Moreover, the resonance and anti-resonance

are observed at around 10–30 rad/s in Case 3. The velocity and force gains should be finely adjusted

when considering the contact motion to soft objects.
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Fig. 6-10: Position and force responses of other manipulated motions

Different manipulated motion

This dissertation considers the case of two different manipulated motion as shown in Fig. 6-10. Motion

1 is composed more for the transient contacts rather than the original motion discussed in Section 6.2.2.

The motor quickly contacted the screw box, and it soon left from the box. Motion 2 is composed more

for stable contacts. The motor changed the applied force while keeping the contact state. The results of

ideal gain setting are summarized in Table 6.5. The force gain in the slave side can be slightly smaller

in Motion 1. This might be because of avoiding the overshoot of force response. The velocity gain in

the slave side should be set larger as the length of contact state became longer from the result of Motion

2. It is noted that the gain tuning is the same as one of original motion. The velocity gain in the master

side should be set as large as possible, and the force gain in the slave side should also be set relatively

large. Therefore, the ideal gain setting is affected by the manipulated motion, but the basic gain tuning
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Table 6.5: Ideal gain setting for different manipulated motions
Kv,m s Kf,m kg−1 Kv,s s Kf,s kg−1

Motion 1 300 10 200 20
Motion 2 300 10 250 20

do not change much. The fine tuning can be made if the outline of target manipulated motion is known

in advance.
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6.3 Gain Tuning Based on Gradient Descent

6.3.1 Outline

The evaluation index-based gain tuning for bilateral control has been experimentally and analytically

discussed in Section 6.2. However, the gain tuning is necessarily for each experimental set-ups or task

with the limited number of trials in practice. Therefore, the gradient-descent based gain tuning of bi-

lateral control through the experiments is discussed by taking the obtained knowledge of gain tuning

into consideration. Two cases: 1) same gains and 2) different gains between the master and slave are

considered differently.

The flowchart of gain tuning through the experiments is shown in Fig. 6-11. The gains are updated

before starting each trial. Once the gains are updated, the stability of system with updated gains is

analyzed. If the system is analyzed as stable, the trial is started. Otherwise, the algorithm updates the

gains. The flowchart can be flexibly designed if there exists a required stability margin. If the motion

violates the predetermined conditions during the trial, the motors are shifted to the stabilizing mode and

move to the original position. Otherwise, the motion is performed till the end of trial. The motors move
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to the original position after each trial, and then the gain is updated. This cycle is continuously conducted

until all trials are completed. Due to the predetermined conditions, it enables to avoid a risk of breaking

down the experimental set-up and automatically carry out all trials. Since the cost is not the convex

function, in particular the case when the gains of master and slave are different, the order of gain tuning

has to be taken into consideration. At the same time, the number of gain update is limited because it is

experiment-based and takes long time, unlike the simulation. Therefore, the number of each experiment

has to be also considered.
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Algorithm 2 Velocity-force approach
1: while c < N do
2: if c < n then
3: Kv ← Kv − (1− c

n)α
∂J
∂Kv

4: end if
5: if c >= n then
6: Kf ← Kf − (1− c−n

N−n)β
∂J
∂Kf

7: end if
8: Perform trial
9: if Condition==False then

10: Stabilize System
11: if c < n then
12: Kv ← ωKv,min + (1− ω)Kv,min

c
n

13: end if
14: if c >= n then
15: Kf ← ωKf,min + (1− ω)Kf,min

c−n
N−n

16: end if
17: end if
18: Store the smallest cost function and its gain combinations as Jmin, Kv,min, and Kf,min

19: c← c+ 1

20: end while

6.3.2 Same Gains Between Master and Slave

The velocity and force gains between master and slave are set the same and tuned. Although the gains

of master and slave should be different based on the results of grid search in Section 6.2.4, the tuning for

same gains is simple and sometimes practical because of fewer designing parameters rather than the case

of different gains.

Three approaches are considered from the perspective of tuning order: 1) velocity-force, 2) force-

velocity, and 3) mixed. In velocity-force approach, the velocity gain is tuned at first, and then the force

gain is tuned. In the force-velocity approach, the force gain is tuned at first, and then the velocity gain is

tuned. In the mixed approach, both the velocity and force gains are tuned simultaneously.

The algorithm of velocity-force approach is shown in Alg. 2. The algorithm is based on gradient

descent [120]. Other gradient-based approaches such as Newton’s method, quasi-Newton method, or

Levenberg-Marquardt method can be implemented into Lines 3 and 6 in Alg. 2, but the main focus is

not the selection of approach but the composition of algorithm. The amount of gain update is gradually
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decreased as the number of trials is increased as Lines 3 and 6 of Alg. 2 show. The velocity or force gain

is designed based on its best value in the history when the system violates conditions, but its amount is

reduced by the learning rate as Lines 12 and 15 of Alg. 2 show. The process of Line 9 is considered

when the system is judged as unstable at the decision block in flowchart or violates the predetermined

condition.

Its algorithm can be utilized for force-velocity approach if the signs of inequality and the variables: c
n

and c−n
N−n are opposite. In addition, its algorithm can be utilized for mixed approach if all inequalities are

removed and the variable becomes c
N instead of c

n and c−n
N−n .
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6.3.3 Different Gains Between Master and Slave

The velocity and force gains between master and slave are set different and tuned in this case. Alg. 2

is mainly applicable for case where the number of tuning parameters is few because both the order and

number of tuning are needed to be designed. Hence, it becomes much more troublesome to utilize the

algorithm as the number of tuning parameters is increased. Therefore, Alg. 3 is applied for the case of

different gains as follows. Kv,m, Kf,m, Kv,s, and Kf,s are substituted into K⃝ in Lines 3, 11, and 25

of Alg. 2 if r mod 4 is 0, 1, 2, and 3, respectively. The velocity and force gains of master and slave are

tuned several times in turn, and it is managed by the coefficient r. Once one gain tuning is completed, r

is increased by 1 as shown in Lines 14 or 20 of Alg. 3 show. The tuning gain is selected by the division

remainder of r. Each gain is updated as long as the cost function J becomes smaller than the smallest

cost function so far. However, each gain is updated at least 2 times as conditional sentences in Lines 9

or 19 of Alg. 3 show because the gains should be updated to both positive and negative directions. The

number of each gain tuning is not needed to be designed, but the order of gain tuning may affect the

result. The process of Line 7 is considered when the system is judged as unstable at the decision block

in flowchart or violates the predetermined condition.

The algorithms are based on gradient descent and may encounter local optimum because the evaluation

index is not a convex function obtained from limited trials of experiments. The guarantee for global

optimum is not necessarily essential since the number of trials is limited. If the global optimum value

must be obtained at any cost, other algorithms such as Bayesian optimization should be applied with a

larger number of trials [121].
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Algorithm 3 Approach for different gains
1: while c < N do
2: if r mod 4 == 0, 1, 2, 3 then
3: K⃝ ← K⃝ − (1− c

N )α ∂J
∂K⃝

4: end if
5: Perform trial
6: Compute J

7: if Condition==False then
8: Stabilize System
9: if t <= 2 then

10: if r mod 4 == 0, 1, 2, 3 then
11: K⃝ ← K⃝,min{ω + (1− ω) c

N }
12: end if
13: else
14: r ← r + 1

15: t← 0

16: Jmin ←∞
17: end if
18: end if
19: if (t > 2) · (Jmin < J) then
20: r ← r + 1

21: t← 0

22: Jmin ←∞
23: end if
24: if Jstr > J then
25: K⃝,min ← K⃝

26: end if
27: t← t+ 1

28: Jmin ← J

29: c← c+ 1

30: end while
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6.4 Experiments

6.4.1 Experimental Set-Ups

The purpose of experiments is to investigate the effectiveness of each gain tuning approach and to

see the transition of cost function. The gains were updated fifty times in each method. Since each trial

took approximately 12 seconds as shown in Fig. 6-5, it took 10 minutes per each approach in total.

Some conditions are needed in order to avoid a risk of breaking down the experimental set-up, and the

predetermined conditions are designed as follows:

• The absolute value of estimated external force should be smaller than 0.1 N between 0 to 2 seconds

(stay at the origin).

• The absolute value of velocity should be smaller than 0.05 m/s all the time.

• The absolute value of estimated external force should be smaller than 30 N all the time.

Each value was roughly designed based on Fig. 6-5.
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Table 6.6: Parameters for algorithms
Description Value

Initial Kv 100 s

Initial Kf 10 kg−1

Initial ∂J
∂Kv

- N−c
N

Initial ∂J
∂Kf

- N−c
N

α 100 s

β 10 kg−1

ω 0.95

6.4.2 Set-Ups of Each Approach

Operator-based approach

The velocity and force gains of master and slave were tuned by an operator. The operator has experi-

ence of haptics research over 10 years and has no prior experience to perform gain tuning studies. The

operator tuned the gains, and the evaluation was carried out in each trial. After each trial, the calculation

result of cost function was provided to the operator and recorded at a result sheet, which the operator

was able to check during experiment. The operator updated the gains after checking the result of cost

function without having any time limitations.

Same gains between master and slave

The number of trials in velocity-force and force-velocity were designed. The number of velocity gain

updates n in Alg. 2 was gradually increased from 3 to 48 in each 3. The velocity and force gains were

updated n and N − n times, respectively. The parameters utilized in Alg. 2 is summarized in Table 6.6.

The relatively smaller values were arbitrarily chosen for the initial gains and amounts of gain updating.

These values can be properly chosen if the operator knows the range of ideal gain values: however, this

dissertation assumes that there is no prior knowledge.

The result of designing n is shown in Fig. 6-12. vel-for and for-vel stand for velocity-force and force-

velocity. The horizontal axis represents the trial number when the switching of gain tuning occurred.

For instance, the velocity gain was updated 20 times when the horizontal axis was 20 and vel-for was

considered. The force gain was updated 30 times in this example. The cost function was gradually

decreased as the number of velocity gain updates was increased in both vel-for and for-vel. Moreover,

the velocity gain should be tuned before tuning the force gain since the cost function of vel-for was

smaller than for-vel even if the number of velocity or force gain updates were the same. The velocity
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Fig. 6-13: The transition result of cost function in the same gain approaches

gains can be increased even if the force gains are not set the high, while on the other hand, the force gains

cannot be increased if the velocity gains are not sufficiently high. The transition results of cost function

in the same gain approaches: vel-for, for-vel, and mixed, are shown in Fig. 6-13. n = 39 and n = 6 in

Fig. 6-12 are utilized as the results of vel-for and for-vel, which were the best results of them. vel-for and

mixed approaches showed similar behaviors from one to eight trials. This implies that mixed approach

updated the gains mainly based on velocity component in these trials. The cost function of for-vel also

decreased at the sixth trial when the switching occurred. Both for-vel and mixed approaches oscillated at

the similar cost function value after ten trials due to the learning rate although there was partial vibration

in the system. The cost function of vel-for approach was decreased after forty trials when the switching

occurred. Since the shape of cost in Fig. 6-6 is not convex function, the order of gain tuning affects the

performance. The smallest cost function of vel-for was 4.84 × 10−8 Nm, which is smaller than the one

in Fig. 6-6. The fine tuning may improve performance and can achieve smaller cost function.
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Table 6.7: Patterns
Pattern Gains

A Kv,m → Kf,m → Kf,s → Kv,s

B Kv,m → Kf,m → Kv,s → Kf,s

C Kv,m → Kf,s → Kf,m → Kv,s

D Kv,m → Kf,s → Kv,s → Kf,m

E Kv,m → Kv,s → Kf,m → Kf,s

F Kv,m → Kv,s → Kf,s → Kf,m
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Fig. 6-14: Results of pattern comparison

Different gains between master and slave

There are 24 (=4!) combinations regarding the order of gain tuning, and its order is designed for

Alg. 3. These combinations were classified into six patterns as shown in Table 6.7, and each pattern has

four orders. The results of pattern comparison are shown in Fig. 6-14. The colored box whiskers show the

minimum, the mean, and the maximum values in each pattern. The rightmost box shows the total result of

patterns A–F. Patterns A and E achieved the smaller cost function when Kv,m → Kf,m → Kf,s → Kv,s

and Kv,m → Kv,s → Kf,m → Kf,s were applied, and each cost function was 4.19 × 10−8 Nm and

4.18 × 10−8 Nm. Moreover, the average values of these two patterns were smaller than other patterns.

Pattern F of Kv,s → Kf,s → Kf,m → Kv,m achieved the largest cost function among others, and its

value was 7.37 × 10−8 Nm. Even in the worst case, the algorithm enables to reduce the cost function

properly. It was inferred to tune the velocity gain of master as many times as possible rather than other

gains. The final result is changed based on the order of gain tuning, but Alg. 3 enables to tune gains even

if the number of trials was only fifty.
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6.4.3 Results

The transition results of cost function in three approaches: operator-based approach, vel-for for the

same gains (one in Fig. 6-13), and Kv,m → Kv,s → Kf,m → Kf,s for the different gains, are summarized

in Fig. 6-15. The cost functions of same gain and different gain approaches decreased in the first five

trials, and the cost function of operator-based approach was also dramatically decreased once the velocity

gain was highly increased. The cost function of operator-based approach kept on decreasing, but the

operator has struggled for tuning gains. The cost function of different gains achieved the smallest value

among others. It took approximately ten minutes to complete the tuning in the case the same gain and

different gain approaches were applied, while on the other hand, it took about an hour to complete the

fifty trials in the case of operator-based approach.

The transitions of velocity and force gains in each approach is shown in Fig. 6-16. The operator

carefully tuned the velocity gain at first, and the other two approaches also tuned the velocity gain at

first. The operator started tuning the force gains from the tenth trial, and the operator started separately

tuning the gains of master and slave from twenty-eighth trials. The gains of same gain approach seem not

converging at the ideal values. The inclinations of gain update highly depend on the parameter setting of

α or β, and they should be higher for achieving the ideal value by the fewer trials in this case. However,

the ideal values are not known in most of cases, and α and β should be set small.

The ideal gain setting in each approach is summarized in Table 6.8. The final results of operator-based

approach were close to the one of same gain approach. The gain setting for different gain approach was

closer to the gain setting for Case 2 in Table 6.4. The velocity gain of master and force gain of slave

should be set relatively high in this dissertation.
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Fig. 6-16: Transitions of each gain

Table 6.8: Ideal gain setting in each approach
§×10−8

Kv,m Kf,m Kv,s Kf,s Jmin

s kg−1 s kg−1 Nm

Operator-based 296 9.00 250 13.5 4.95§

Same gain 316 12.8 316 12.8 4.84§

Different gain 290 9.73 188 18.8 4.18§

The force gain of slave should be set as high as possible if the manipulated motion and the impedance

of environmental object are not known in advance. As this dissertation has already stated in Section 6.2.3,

the system vibrates if the velocity and force gains in the master side are set high due to the noise or

quantization error. Although this dissertation only focuses on the design of velocity and force gains,

the improvement of velocity controller in the master and force controller in the slave may improve the

performance of bilateral control further.

The values of the smallest cost function in Fig. 6-6 and same gain tuning were 4.84 × 10−8 Nm and
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Table 6.9: RMSE of position tracking and force feed-back in each approach
RMSE of position tracking m × 10−6 RMSE of force feed-back N × 10−3

Operator-based 5.49 9.02
Same gain 5.47 8.86

Different gain 4.95 8.45

5.41 × 10−8 Nm, and the amount of improvement was approximately 10 % (≈ 5.41×10−8−4.84×10−8

5.41×10−8 ).

Just Noticeable Differences (JNDs) of force is 5–15% depending on the part of the human body, posture

of measurement, range of measurement, and so forth [35]. These statistics imply that the operator notices

the performance improvement although the cost function shows the difference between the master and

slave and not able to directly discuss with JNDs. RMSEs of position tracking and force feed-back in

each approach is shown in Table 6.9.
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6.5 Summary

This dissertation proposed the evaluation index-based gain tuning for bilateral control by using the

experimental data. Moreover, this dissertation discusses the gain tuning based on gradient-descent for

two cases: the same and different gains between the master and slave. From the experimental and

numerical analyses, the obtained knowledge of gain tuning are that 1) the velocity gain of master should

be set high under the condition where the force gain of slave is set high, 2) the force gain of slave should

be set high, 3) the amounts of velocity and force gains in the slave side should be set smaller as the

impedance of environmental object becomes smaller, and 4) the velocity gain in the slave side should

be set larger as the continuous contact time becomes longer, for realizing much more precise impedance

transmission. The experiments were also carried out for confirming the effectiveness of proposed gain

tuning and gradient-descent based gain tuning.

This chapter collects real motion data of bilateral control and investigates the relationship between the

evaluation index and control gains. These control gains can be designed based on some mathematical

analyses or simulations, however, it is sometimes hard to prepare the perfect model. Therefore, the real

experimental data was collected and utilized for solving optimization problem as the data-driven control

design.
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Task Implementation-based Data-driven
Design

This chapter discusses a selection of required controller for position and force-based task in motion

copying system.

In Section 7.1, the task statement is introduced. In Section 7.1.1, the content of task is explained. In

Section 7.1.2, the set-ups of experiments is explained. In Section 7.2, the task and motion analyses for

MCS is introduced. In Section 7.2.1, the learning from demonstration is explained. In Section 7.2.2, the

motion decomposition is explained. In Section 7.2.3, the labeling and phase connection is explained. In

Section 7.2.4, the compensation of environmental variations is explained. In Section 7.3, the experiments

are introduced. In Section 7.3.1, the set-ups of experiment are explained. In Section 7.3.2, the task

realization based on the required controller is discussed. In Section 7.3.3, the task realization with the

environmental variations is discussed. In Section 7.3.4, the task realization based on the conditions for

success is discussed. This chapter is summarized in Section 7.4.
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7.1 Task Statement

7.1.1 Content of Task

This dissertation considers the allen screw driving of M3-size allen screw that is a position and force

based task. Since the allen screw driving needs both position and force components, this task is suitable

for discussing the environmental variations in MCS and the selection strategy of position and/or force

controllers. The allen screw is inserted into the allen screw hole but loosened in some extent in advance,

and the task is to properly tightened it. The realization of the task is evaluated whether the allen screw

is properly tightened or not where the criteria of proper tightening is whether the applied torque can

become more than 0.23 Nm, which is the result of LfD.

Some tasks cannot be realized by the balance between the position and force controllers. Moreover,

the coordinate transformation regarding work space or environmental object should be considered for the

task realization. However, this dissertation only focuses on the simple task, which can be considered by

the balance between position and force controllers.
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(a) Picture of experimental set-ups

Master Slave

X

(b) Illustration of mechanism in master and slave
motors

Fig. 7-1: Structure of master and slave.

Fig. 7-2: Picture of allen screw hole.

7.1.2 Set-ups of Experiments

Both the master and slave have 2 DOF: the translation of x axis and the roll axis, and the master

and slave have the same structures as shown in Fig. 7-1. The picture of allen screw hole is shown in

Fig. 7-2. The allen screwdriver is attached in front of the rotary motor, and the commands are given

not to the workspace but to the joint space. The basement of linear motor is fixed to the ground. The

motor utilized for the translational motion is GHC, S160Q, and its position response is measured by

Renishaw, RGH24Y. The motor utilized for the rotational motion is MTL, MDH-7018 with its micro

encoder. ELMO, Gold-Twitter is utilized as the motor driver, and the system is connected to a computer

running Real Time Application Interface (RTAI) of Linux.

This dissertation assumes that the allen screw driver is already attached to the motors. The allen screw

hole was placed 0.02 m ahead from the allen screw driver, and the angle of hole was randomly shifted

from the one of driver at the initial state of demonstration. The demonstrator was asked to operate the
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master for approaching the slave to the allen screw hole and adjust the angle for inserting the allen screw

by rotating the allen screw driver mainly in clockwise because the allen screw was loosened or dropped

if it rotates counter clockwise excessively at the initial state. The operator felt the haptic information and

adjusted the axis of allen screw driver and its hole. Then, the demonstrator was asked to tighten the allen

screw as much as possible and retract the master. The skilled motion includes all approaching, adjusting,

and screwing motions. This study was approved by the ethics committee of Keio university (31-79).
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Fig. 7-3: The illustration of task and motion analyses process for MCS.

7.2 Task and Motion Analyses for MCS

The illustration of task and motion analyses process for MCS is summarized in Fig. 7-3. Each process

is explained in the following sections.
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Table 7.1: Parameters used in this dissertation.
Description Value

Nominal mass of linear motor 1.5 kg

Nominal mass of rotary motor 0.8 kg

Nominal inertia of rotary motor 8.6× 10−5 kgm2

Position gain for linear or rotational motion 1600 s−2

Force gain for linear motion 1
Mn

1/kg

Force gain for rotational motion 1
Jn

1/kgm2

Cut-off frequency of DOB 300 rad/s

Cut-off frequency of RFOB 300 rad/s

Cut-off frequency of pseudo derivative 300 rad/s

Sampling time 0.1 ms

7.2.1 Learning from Demonstration

Outline of Learning from Demonstration

This section explains the method for obtaining the motion data demonstrated by the operator as the

skilled motion data, which is corresponding with the motion saving phase of MCS. Some approaches

for LfD have been known [28, 29], but this dissertation utilizes MCS in order to obtain not only the

position response from the position encoder but also the external force from the observer in the same axis

simultaneously. Especially, the external force information is highly useful when the interactive motion

with the environmental objects is considered. The controller utilized in MCS is the 4ch bilateral control.

This chapter considers not only linear but also rotation motions, and the angle θ, the torque τ , and the

inertia J are utilized instead of position, force, and mass when the rotational motion is considered. The

responses of position and external force in the master side are stored in the motion database as the skilled

motion data.

Parameters used in this dissertation are summarized in Table 7.1.

Results of Learning from Demonstration

The tightening of allen screw was performed, and the transition of skilled motion data is shown in

Fig. 7-4. The motion was mainly composed of approaching, pushing while adjusting the rotation, pushing

while screwing, and retracting.

The responses of allen screw driving is shown in Figs. 7-5 and 7-6. In addition to position, velocity,
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Fig. 7-4: Transition of skilled motion data.
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Fig. 7-5: The demonstrated motion in x axis.

and external force information, the differential force, which shows the force difference from the previous

sample, were also obtained for utilizing the motion analysis. The motors approached to the hole and
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Fig. 7-6: The demonstrated motion in the roll axis.

contacted the edge at approximately 6 s. Since the allen screwdriver is hexagonal shape, the angle of

it has to be adjusted by considering the allen screw hole. It can be considered to adjust its rotation by

cameras, but the allen screw hole is sometimes overlapped with the allen screwdriver and the visual field

is restricted. Therefore, the allen screwdriver was gradually rotated in the clockwise, and the motion

data intentionally includes its rotational motion of search by fumble more than 60 degrees, which is

approximately 1 radian. The angle of screw driver was adjusted for about 1 s, and the screw driver was

inserted into the hole. The allen screw was gradually tightened from approximately 6 s to 15 s, and the

proper tightening was confirmed at around 16 s. The proper tightening specifies whether the applied

torque can become more than 0.23 Nm or not from the result of LfD. Although it seems the simple

motion, the purpose of motion in each time and axis seems different, and the control strategy should be

varied in each time and axis.
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Fig. 7-7: Algorithm of change finder.

7.2.2 Motion Decomposition

Outline of motion decomposition

This dissertation decomposes the obtained motion by LfD into the function and phase, and the mean-

ings of these words in this dissertation are as follows.

• Function: Components of motion and classified by the operator in a qualitative manner

• Phase: Precise description of each function and classified by the mathematical analysis in a quan-

titative manner

The motion is classified by the operator in the function level, which means the function is intuitively

understandable for the operator. It is somehow able to decompose the obtained motion as shown in Fig. 7-

4 by the operator, and the motion classification based on the function is necessary from the perspective

of physical interpretation. The motion in this time was decomposed into three functions: contacting,

screwing, and retracting.

The divided functions were classified into phases by the motion segmentation method in each func-

tion. This dissertation utilized change finder to classify the functions [122,123]. The algorithm of change

finder is summarized in Fig. 7-7. This algorithm discriminates the outlier and change points. The outlier

point increases/decreases instantaneously and comes back to the steady state in the next step, while the
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change point represents that the characteristic of time-series data varies dramatically. First, the time-

series data is given to the algorithm. Second, the probability density is learned based on Sequentially

Discounting Auto Regressive (SDAR). Third, the outlier scores are computed based on the learned prob-

ability density in each time. Forth, the outlier scores are smoothed. Fifth, the probability density is

relearned based on SDAR. Sixth, the change scores are calculated. Change finder assumes SDAR model

and computes the logarithm of the likelihood ratio, which is the change score, between the predicted

data and raw data of all eight variables all at once. The smoothing helps to focus on the change instead

of noise. The motion was decomposed in the descending order of change score. The parameter design

of motion segmentation is often the big concerns, but the stricter decomposition or parameterization in

some extent would be preferable because the segmented motion would be connected after this process.

This dissertation gradually changes the maximum number of change point till the shortest phase became

50 ms, which is the time resolution of operator against the weak stimulus [32]. The forgetting parameter

was set as 0.01.

Results of motion decomposition

The results of motion decomposition in the function and phase levels are shown in Fig. 7-8. The bold

black lines are for the division of function level, while the light black lines are for the division of phase

level. The motion was decomposed to three functions and approximately fifty phases.
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(c) Enlarged view of screwing function
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Fig. 7-8: Result of motion decomposition in the phase level.
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Fig. 7-9: The outline of designed parameters of HPFC.

7.2.3 Labeling and Phase Connection

Labeling

The purpose of this process is to determine the required controller in each axis and phase in order

to change the motion flexibility of robot as well as the operator does. The labeling is conducted by the

experiments, and this procedure makes clear the required controller of each divided phase for the task

realization.

The controller in the motion loading phase in MCS is equivalent with HPFC. The position command,

the force command, and the required controller a are three parameters to design for HPFC as shown in

Fig. 7-9. The position and force responses of LfD can be utilized as the position and force commands

of HPFC in the motion loading phase. Unlike the position and force commands, the motion flexibility,

which is corresponding with a, of operator is hard to be obtained since the active and passive force

generated by operators are tough to distinguish. Due to the difficulty of directly utilizing the human

parameter regarding the motion flexibility, this dissertation learns the required controller from not only

the operator but also in the task implementation. The coefficient a can be the continuous value, but

it takes the discrete value in this dissertation. The operator adjusts its motion in order to adapt to the

environmental variations, and the understanding of required controller in each phase and axis is highly

helpful to design control parameters and realize the tasks.

The label of each phase: position-dominant (p-d), impedance-dominant (i-d), and force-dominant (f-

d) is corresponding with the required controller: a = 1, a = 0.5, and a = 0. When the label of i–th

phase is investigated, its controller is changed to a = 1 and a = 0 while the controllers in other phases

are a = 0.5. This dissertation labels each phase as position-dominant (p-d) if the task is success by

a = 1 in i–th phase, impedance-dominant (i-d) if the task is success only by a = 0.5 in i–th phase,

and force-dominant (f-d) if the task is success by a = 0 in i–th phase from the perspective of simple

controller design. For instance, if the results of task completion are the success for a = 1 and not success
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HPFC

(1st ~ final – 1th phase)

Change (final phase)

HPFC

(2nd ~ final phase)

Change (1st phase)

HPFC

(1st ~ i-1th phase & i+1th ~ finalphase )

Change (ith phase)

Fig. 7-10: The illustration of investigation process.

Table 7.2: The combinatorial patterns of control strategy of investigated phase.
x axis Roll axis

1 Position HPFC
2 HPFC Position
3 HPFC HPFC
4 HPFC Force
5 Force HPFC

for a = 0, its phase is labeled as p-d and the position component can be said essential to realize the task.

The illustration of investigation process is shown in Fig. 7-10. In this figure, the controller of 1st

phase is changed according to the combinatorial patterns of control strategy summarized in Table 7.2.

The remaining of phases are manipulated by HPFC. This investigation process is repeated by moving the

investigated phase. The algorithm of labeling is summarized in Alg. 4.

When the environmental condition is the same as one in LfD, the task can be realized by utilizing the

position and force responses as the commands as they are. Therefore, the environmental variations were

made on purpose for the labeling. The position variation related with each phase was considered, and

the relative location of environment from the initial position of driver’s tip was changed in some small

extents. Two position variations: the translational x axis and roll axis were considered in this case, and

both of them were changed approximately 2 mm and 10 degrees. The amount of position variations was

determined considering the task realization by HPFC. The environmental location of translational x axis

was varied if the phase at contacting function was investigated. The amount of position variation was

compensated in the screwing and retracting functions. The environmental location of roll axis was varied

if the phase at contacting and screwing functions were investigated.
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Algorithm 4 The process of labeling
1: c← The changed phase
2: i← The identified number of phases
3: n← The total number of divided phases
4: while c ≤ n do
5: while i ≤ n do
6: if c = i then
7: The controller of i–th phase is set as the combinatorial patterns as shown in Table 7.2
8: end if
9: if c ̸= i then

10: The controller of i–th phase is set as HPFC in both y and roll axes
11: end if
12: i = i+ 1

13: end while
14: The task is reproduced, and the success of task is evaluated
15: if Task is success then
16: The set controller of c–th phase such as a = 0, a = 0.5, and a = 1 is stored
17: end if
18: i = 1

19: c = c+ 1

20: end while

The transition of controllers for labeling

In order to realize the variation of the control strategy based on the labeling, the strategy for the con-

troller variation is needed. Four variations could occur: HPFC → Position control, HPFC → Force

control, Position control→ HPFC, and Force control→ HPFC. The first two variations need to contin-

uously decrease the force or position gain, while the latter two variations need to continuously increase

the force or position gain. The weight function, which is shown in Fig. 7-11, is designed, and its amount

is linearly changed between 0 and 1 in 10 ms. w1, w2, and t in Fig. 7-11 denote the weight function of

decreasing, the weight function of increasing, and the time when the controller is changed. The amount

change is completed in t + 10, which means 10 ms later. The weight function of decreasing is multi-

plied to the force or position gain in the case of HPFC → Position control or HPFC → Force control,

respectively.

The control gain needs to be continuously increased in the case of Position control→ HPFC or Force

control→ HPFC: however, the sudden change of force or position command should be avoided. There-
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Fig. 7-11: The variation of weight function.

fore, the compensation value is designed as well as the weight functions. The acceleration references of

Position control→ HPFC and Force control→ HPFC in the linear motion are designed as follows:

s2Xref = Cp(s)(X
cmd −Xres)− w2Cf(s)(F

cmd − F ext + F comp), (7.1)

F comp = w1(F
ext′ − F cmd′),

s2Xref = w2Cp(s)(X
cmd −Xres +Xcomp)− Cf(s)(F

cmd − F ext), (7.2)

Xcomp = Xres′ −Xcmd′ .

The superscript⃝′
denotes the fixed value, and F ext′ − F cmd′ is the constant value and shows the error

between the external force at the end of position control and the force command at the beginning of

HPFC. Xres′ −Xcmd′ shows the error between the position response at the end of force control and the

position command at the beginning of HPFC. Therefore, the force or position compensation mitigates

the dramatic change of command and makes the smooth command value. Unlike the force command, the

error between the position response at the end of force control and the position command at the beginning

of HPFC is substituted until the end of trial.

Phase connection

Once the labeling process was completed, the phase connection was carried out. If the label of i−1–th

phase was the same as one of i–th phase, these phases were connected. Otherwise, these phases were

remained separated. The results of labeling are summarized in Table 7.3 where ”-” denotes no constraints

regarding the required controller. The phase was connected based on the results of labeling as shown in

Fig. 7-12. The contacting function, the screwing function, and retracting function are composed of four,
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Table 7.3: Summary of labeling.
Motion x axis Roll axis

Contacting 1 - -
Contacting 2 i-d, f-d -
Contacting 3 i-d, f-d p-d, i-d
Contacting 4 - -
Screwing 1 - -
Screwing 2 i-d, f-d i-d, f-d
Retracting - -
p-d: a=1 i-d: a=0.5 f-d: a=0
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Fig. 7-12: Result of phase connection.

two, and one grouped phases that is depicted by the circle in Fig. 7-12, and this dissertation writes the

first grouped phase of contacting function as the phase of contacting 1. Other grouped phases are also

accordingly. The phase of contacting 1 aims at approaching to the allen screw hole from the initial

position. Both the translational x axis and roll axis have no requirements regarding the selection of

controller. The phase of contacting 2 aims at contacting to the edge of allen screw hole. The translational

x axis is labeled as i-d or f-d, which means the robot moves till it feels the reaction force and the force

component is essential. The roll axis has no requirements. The phase of contacting 3 aims at inserting

the allen screwdriver into the allen screw hole. The translational x axis is labeled as i-d or f-d, and it can

be considered that some extents of force have to be applied for inserting the allen screwdriver into the

allen screw hole. At the same time, the roll axis is labeled as p-d or i-d for rotating the driver properly.

– 157 –



CHAPTER 7 TASK IMPLEMENTATION-BASED DATA-DRIVEN DESIGN

The phase of contacting 4 is the phase for transiting to the screwing function, and both translational x

axis and roll axis have no requirements regarding the selection of controller. The phase of screwing 1

aims at tightening the allen screw. However, both translational x axis and roll angle have no requirements

regarding the selection of controller, and it means this phase is not highly related with the task realization.

The phase of screwing 2 aims at tightening the screw properly. The force component is dominant for

both translational x axis and roll axis in order to apply the sufficient force and torque for realizing the

proper tightening. The phase of retracting aims at retracting from the allen screw hole, and both the

translational x axis and roll axis have no requirements.

To recapitulate, the motion is classified into seven phases based on the transition of required controller.

The requirements about controller exist at the phase of contacting 2, 3 and screwing 2 phases, and each

physical interpretation should be respected for designing the parameters. The required controller explic-

itly specifies the conditions for success or the physical variable of control goals in each divided motion.

Here, the conditions for success means the type of controller that needs for the position/force-based task

realization. For instance, when the required controller is f-d, the conditions for success of that phase can

be said to be described by the force element and only force control goal should be satisfied. Although

the sequence of required controller has possibility to change once other position and force command

values are considered, the obtained conditions for success is highly useful to design not only the type of

controller but also the position/force command values. Therefore, the proposed motion analysis method

can be said that it tries to make clear the conditions for success.
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7.2.4 Compensation of Environmental Variations

Outline of compensation

This dissertation compensates the environmental variations by substituting the compensation values.

The acceleration reference in the task execution in the linear motion is computed as follows:

s2Xref = aCp(s)(X
cmd −Xres +Xcomp)− (1− a)Cf(s)(F

cmd + F ext + F comp). (7.3)

When its phase is labeled as p-d or i-d and some environmental variations occurred, the position com-

pensation value is substituted. Otherwise, the position compensation value is set as 0. When the phase

is labeled as i-d or f-d and some environmental variations occurred, the force compensation value is

substituted. Otherwise, the force compensation value is set as 0. The design of position compensation

value is simple since the compensation value should basically be the same as the amount of position

variation. On the other hand, the design of force compensation value is complicated since it does not

necessarily vary the linear manner. For instance, it might not be appropriate to add the double times

larger force even if the impedance of environmental objects becomes double times larger for holding up

some objects. Therefore, the construction of compensation logic for the impedance variation is needed

unlike the most of position variation cases.

Learning for the impedance variation

This dissertation considers the situation where another size of allen screw is inserted as a considerable

situation of impedance variation. Since the force compensation value does not tend to generate in the

linear manner, the compensation logic for the impedance variation has to be constructed. This disserta-

tion obtained the skilled motion data against M3-size and M4-size allen screws ten times in each. The

applied average force of x axis in the screwing function is learned. At the same time, the maximum

rotating torque of roll axis is obtained because its information is useful for proper tightening. This two

information are summarized in Fig. 7-13. The written values show the maximum, average, and minimum

values of each column. The applied average force in the screwing function of M4-size is slightly larger

than one of M3-size although some trials are overlapped between two sizes. The maximum rotating

torque of M4-size is completely larger than one of M3-size, and the substitution of compensation value

is definitely needed.
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Fig. 7-13: Required force and torque between M3-size and M4-size screwing.
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Table 7.4: Transition of control strategy.
Motion x axis Roll axis

Contacting 1 HPFC HPFC
Contacting 2 Force HPFC
Contacting 3 Force Position
Contacting 4 HPFC HPFC
Screwing 1 HPFC HPFC
Screwing 2 Force Force
Retracting HPFC HPFC

7.3 Experiments

7.3.1 Experimental Set-ups

Three types of experiment were conducted for confirming three things, 1. the effectiveness of labeling

as Experiment 1 (Exp. 1), 2. the adaptability to the environmental variations as Experiment 2 (Exp. 2), 3.

The effectiveness of command and controller designs based on the conditions for success as Experiment

3 (Exp. 3).

In Exp. 1, the motion was conducted by the command obtained by LfD and the transition of control

strategy as shown in Table 7.4 is utilized under the same environmental condition with the one in LfD.

In Exp. 2, the motion was conducted by the same condition in Exp. 1, but both the position and

impedance variations occurred. The allen screw hole was placed farther than the one in LfD, and the

M4-size allen screw was inserted instead of M3-size as the impedance variation. The average force and

maximum torque of LfD were 3.26 N and 0.23 Nm: therefore, only the force compensator of roll axis is

designed for making the maximum torque 0.366 Nm. The designed control strategy was compared with

the position-based MCS, the force-based MCS, and the original MCS (HPFC).

In Exp. 3, the position and force commands were generated based on the conditions for success,

and only required controller was utilized for designing the control strategy. The generated motion was

composed of three components: the contacting to the edge of allen screw hole by the force control at

x axis, the inserting the allen screwdriver into the allen screw hole by the force control at x axis and

position control at the roll axis, and the screwing by the force control of both x axis and roll axis. The

designed control strategy was compared with the position-velocity and force controls, and the control

strategies are shown in Table 7.5. The commands in each control strategy were designed by the trial and
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Table 7.5: Control strategies in Exp. 3.
(a) Proposal

Time [s] x (Command) Roll (Command)
0 - 1 Force (2 N) Ang.Vel.(0 rad/s)
1 - 3 Force (2 N) Ang.Vel.(0.5 rad/s)
3 - 4 Force (3 N) Torque (0.23 Nm)
4 - 5 Velocity (Retracting) Angle(Fixing)

(b) Only position control

Time [s] x (Command) Roll (Command)
0 - 1 Velocity (0.019 m/s) Ang.Vel.(0 rad/s)
1 - 3 Velocity(0.01 m/s) Ang.Vel.(0.5 rad/s)
3 - 4 Velocity(0.015 m/s) Ang.Vel.(10.0 rad/s)
4 - 5 Velocity (-0.01 m/s) Ang.Vel.(0 rad/s)

(c) Only force control

Time [s] x (Command) Roll (Command)
0 - 1 Force (2 N) Torque (0 Nm)
1 - 3 Force (2 N) Torque (0.072 Nm)
3 - 4 Force (3 N) Torque (0.23 Nm)
4 - 5 Force (-0.3 N) Torque (0 Nm)

Table 7.6: Summary of experimental set-ups.
Exp. 1 Exp. 2 Exp. 3

Environmental position Same Farther Same
Environmental impedance M3-size M4-size M3-size

Command LfD LfD Table 7.5
Controller Table 7.4 Table 7.4 Table 7.4

error with the best effort.

The summary of experimental set-ups is shown in Table 7.6.

– 162 –



CHAPTER 7 TASK IMPLEMENTATION-BASED DATA-DRIVEN DESIGN

0 5 10

Time [s]

15 20 25

0

-1

-2P
o
si

ti
o
n

 [
m
!
"
#
$
%
]

Proper contact

(a) Position

0 5 10

Time [s]

15 20 25

0

2

4

F
o

rc
e 

[N
]

6

Proper contact

(b) Force

0 5 10

Time [s]

15 20 25

0

-2

-3

-1

A
n

g
le

 [
ra

d
]

-4

(c) Angle

0 5 10

Time [s]

15 20 25

0

T
o

rq
u

e 
[N

m
!
"
#
$
"
]

1

2

Proper tightening

(d) Torque

Fig. 7-14: Experimental results in x axis based on the required control stiffness.

7.3.2 Task Realization Based on the Required Controller (Exp. 1)

This experiment considered to perform the motion based only on the required controller. The results

of Exp. 1 are shown in Fig. 7-14. The experimental results show that the motion performed only by the

required controller moved as the similar manner with the one of LfD. The tip of the allen screwdriver

properly contacted the edge of screw hole and inserted into its hole. The maximum external torque of roll

axis became almost 0.23 Nm, and the proper tightening was confirmed. Therefore, the motion performed

only by the required controller achieved the task realization as similar as the original motion when the

environmental conditions are the same.
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Fig. 7-15: Experimental results with the environmental variations in x axis

7.3.3 Task Realization with the Environmental Variations (Exp. 2)

This experiment considered the adaptability to the environmental variations. The force compensation

value was referred from the one learning in Section 7.2.4. The results of Exp. 2 are shown in Fig. 7-

15. The legend ”Prop.”, ”Position”, ”Force”, and ”HPFC” denote the proposed controller selection, the

position-based MCS, the force-based MCS, and the original MCS (HPFC).

The tip of allen screwdriver was properly contacted the edge of screw hole since the external force was

observed although the screw hole was located approximately 0.005 m away in the case of proposal. At

the same time, the sufficient torque was generated for realizing the proper tightening of M4-size screw.

It eventually adapted to the position variation of roll axis. Therefore, the experimental results show that

the motion performed by the required controller compensated the environmental variations and made

realized the task. The proposal successfully compensates the environmental variations by incorporating

the pros of both the position and force controllers. This dissertation only considers M3-size and M4-size,
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but it can be extended to other sizes if the compensation values of force and torque can be designed.

The tip of allen screwdriver was not able to contact the edge of screw hole in the case of position-based

MCS. Therefore, the values of external force and torque became constantly 0 although the rotary motor

moved according to the angle command.

The tip of allen screwdriver contacted the edge of screw hole in the case of force-based MCS, but it

took much more time than the proposal because the force command was almost 0 from 0 s to around 7 s.

Since the angular velocity was not regulated by the position control, the allen screwdriver could not be

inserted into the allen screw hole. Therefore, it kept on rotating and its rotated angle reached more than

-10 rad and went out the range of figure.

The tip of allen screwdriver contacted the edge of screw hole in the case of HPFC. However, the

pushing force was not sufficient and could not insert the screwdriver because of the position controller.

The sign of reference values generated by position and force controllers were opposite. The position

controller tried to retract and follow the trajectory as the same one as position-based MCS, while the

force controller tried to move forward for generating the larger reaction force. The allen screwdriver was

inserted at around 12 s, and it started to tight the allen screw. However, the amount of tightening was not

sufficient again because the sign of reference values generated by the position and force controls were

opposite.
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Fig. 7-16: Experimental results of task reproduction in x axis

7.3.4 Task Realization Based on the Conditions for Success (Exp. 3)

This experiment considered the effectiveness of command and controller designs based on the condi-

tions for success for realizing the task. The results of Exp. 3 are shown in Fig. 7-16. In the proposed

strategy, the tip of the allen screwdriver properly contacted the edge of allen screw hole thanks to the

force control of linear motor from 0–1 s, and it was inserted into the hole by the combination of force

and position control of linear and rotary motors from 1–3 s. The torque control of rotary motor gener-

ated approximately 0.23 Nm external torque and realized the proper tightening from 3–4 s. Therefore,

the experimental results show that the designed motion successfully reproduced the task thanks to the

satisfaction of conditions for success. The proposal enables to design the control strategy according to

the required motion in each axis and time.

The tip of the allen screwdriver also properly contacted the edge of allen screw hole at 1 s in the case of

position control because the command was given by the velocity. The allen screwdriver was successfully
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inserted into the hole because the velocity of rotation was regulated and properly tightened the allen

screw. Since the screw tightening is not extremely difficult task, the command can be alternatively

designed by the position-velocity instead of force. However, some motions such as tightening should

be designed by the force because the command design based on position-velocity sometimes outputs the

excessive force in interactive task and the sensitive command design is expected more than the case of

force control.

The tip of the allen screwdriver also properly contacted the edge of allen screw hole at 1 s when the

force control is considered, but the allen screwdriver could not be inserted into the hole although the

torque command of rotational motion was tuned several times. As a consequent, the rotary motor moved

more than -10 rad. The trajectory can be similar even if the force control is considered, but the realization

of precise motion such as the insertion, is sometimes difficult to achieve.
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7.4 Summary

This dissertation considered the method for selecting the required controller in each phase and axis

for the MCS. The motion flexibility of the MCS is conventionally fixed, and this study aimed to select

the required controller by considering the task realization. The results of Exp. 1 showed that the task

was realized by the motion based only on the required controller, and it was confirmed that the required

controller was properly extracted. At the same time, the adaptability to the environmental variations and

the effectiveness of command design considering the conditions for success and type of controller design

were confirmed through Exps. 2 and 3.

This chapter collects real motion data through bilateral control, and these data are analyzed. Moreover,

the analyses are also carried out in the actual experiments further. The required controller was made clear

in each time and axis through these analyses. Data-driven approach helps us to understand the task and

design the position/force controller.
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Conclusion

The design of position/force controller is sometimes hard in the theoretical or systematic manner. This

dissertation tackles with its issue by considering the concept of data-driven approach, and three types

of data-driven control design were introduced: experimental data, database, and cerebellar calculation

model. Force control is designed based on the concept of cerebellar calculation model of data-driven

control design in Chapter 3. Operator’s sensation and motion data are collected for constructing database

in Chapters 4 and 5. Position/force control is also designed from the perspective of evaluation-index and

task implementation in Chapters 6 and 7.

In Chapter 3, a development method of force control with DOB and neural network is discussed based

on the concept of cerebellar calculation model in data-driven control design of force control. This chapter

tries to improve the performance of force control by owning the feed-back and feed-forward characteris-

tics to the NN. As the humans adapt to surrounded uncertain environment and change motions, the motion

controller can be considered to dynamically change its characteristics. Therefore, this dissertation aims

at implementing the dynamical controller by learning the elements of feed-back and feed-forward in the

NN from the real data. The NNs have been implemented for modeling the specific physical variables

in the related studies, however, this dissertation combines the NNs with DOB and expects NNs working

as similar to DOB. The combination of NNs with DOB was investigated, and this dissertation considers

that NNs should be utilized for avoiding the interference with DOB in the frequency range. Although the

situations such as environmental impedance are partially limited, the proposal works in the normal use.

This dissertation shows the effectiveness of combination between the conventional approaches such as

DOB and the concept of cerebellar calculation model in data-driven control design. Some studies replace

– 169 –



CHAPTER 8 CONCLUSION

all controllers by NN, but NN should be combined with the classical methods such as PI controller and

DOB for taking advantages of both approaches.

In Chapter 4, a JNDs-based design policy of haptics system is discussed as an approach of operator’s

sensation-based data-driven design. Database was constructed based on operator’s sensation and utilized

for determining the parameter of control system. Some teleoperation products or methods have already

known, and some of them insists to have tactile sensation. However, there is no clear standard for what

reason they insists to have tactile sensation. In particular, the quantitative discussion is hard in the case

of human support robots that works to the operators’ sensation. Therefore, the data-driven product or

design based on the real data regarding the operators’ sensation can become much more important and

essential. This chapter considers the traffic data reduction as an example and proposed to build the look-

up table based on the real data. The effectiveness of data-driven approach is shown for tackling with the

problem concerning the coexistence of performance and resource in the position/force controller.

In Chapter 5, an estimation method of end-point impedance based on bilateral control system is dis-

cussed as an approach of operator’s motion-based data-driven design. Database can be designed based

on the operator’s impedance estimated by the proposal and apply the parameter of control system. As

the humans adapt to surrounded uncertain environment and change motions, the motion controller can

be considered to dynamically change its characteristics. Especially, the abstraction and understanding

of skilled motion are helpful to design the controller. Many impedance estimation researches have been

carried out, however, the behaviours at the moment of interaction are still not clear. This dissertation pro-

posed the abstraction method of operators’ impedance at the moment of interaction. Data-driven design

of control impedance in position/force controller is available based on the proposal in this chapter.

In Chapter 6, an approach to evaluation index-based gain tuning for bilateral control is discussed as

an index-based data-driven design. Experimental data was collected and utilized for solving the opti-

mization problem. The gains of position/force controller in master/slave system is sometimes hard to

decide uniquely. This dissertation tackles with its issue by considering the evaluation index as the part

of design policy. Because the transfer functions of master and slave are not the same, this dissertation

considers that the gains of master and slave should not necessarily the same. In addition, this dissertation

shows the order of gain tuning at least similar situation with this dissertation. Position/velocity gains of

master should be tuned finely, and then the force controller of slave should be tuned. The effectiveness of

data-driven approach to position/force controller design is shown, which is sometimes difficult to obtain

the clear solution based on the formula expansion.
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In Chapter 7, a selection of required controller for position and force-based task in motion copying

system is discussed as a task implementation-based data-driven design. Experimental data was collected

and analyzed in order to make clear the required controller in each axis and time. Because HPFC treats

multiple contradicted physical variables simultaneously, it is sometimes difficult to design. This disserta-

tion considers the necessarily elements for the task success at first and concludes that the understanding

of tasks before the controller design is important and essential. Therefore, the abstraction of necessarily

control impedance in each task is proposed. As the humans adapt to surrounded uncertain environment

and change motions, the controller should also change in each time and axis. This dissertation shows

a study of controller design from the perspective of control impedance by considering the simple task.

However, the human-like flexible motion can be realized by collecting real data regarding the required

controller in each task as the data-driven approach.

From these discussions, the effectiveness of data-driven design in position/force control is shown for

overcoming the problems that the motion control is hard to tackle with. Robots in Society 5.0 will

be realized by motion control, which combines modeling-analysis-synthesis approach and data-driven

approach.
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