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Abbreviations and Acronyms 

Abbreviations & Acronyms Specifications 

2WD Two-Wheeled Drive 

CI Confidence Interval 

CP Center Point 

DOF Degree Of Freedom 

EOM Equation Of Motion 

FSPP Four-Step Path Planning 

IRH Imaginary Robotic Hand 

LEM Lead Elongation Mechanism 

MPM Mobile Parallel Manipulator 

MSM Mobile Serial Manipulator 

ROM Range Of Motion 

SLPTM Single-Loop Parallel Transmission Mechanism 

TP Teaching Pendant 

VAS Visual Analogue Scale 

VEMOPAM VErsatile MObile PArallel Manipulator 

VOS Virtual Operation Space 

 



Notations and Symbols 

Notations & Symbols Specifications Units 

𝑐 Motion scale of operator’s hand to IRH (constant)  

𝑮 A matrix representing nonholonomic constraints  

𝑖 𝑖 = 1, 2 represents carts A1 and A2 of VEMOPAM  

𝑱  Jacobian matrix of VEMOPAM  

𝐾𝑥, 𝐾𝑦, 𝐾𝜙 Constants in Kanayama’s control rule  

𝐾𝑝, 𝐾𝑖 Gains of proportional-integral controller used in A1 and A2  

𝑙1, 𝑙2, 𝑙3, 𝑙𝑠 Lengths of linkages used in VEMOPAM [mm] 

𝑙𝑠1 Value of 𝑙𝑠 after first step of FSPP method, given by Eq. 

(2.16) 

[mm] 

𝑙𝑠con Constant [mm] 

𝑂−𝑋𝑌𝑍 Fixed reference frame  

𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎 VOS reference frame  

𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴 Operator reference frame  

𝑂𝑐,𝑖−𝑋𝑐,𝑖𝑌𝑐,𝑖𝑍𝑐,𝑖 Cart reference frame  

𝑂ℎ−𝑋ℎ𝑌ℎ𝑍ℎ IRH reference frame  

𝑂𝐻−𝑋𝐻𝑌𝐻𝑍𝐻  Hand reference frame  

𝑂𝑝−𝑋𝑝𝑌𝑝𝑍𝑝 Platform reference frame  

𝒑 Pose vector of A1 and A2, 𝒑 = {𝑥1, 𝑦1, 𝜙1, 𝑥2, 𝑦2, 𝜙2}𝑇   

𝑝1 Lead of screw pairs B1-C1 and B2-C2 of VEMOPAM [mm/r] 

𝑝2 Lead of screw pair B3-C3 of VEMOPAM [mm/r] 

𝒑𝑎,𝑖 Actual pose of A1 and A2, 𝒑𝑎,𝑖 = ร𝑥𝑎,𝑖, 𝑦𝑎,𝑖, 𝜙𝑎,𝑖ฤ
𝑇   

𝒑𝑖 Planned pose of A1 and A2, 𝒑𝑖 = {𝑥𝑖, 𝑦𝑖, 𝜙𝑖}
𝑇   

𝒑ini Initial pose vector of A1 and A2, 

𝒑ini = {𝑥10, 𝑦10, 𝜙10, 𝑥20, 𝑦20, 𝜙20}𝑇  

 

𝒑tar Target pose vector of A1 and A2, 

𝒑tar = {𝑥1𝑡, 𝑦1𝑡, 𝜙1𝑡, 𝑥2𝑡, 𝑦2𝑡, 𝜙2𝑡}
𝑇  

 

𝒒 Pose vector of platform of VEMOPAM,  

𝒒 = ร𝑥, 𝑦, 𝑧, 𝜙𝑥, 𝜙𝑦, 𝜙𝑧ฤ
𝑇  

 

𝒒 
𝑎  Position vector of IRH with respect to 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎, 

𝒒 
𝑎 = { 𝑥 

𝑎 , 𝑦 
𝑎 , 𝑧 

𝑎 }𝑇  

 

𝒒 
𝑎

𝑡 Position vector of target with respect to 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎, 

𝒒 
𝑎

𝑡 = { 𝑥 
𝑎

𝑡, 𝑦 
𝑎

𝑡, 𝑧 
𝑎

𝑡}
𝑇  

 

𝒒 
𝐴  Position vector of operator’s hand with respect to 

𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴 

 



𝒒ini Initial pose vector of platform of VEMOPAM, 

𝒒ini = ร𝑥0, 𝑦0, 𝑧0, 𝜙𝑥0, 𝜙𝑦0, 𝜙𝑧0ฤ
𝑇  

 

𝒒tar Target pose vector of platform of VEMOPAM, 

𝒒tar = ร𝑥𝑡, 𝑦𝑡, 𝑧𝑡, 𝜙𝑥𝑡, 𝜙𝑦𝑡, 𝜙𝑧𝑡ฤ
𝑇  

 

𝑟 Radius of drive wheels of A1 and A2 [mm] 

𝒓 
𝑎

ℎ Posture matrix of IRH with respect to 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎, 

𝒓 
𝑎

ℎ = ร 𝒓 
𝑎

𝑥, 𝒓 
𝑎

𝑦, 𝒓 
𝑎

𝑧ฤ
𝑇  

 

𝒓 
𝑎

ℎ𝑡 Posture matrix of target with respect to 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎, 

𝒓 
𝑎

ℎ𝑡 = ร 𝒓 
𝑎

𝑥𝑡, 𝒓 
𝑎

𝑦𝑡, 𝒓 
𝑎

𝑧𝑡ฤ
𝑇  

 

𝒓 
𝐴

𝐻  Posture matrix of operator’s hand with respect to 

𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴 

 

𝑟𝑐 Radius of sector path generated in second step of FSPP 

method 

[mm] 

𝑻𝑞 , 𝑻𝑟 Matrices for reference frame transformation, given by Eq. 

(3.2) 

 

𝑣0 Rated translational velocity of A1 and A2 [mm/s] 

𝑣1, 𝑣2 Translational velocities of A1 and A2 [mm/s] 

𝑤 Distance between CP of A1 or A2 and touchdown point of its 

drive wheel 

[mm] 

{𝑥, 𝑦, 𝑧} Position of platform of VEMOPAM with respect to 𝑂−𝑋𝑌𝑍 [mm] 

ร𝑥𝑎,𝑖, 𝑦𝑎,𝑖ฤ Actual positions of A1 and A2 with respect to 𝑂−𝑋𝑌𝑍 [mm] 

ร𝑥𝑒,𝑖, 𝑦𝑒,𝑖ฤ Differences between planned and actual positions of A1 and 

A2 with respect to 𝑂𝑐,𝑖−𝑋𝑐,𝑖𝑌𝑐,𝑖𝑍𝑐,𝑖 

[mm] 

{𝑥𝑖, 𝑦𝑖} Planned positions of A1 and A2 of VEMOPAM with respect 

to 𝑂−𝑋𝑌𝑍 

[mm] 

𝑧con Constant [mm] 

𝛼 Viewpoint angle [rad] 

∆𝜙1, ∆𝜙2 Turnabout angles of A1 and A2 before first step of FSPP 

method 

[rad] 

∆𝜙3 Turnabout angle of A1 and A2 before second step of FSPP 

method 

[rad] 

∆𝜙4 Central angle of sector path generated in second step of FSPP 

method 

[rad] 

∆𝜙5 Turnabout angle of A1 and A2 before third step of FSPP 

method 

[rad] 

∆𝜙6 Angle of rotation of A1 in third step of FSPP method [rad] 

∆𝜙7, ∆𝜙8 Angles of rotation of A1 and A2 in fourth step of FSPP 

method 

[rad] 



𝜙10, 𝜙20 Initial angles of rotation of A1 and A2, given by Eq. (2.13) [rad] 

𝜙𝑎,𝑖 Actual angles of rotation of A1 and A2 of VEMOPAM with 

respect to 𝑂−𝑋𝑌𝑍 

[rad] 

𝜙𝑒,𝑖 Differences between planned and actual angles of rotation of 

A1 and A2 with respect to 𝑂𝑐,𝑖−𝑋𝑐,𝑖𝑌𝑐,𝑖𝑍𝑐,𝑖 

[rad] 

𝜙𝑖 Planned angles of rotation of A1 and A2 of VEMOPAM with 

respect to 𝑂−𝑋𝑌𝑍 

[rad] 

ร𝜙𝑥, 𝜙𝑦, 𝜙𝑧ฤ Orientation angles (yaw, pitch, and roll) of platform of 

VEMOPAM with respect to 𝑂−𝑋𝑌𝑍 (defined in section 

2.2.II) 

[rad] 

𝜔0 Rated rotational velocity of A1 and A2 [rad/s] 

𝜔1, 𝜔2 Rotational velocities of A1 and A2 [rad/s] 

𝜔𝑙,𝑖, 𝜔𝑟,𝑖 Rotational speeds of left and right drive wheels of A1 and A2 [rad/s] 
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CHAPTER 1  
General Introduction 

1.1   BACKGROUND AND MOTIVATION 

With declining birthrates and aging populations, labor shortages are becoming serious in many 
countries. In recent decades, a variety of robots have been introduced into factories and warehouses 
to replace repetitive manual labor. Fig. 1.1 shows a diagrammatic sketch of a conventional automated 
production line. This production line has many objects (i.e., the parts, products, and jigs) transported 
using a transportation system with a belt or roller conveyor, and processed using several fixed robots. 
However, some problems in such a production line have not yet been solved: i) with each upgrade of 
the products, in response to changes in the sizes, shapes, and weights of the parts and products, the 
production line must be frequently redesigned and reassembled, including changing the positions of 
the robots, adjusting the parameters of the transportation system; ii) even if only one robot on the 
production line fails, the whole line must be paused to repair it; iii) the layout of the production line 
is necessary to be properly arranged to adapt itself to the complicated factory environment, especially 
if the production line is long. 

Modularized automated production lines consisting of multiple mobile robots can effectively 
avoid the above problems. Manipulators mounted on a mobile base, called mobile manipulators (see 
Fig. 1.2), have a high degree of freedom (DOF) and a wide working range [5, 6], and therefore they 

 

SCARA robot
(YK-XE Series, Yamaha Motor Co., Ltd.)

Gantry robot
(TT Series, IAI Robot Co., Ltd.)

Vertical articulated robot
(YA Series, Yamaha Motor Co., Ltd.)

Conveyor system
(VBL, Okura Yusoki Co., Ltd.) Parts, products and jigs

Parts from feeders

 

Fig. 1.1 Example of an automated production line with several fixed robots and a belt conveyor system [1−4]. 

 
Open-loop 
manipulator

Mobile base

 

Closed-loop manipulator

Mobile base

 

(a) Mobile serial manipulator (MSM). (b) Mobile parallel manipulator (MPM). 

Fig. 1.2 Mobile manipulators. 
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are expected to be applied in modularized production lines. Fig. 1.2(a) shows a mobile base equipped 
with an open-loop manipulator, named mobile serial manipulator (MSM). Many MSMs have been 
provided for various purposes [10−12], such as industrial production [7], education [8], human supporting 
[9], etc. Open-loop mechanisms have a large working range and high operational flexibility, and thus 
MSMs are expected to be used for complicated and dexterous tasks in industrial sites (e.g., screw 
tightening and soldering) or in daily life (e.g., loading and unloading of objects). On the other hand, 
Fig. 1.2(b) shows a mobile base equipped with a closed-loop manipulator, named mobile parallel 
manipulator (MPM). Since the stiffness and positioning accuracy of closed-loop mechanisms are 
known to be higher than those of open-loop mechanisms, MPMs are better at the tasks of transporting 
and positioning heavy objects. 

 Figure 1.3 shows an example of a modularized production line in which the above-described 
MSMs and MPMs are used. As shown in this figure, some MPMs move in a line formation to 
transport objects from a feeding system to specified workstations; each workstation has an MSM 
process and assemble the parts and products. The MSMs can move to a specified position to change 
its end-effector (e.g., pneumatic robotic hands, screw tightening and soldering machines) so that they 
can perform various tasks. Compared with the conventional production lines shown in Fig. 1.1, such 
a modularized production line has three advantages: i) even if the sizes, shapes, and weights of the 
transported objects are changed, the use of mobile manipulators makes complicated redevelopments 
of the production line unnecessary, which reduces the redevelopment and reassembly cost; ii) a faulty 
mobile manipulator can be immediately replaced by another one, the capacity utilization rate of the 
entire production line can be thus maintained high; iii) the layout of the whole production line can 
be flexibly arranged regardless of factory environment. 

 

Fig. 1.3 Modularized automated production line. 

 

 
Fig. 1.4 Topics for further popularization of mobile manipulators. 
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The mobile manipulators described above have some unsolved problems. First, if multiple 
mobile manipulators are used in a production line, the higher the cost of one mobile manipulator, the 
higher the manufacturing cost of the whole production line. Second, if mobile manipulators are used 
for complex tasks, the operations of them may be difficult. In the future, mobile manipulators are 
also expected to be used by ordinary people in daily life, it is therefore required that even novice 
operators can easily operate them. Hence, this thesis aims to further popularize mobile manipulators, 
and focuses on the cost reduction of mobile manipulators and simple operation methods for novice 
operators. Three research topics shown in Fig. 1.4, including two current topics and one future topic, 
are considered in this thesis: 

1) Current research topic one: how to reduce the number of motors in a mobile manipulator 
without reducing its DOFs. Lower cost of mobile manipulators can be realized by reducing 
the number of motors used in them. This research proposes a novel MPM with fewer motors 
than the conventional MPMs, analyzes its kinematics, and presents a path planning method 
for it. 

2) Current research topic two: in order to spread the use of mobile manipulators to more people, 
easier robot operation methods are needed for novice operators. Especially, operating a 
mobile manipulator is considered to be more difficult than operating a fixed robot, since the 
viewpoint from the operator relative to the robot may be frequently changed. This research 
proposes an evaluation system to investigate the influence of viewpoint change on different 
operation methods and clarifies the influence. 

3) Future research topic: with the body motion-based leader-follower operation method, it is 
considered that the more body parts the operator uses, the more kinds of operations he/she 
can perform. This research focuses on human lower limbs, proposes an operation device, and 
evaluates the effectiveness and operability of the robot operation method using lower limbs. 

1.2   CURRENT TOPIC ONE: HOW TO REDUCE MOTORS USED IN MOBILE 

MANIPULATORS WITHOUT REDUCING THEIR DOFS (A NOVEL 

MOBILE PARALLEL MANIPULATOR) 

Current topic one discusses how to reduce motors used in an MPM without reducing its DOFs. 
To date, various sorts of parallel mechanisms that can be used in MPMs have been developed. Stewart 
presented a parallel flight simulator (see Fig. 1.5) in which a top platform was supported and moved 
using six linear actuators [13]. This mechanism, called the Stewart platform, is well known as one of 
the typical parallel mechanisms. Arai studied the isotropy of forces and moments occurred in the 
Stewart platform based on the statics [14]. When analyzing the dynamics of a Stewart platform using 
a Jacobian matrix, it is unnatural to deal with the forces and moments together since their dimensions 
are different. Kosuge et al. described how to separately deal with the forces and moments to eliminate 
this unnaturalness [15]. Lebert et al. derived an equation of motion (EOM) for a Stewart-platform-
based manipulator used for milling process, and developed a stable control system for it [16]. Dasgupta 
and Mruthyunjaya formularized the EOM for a rigid Stewart platform using Newton-Euler method, 
and modelled all unknowns (e.g., inertia force, centripetal force, Coriolis force, gravity, and friction) 
[17, 18]. Liu et al. discussed how to derive a forward kinematic equation for a Stewart platform using 
Kane’s method [19]. Such Stewart platforms have been fixed on a mobile robot to develop MPMs; 
and the dynamics [20] and acceleration compensation [21, 22] have been studied. Besides, MPMs with 
other types of parallel mechanisms have also been constructed. Yamawaki et al. proposed a MPM 
that could climb steps and lift objects upward by transformations of 4R or 5R parallel linkages [23]. 
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Li et al. proposed a mobile robot on which a DELTA parallel manipulator was fixed [24]. However, 
as shown in Fig. 1.6, if an MPM has a parallel mechanism and an omnidirectional mobile base 
separately actuated, more than six motors must be used to realize the 6-DOF spatial motions of the 
platform and the 3-DOF planar motions of the mobile base, which may lead to kinematic redundancy. 
In addition, the more motors used in a mobile manipulator, the higher its cost of developing and 
deployment. It is therefore desired to reduce the number of motors. 

An MPM that has fewer motors than the above-mentioned MPMs has been proposed [26, 28]. As 
shown in Fig. 1.7(a), this MPM is composed of a platform and three limbs; one end of each limb is 
connected to a 2-DOF locomotion unit via a spherical joint, and the other end is connected to the 
platform via a revolute joint. With the screw theory, an instantaneous Jacobian matrix for such three-
limb MPMs has been derived [27], and a type synthesis method for them has been discussed [32]. Ben-
Horin et al. developed some three-limb MPMs shown in Fig. 1.7(b) and examined their kinematic 
and dynamic performance by several experiments [29−31]. Besides, Terakawa et al. proposed a novel 
slidable-wheeled mobile base which was also applicable for the three-limb MPMs [33, 34].  

Although each locomotion unit in a three-limb MPM has only two kinematic DOFs under the 
nonholonomic constraint, it has three geometric DOFs. Therefore, it is theoretically possible to set 
the 6-DOF pose (i.e., the position and orientation) of the MPM with only two locomotion units. This 
thesis proposes a novel MPM with only two locomotion devices, named VErsatile MObile PArallel 
Manipulator (VEMOPAM). These two locomotion devices are connected to a platform through a 
parallel mechanism. Compared with the conventional three-limb MPMs, the proposed mechanism 
has a total of four motors, which makes it possible to further reduce the number of motors. In addition, 
whereas a three-limb MPM has multiple loops in its parallel structure, VEMOPAM has only one loop 
and thus occupies a smaller area. Therefore, VEMOPAM is considered to be more economical and 
practical than the conventional MPMs. Detailed descriptions and analyses of VEMOPAM will be 
given in the following chapters. 

  

 
 

Fig. 1.5 Stewart platform. Fig. 1.6 MPM with a parallel mechanism fixed on a mobile base [25].

  

  
(a) Structure of a three-limb MPM. (b) Some developed three-limb MPMs [29, 31, 35, 36]. 

Fig. 1.7 Three-limb MPMs. 
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1.3   CURRENT TOPIC TWO: EASIER OPERATION METHODS OF MOBILE 

MANIPULATORS FOR NOVICE OPERATORS (VIEWPOINT CHANGES IN 

ROBOT OPERATION) 

Before employing mobile manipulators, the desired motion commands must be taught to them 
[85]. Conventionally, as shown in Fig. 1.8, a teaching pendant (TP) with multiple buttons is used to 
conduct this teaching [86]. However, when teaching complicated movements to a multi-DOF mobile 
manipulator, it has been reported that the more complicated the movements, the longer the operation 
time of TP, and the less accurate the button operations tend to be [87]. Especially, as described 
previously, MSMs are generally used for complex and dexterous works, thus the button operations 
for MSMs are considered to be more difficult than those for MPMs. Moreover, as mobile 
manipulators will also be increasingly used as life-supporting devices in the future, it can be expected 
that they will frequently be operated by novices who are unfamiliar with the operation method, 
making easier operation methods essential [88]. 

As an alternative to the TP method, many methods in which the operation commands of robots 
and machines are taught based on the movement of the operator’s upper limb have been studied [89−95]. 
Two main types of operation methods have been proposed in the previous research. One is to operate 
the robots by associating specific operation commands with recognized hand gestures. Hu et al., for 
example, proposed a new teleoperation method in which seven kinds of commands respectively 
corresponded to seven kinds of hand gestures [96]. Miadlicki and Pajor considered a way to control 
various machines, e.g., CNC milling machines, by detecting specific hand gestures using Microsoft 
Kinect [97]. The second type, called “leader-follower” (formerly also called “master-slave”) operation 
method (see Fig. 1.8), has the robot reproduce movements similar to human hand poses. Hameed et 
al. proposed a method utilizing Leap Motion to make a robotic hand imitate human hand postures 
[98]. Du et al. used Kinect to track movements of upper limbs and described how one could manipulate 
a robot using comfortable hand postures [99]. Leader-follower teleoperation systems and control 
methods have been presented for heavy construction machines [101−106]. Some other leader-follower 
operation methods, such as digital-twin-based [107] and virtual-reality-based [108] methods, have also 
been proposed. 

Compared with the conventional robot operation method using a TP (button-based method), the 
above body motion-based leader-follower operation method (body motion-based method) can be 
used to implement intuitive implement intuitive operations, their operability are thus considered to 
be high, especially for novice operators. However, since many devices (motion capture systems, 
operation screens, etc.) are needed for the construction of the body motion-based operating 

Mobile manipulator

Teaching pendant (TP)
JZRCR-APP01-1, YASKAWA Electric Co.

Human hand

Button-based operation

Body motion-based 
operation

 
Fig. 1.8 Body motion- and button-based operation methods. 
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environment, the cost of the body motion-based interfaces is generally higher than that of the button-
based interfaces. Komori et al. developed an operability evaluation system using a 3D motion capture 
system and compared the performance of the body motion- and button-based operation methods [100], 
by which the selection of the operation method based on the quantitative evaluation of cost 
performance becomes possible. 

In the previous studies, it has been assumed that the operator’s viewpoint relative to the operated 
robot was fixed during operating. Nevertheless, as shown in Fig. 1.9(a), if an operator sitting on a 
fixed chair operates a mobile manipulator using a body motion-based operation device, due to the 
motions of this mobile manipulator, the operator may observe that the relative pose of the leader 
device fixed on his/her hand is often different from that of the manipulator (follower device), which 
can mean frequent changes in the operator’s viewpoint. Fig. 1.9(b) exemplifies the effect of 
viewpoint changes. If the operator moves his/her hand in the front direction (𝑌  direction), he/she 
can observe that the front and movement directions of his/her hand are the same. However, in the 
operator’s eyes, since the reference frames respectively fixed on the hand and the robot are non-
uniform, the front and movement directions of the manipulator become different. Such viewpoint 
changes can also occur when other kinds of operation methods, including the button-based method, 
are used. It is considered that viewpoint changes have different effects on different operation methods. 
Therefore, this thesis proposes an evaluation system which can be utilized to uniformly evaluate the 
influence of viewpoint changes on various robot operation methods, and investigates the differences 
between the body motion- and button-based methods using the proposed evaluation system. 

1.4   FUTURE TOPIC: EXPANDING POSSIBILITIES OF BODY PARTS USED 

FOR ROBOT OPERATIONS (ROBOT OPERATION USING LOWER LIMBS) 

Upper limbs in human (e.g., arms, hands, and fingers) are often used for manipulating objects. 
With the conventional leader-follower teleoperation devices, an operator can use his/her arms to 
change the 6-DOF pose of a mobile manipulator. Additionally, he/she can use his/her fingers to 
manipulate an end-effector (e.g. a gripper). That is, the more body parts the operator uses during the 
operation, the more kinds of robot operations he/she can perform. If the operator’s body parts other 
than the upper limbs, such as the lower limbs, are also used, he/she is considered to be able to finish 
more complicated operations. 

  
(a) An operator sitting on a fixed position is operating 

a moving manipulator. 

(b) An operator is observing a moving manipulator 

and his hand. 

Fig. 1.9 Viewpoint change in mobile manipulator teleoperations 
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Lower limbs in human (e.g., legs, feet, and toes) are mainly employed for walking, kicking, and 
stepping; they are rarely used for complex manipulations. Although human lower limbs are often 
moved with a slower speed than upper limbs, they also have multiple DOFs similar to upper limbs. 
Therefore, lower limbs are expected to play a new role for the future operation methods of robots. 
Some studies have researched and developed operation devices that utilize lower limbs. Matsuda et 
al. developed a projection-type I/O interface in which the screen, which was projected onto the floor 
from a projector fixed on the operator’s chest, could be operated by the feet [139]. Fukahori et al. 
developed an operation device using the pressure applied on some specific positions of the soles [140]. 
Yamamoto et al. proposed an operation device that tracked the foot movements of a jogger through 
sensors attached to the shoes and generated four different operation commands [141]. In recent years, 
several studies have been conducted on recognition methods for foot gestures, such as kicking and 
striking [142], and PC operation devices utilizing such gestures have been developed [143]. An operation 
method based on ankle angles which were measured by a motion capture system has also been 
proposed [144]. Komori et al. experimentally investigated the characteristics of foot movements 
during operation and proposed a method to compensate errors of foot motions [145]. Besides, Kume 
et al. presented a double-foot-type computer mouse and evaluated the accuracy and efficiency of 
pointing operations of human toes [146]. 

As described above, a variety of operation devices using the motions of legs and feet have been 
developed. However, operation devices using toes have rarely been proposed. And, the operability 
and movement characteristics of toes when they are used for robot operations have not yet been 
available. Therefore, this thesis proposes an operation device utilizing the flexions and extensions of 
toes, surveys the operability when one or two toes are used, and compares the operability of toes and 
fingers. 

1.5   OVERVIEW OF THESIS 

This thesis focuses on the above three topics and shows the research results in the following 
chapters. A brief overview of this thesis is given as follows: 

Chapter 2 shows the structure of the proposed MPM. A Jacobian matrix is obtained based on the 
inverse kinematics of the proposed mechanism. A singularity analysis is also conducted using the 
derived Jacobian matrix. Then, a path planning method and a path tracking control method for this 
mechanism are presented. Moreover, an experimental prototype is constructed to experimentally 
verify the validity of the proposed mechanism and methods. 

Chapter 3 includes the proposition of an evaluation system for evaluating the operability of the 
body motion- and button-based operation methods involving with viewpoint changes. Taking the 
operation times and the numbers of trial-and-errors as the main evaluation indices of these two 
methods, this chapter investigates their operability by several experiments. 

Chapter 4 focuses on the development of an operation device which is operated by human toes. 
Several experiments are conducted to demonstrate the potential of this device in position operations. 
Based on the experimental results, the operation times of the toes and fingers, the great toes and long 
toes, and the one-toe/finger and two-toe/finger operations are compared. 

Chapter 5 summarizes the conclusions in each chapter and discusses the future research. 
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CHAPTER 2  
A Mobile Parallel Manipulator and Its Path Planning 

2.1   INTRODUCTION 

As have been explained, the more motors used in a mobile manipulator, the higher its cost. Some 
kinds of mobile manipulators, such as three-limb MPMs, have their work manipulator and mobile 
base driven by the mutual motors, which makes the number of the motors of these robots is smaller 
than that of the conventional MPMs. However, because of the movements of the three locomotion 
devices used in a three-limb mobile manipulator, the occupied area of this mobile manipulator may 
become very large. 

This chapter proposes a novel MPM, named VEMOPAM, which is composed of two 2-DOF 
nonholonomic locomotion devices, a single-loop parallel transmission mechanism (SLPTM), and a 
top platform. By moving the two locomotion devices, VEMOPAM can change the 6-DOF pose of 
the top platform. The two locomotion devices are driven by a total of four motors, which makes the 
number of motors smaller than the DOF of the platform. This realizes the reduction of motors, leading 
to a lower development cost than the conventional MPMs. Moreover, compared with the three-limb 
MPMs, VEMOPAM has a smaller occupied area since it has only two locomotion devices connected 
with the SLPTM.  

Figure 2.1 shows some kinds of 2-DOF locomotion devices, each of which has three geometric 
DOFs and two kinematic DOFs. In these devices, one of the three geometric DOFs is constrained by 
the nonholonomic constraint, and the other two are actuated by two motors. Fig. 2.1(a) shows a 
steerable cart with an active caster. Two driving motors are used to control the straight and steering 
movements of the caster wheel, respectively [37−39]. Fig. 2.1(b) shows a cart with an active omni 
wheel. One motor is used to rotate this wheel, and the other motor is used to rotate the rollers on the 
circumference of this wheel [40, 41]. Other types of vehicles, such as Mecanum-wheel-drive [42, 43] and 
spherical-wheel-drive [44] vehicles, have also been developed. Compared with these movement 
devices, two-wheel-drive (2WD) carts that are driven by two independent wheels [see Fig. 2.1(c)] 
have a simpler structure and can be easily controlled; two 2WD cats are thus utilized as the 
locomotion units of VEMOPAM.  

The SLPTM in VEMOPAM, which consists of three screw pairs, some rigid rods and revolute 
joints, is used to transmit the 2-DOF planar motions of the 2WD carts to the top platform. Dynamic 
models based on the Euler-Lagrange equation have been proposed for the dynamic analyses of 

 

   
(a) Active-caster-drive cart. (b) Omni-wheel-drive cart. (c) Two-wheel-drive cart. 

Fig. 2.1 Examples of 2-DOF nonholonomic movement devices. 
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mobile robots [45−47] as well as parallel mechanisms [48, 49]. Previous studies have also proposed 
various dynamic models for screw mechanisms [50−52]. However, the dynamic model of VEMOPAM 
established by these modelling methods is quite complex, it thus complicates the movement analysis 
of VEMOPAM. And, dynamics is considered to be especially effective for high-velocity motions, 
whereas this chapter mainly studies low-velocity motions of VEMOPAM, which can also be validly 
analyzed by kinematics. Thus, in this chapter, a kinematic model based on the geometric relations 
between the parts of VEMOPAM is constructed. Using this model, the kinematic characteristics of 
VEMOPAM are investigated and analyzed. The detailed descriptions of the structure and kinematic 
analysis of VEMOPAM are given in the following sections. 

To move the platform of VEMOPAM to any desired position and orientation, it is necessary to 
plan how to move the two 2WD carts. Since the 2WD carts are not movable in their lateral directions 
due to the nonholonomic constraints, an appropriate path planning method for such a nonholonomic 
mechanism is needed. To date, path planners for a mobile robot based on a variety of algorithms have 
been proposed [54−61]. For multi-mobile-robot systems, a coordinative path planning method based 
on a genetic algorithm has been presented [62, 63]. Applying and improving this coordinative path 
planning method, Kosuge et al. developed a decentralized coordinative transportation system with a 
nonholonomic mechanism [64−66]. Some other path planners and controllers, such as a path planner 
based on the recursive subdivision of the path [67] and a controller based on the decomposition of 
acceleration [68], have also been proposed. However, due to the complicated constraint conditions 
(e.g., the nonholonomic constraints and the strokes of the screw pairs) and unique structural 
characteristics (e.g., the singularities) of VEMOPAM, none of the above path planning methods can 
be used to optimize the paths of the two carts. In this chapter, a custom path planning method with 
four steps is presented for VEMOPAM. Although this method does not provide optimal paths for the 
carts, it can be easily realized with low computational cost because the paths can be planned without 
considering the complex constraint conditions of VEMOPAM. This chapter shows the features of 
this path planning method, and analyzes the motions of VEMOPAM in each step using simulations. 
Moreover, an experimental prototype of VEMOPAM is constructed to demonstrate the usefulness of 
the proposed mechanism and path planning method. 

2.2   PROPOSED NOVEL MOBILE PARALLEL MANIPULATOR 

This section shows the structure and motions of VEMOPAM. 

I.   Structure of Proposed Mobile Parallel Manipulator 

Figure 2.2(a) shows the structure of VEMOPAM. As shown in this figure, VEMOPAM has two 
2WD carts (A1 and A2), each of which has two drive wheels installed on the left and right sides, 
respectively, and two auxiliary wheels installed on the front and back sides, respectively, to maintain 
balance. The projected point of the midpoint between the two drive wheels on the floor is defined as 
the center point (CP) of the cart. Two screw shafts (B1 and B2) are respectively fixed on A1 and A2 
so that they can move together. The center axes of B1 and B2 pass through the CPs of A1 and A2, 
respectively. Screw shafts B1, B2, and B3, and screw nuts C1, C2, and C3 form three screw pairs; 
revolute joints D1 and D2 form two revolute pairs of the linkages; and revolute joint D3 forms a 
revolute pair of the linkages and the platform. Therefore, the motions of A1 and A2 are transmitted 
to the platform via a parallel mechanism, i.e., the SLPTM, which is composed of f three screw pairs 
(B1-C1, B2-C2, and B3-C3), and three revolute joints (D1, D2, and D3). 
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The number of geometric DOFs of VEMOPAM 𝑁dof  is calculated by Gruebler’s equation as 
follows: 

𝑁dof = 6ฝ𝑁link − 𝑁joint − 1พ +
ิ

𝑓𝑖

𝑁joint

𝑗=1

, (2.1)

where 𝑁link is the total number of links, 𝑁joint is the total number of joints, and 𝑓𝑖 indicates the 
number of DOFs of each joint. The mechanism of VEMOPAM has eight links; each of the joints 
between carts A1 and A2 and the floor has three geometric DOFs, and each of the other joints has 
one DOF. Therefore, 𝑁link = 8, 𝑁joint = 8, and ∑ 𝑓𝑖 = 2 × 3 + 6 × 1 = 12. From Eq. (2.1), it can 
be confirmed that VEMOPAM has six geometric DOFs (𝑁dof = 6). 

II.   Definitions of reference frames and pose 

To describe the pose of VEMOPAM, some reference frames are defined as shown in Fig. 2.2(b). 
𝑂−𝑋𝑌𝑍 is defined as a fixed frame, and 𝑂−𝑋𝑌  is the floor on which the carts move. Platform 
frame 𝑂𝑝−𝑋𝑝𝑌𝑝𝑍𝑝 is fixed at the platform. Axis 𝑌𝑝 coincides with the center axis of screw shaft 
B3. Two cart frames 𝑂𝑐,𝑖−𝑋𝑐,𝑖𝑌𝑐,𝑖𝑍𝑐,𝑖 are fixed to carts A1 and A2. Origins 𝑂𝑐,𝑖 are the CPs and 
correspond to the center of rotation of the carts. Axes 𝑋𝑐,𝑖 and 𝑌𝑐,𝑖 are respectively the forward and 
left lateral directions of the carts. Axes 𝑍𝑐,1 and 𝑍𝑐,2 coincide with the center axes of screw shafts 
B1 and B2, respectively. In this chapter, the subscript 𝑖 = 1 and 2 is used to represent A1 and A2, 
respectively. 

With respect to 𝑂−𝑋𝑌𝑍, the position of the platform is defined by the position {𝑥, 𝑦, 𝑧} of 𝑂𝑝. 
The orientation of the platform is represented using three angles of rotation around axes 𝑋𝑝, 𝑌𝑝, and 
𝑍𝑝 , i.e., yaw 𝜙𝑥 , pitch 𝜙𝑦 , and roll 𝜙𝑧 , respectively. We define the reference orientation of the 
platform to be 𝜙𝑥 = 𝜙𝑦 = 𝜙𝑧 = 0 (i.e., the directions of 𝑋𝑝, 𝑌𝑝, and 𝑍𝑝 are respectively the same 
as those of 𝑋, 𝑌 , and 𝑍). After the platform is rotated about the three axes in the order of 𝑍𝑝, 𝑋𝑝, 
and 𝑌𝑝, it changes from the reference orientation to the current orientation, and 𝜙𝑥, 𝜙𝑦, and 𝜙𝑧 
become the current values. On the other hand, with respect to the floor 𝑂−𝑋𝑌 , the positions of carts 
A1 and A2 are defined by the positions of 𝑂𝑐,𝑖 which are represented as {𝑥𝑖, 𝑦𝑖}. And the angles of 
rotation of A1 and A2 with respect to 𝑂−𝑋𝑌  are represented as 𝜙𝑖. Similarly, the subscript 𝑖 =

1 and 2 is used to represent A1 and A2, respectively. 

Platform

𝑋௣
𝑌௣

𝑍௣

𝑂௣

A1

B1
B2

B3

C1

C2

C3

D1
D2

D3

𝑙ଵ
𝑙ଶ 𝑙ଷ

𝑋௖,ଵ 𝑌௖,ଵ

𝑍௖,ଵ

𝑂௖,ଵ

𝑋௖,ଶ

𝑌௖,ଶ

𝑍௖,ଶ

𝑂௖,2

A2

𝑙ଵ

𝑙௦
𝑙ଶ

A1, 2    : Cart
B1, 2, 3: Screw shaft    
C1, 2, 3: Screw nut
D1, 2, 3: Revolute joint

Top view of cart

Center
point

𝑟
𝑤

Drive wheel𝑋 𝑌

𝑍

𝑂 Auxiliary wheel

Platform

𝑋௣ 𝑌௣

𝑍௣

𝑂௣ 𝑥, 𝑦, 𝑧

𝜙௫ 𝜙௬

𝜙௭

𝑋௖,௜ 𝑌௖,௜

𝑍௖,௜

𝑂௖,௜ 𝑥௜, 𝑦௜

𝜙௜

 

(a) Structure and reference frames. (b) Definitions of poses. 

Fig. 2.2 Proposed VEMOPAM. 
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III.   Movements of Carts and Platform 

As shown in Fig. 2.3, the pose ร𝑥, 𝑦, 𝑧, 𝜙𝑥, 𝜙𝑦, 𝜙𝑧ฤ of the platform can be controlled by moving 
A1 and A2. Fig. 2.3(a)−(c) show that {𝑥, 𝑦, 𝑧} is changed if A1 and A2 translate or rotate with the 
same direction and velocity; Fig. 2.3(d) shows that 𝜙𝑥 is changed if nuts C1 and C2 move vertically 
with different velocities; Fig. 2.3(e) shows that 𝜙𝑦 is changed due to the screw motions of screw 
pair B3-C3; Fig. 2.3(f) shows that 𝜙𝑧 is changed if A1 and A2 revolve in concentric circles. 

The movement shown in Fig. 2.3(e), i.e., the change of 𝜙𝑦, is considered to be extremely difficult 
if B3-C3 has a small lead. For example, if the lead of B3-C3 is 20 mm/r, even a small error of 1 mm 
in the linear motion of nut C3 in 𝑌𝑝 would cause an 18° deviation of 𝜙𝑦. This is a drawback of this 
mechanism. This study addresses this problem by using a speed reducer when realizing a prototype 
of VEMOPAM. The details are described in Section 2.6-I. 

2.3   KINEMATICS OF VEMOPAM 

Prior to the discussion of the path planning method, this section analyzes the kinematics of 
VEMOPAM to clarify its motion conditions. 

I.   Inverse Kinematics 

For parallel mechanisms, inverse kinematics is easier than forward kinematics [14]. VEMOPAM 
is treated as a movable parallel mechanism and its inverse kinematics is thus considered. Under the 
assumptions that: i) the floor is flat and smooth; and ii) no vibrations or deformations occur in the 
vertical rigid shafts B1 and B2 during low-velocity movements, the following equations based on 
the definitions of the poses of the platform and carts A1 and A2 (see Section 2.2-II) are established 
to represent the geometric relations among the parts of VEMOPAM: 

𝑥1 = 𝑥 + 𝑙1 sin 𝜙𝑧 + 𝑙2 cos 𝜙𝑧 + 𝑙3 cos 𝜙𝑥 sin 𝜙𝑧 , 

𝑦1 = 𝑦 − 𝑙1 cos 𝜙𝑧 + 𝑙2 sin 𝜙𝑧 − 𝑙3 cos 𝜙𝑥 cos 𝜙𝑧 , 

𝜙1 = 𝜙𝑧 − 2𝜋(𝑧 − 𝑧con − 𝑙3 sin 𝜙𝑥) 𝑝1⁄ , 

𝑥2 = 𝑥 − 𝑙1 sin 𝜙𝑧 − 𝑙2 cos 𝜙𝑧 − 𝑙𝑠 cos 𝜙𝑥 sin 𝜙𝑧 , 

𝑦2 = 𝑦 + 𝑙1 cos 𝜙𝑧 − 𝑙2 sin 𝜙𝑧 + 𝑙𝑠 cos 𝜙𝑥 cos 𝜙𝑧 , 

𝜙2 = 𝜙𝑧 − 2𝜋(𝑧 − 𝑧con + 𝑙𝑠 sin 𝜙𝑥) 𝑝1⁄ , 

(2.2)

where 𝑙1, 𝑙2, 𝑙3, and 𝑙𝑠 are the lengths of the linkages (see Fig. 2.2), 𝑝1 is the lead of screw pairs 

 

Fig. 2.3 Basic movements of VEMOPAM: (a−c) 3-DOF translational movements and (d−f) 3-DOF rotational 

movements of platform. 
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B1-C1 and B2-C2, and 𝑧con is a constant. Appendix 1 shows the derivations of these equations. The 
value of 𝑙𝑠 varies depending on the screw motions of screw pair B3-C3: 

𝑙𝑠 = 𝑙𝑠con −
𝑝2𝜙𝑦

2𝜋
, (2.3)

where 𝑝2 is the lead of B3-C3, and 𝑙𝑠con is a constant. 

By rearranging Eq. (2.2), several equations describing the geometric features of VEMOPAM can 
be obtained. Eq. (2.4) can be derived by rearranging the first, second, fourth, and fifth equations of 
Eq. (2.2). 

(𝑥1 − 𝑥2) cos 𝜙𝑧 + (𝑦1 − 𝑦2) sin 𝜙𝑧 = 2𝑙2. (2.4)

Eq. (2.4) shows that the roll 𝜙𝑧 of the platform depends on only the relative position of the carts. 
The condition 𝑥1 − 𝑥2 = 𝑦1 − 𝑦2 = 0 (i.e., A1 and A2 collide with each other) is never satisfied as 
long as 𝑙2 > 0. In addition, Eq. (2.5) can be derived by rearranging the third and sixth equations of 
Eq. (2.2). 

𝜙1 − 𝜙2 =
2𝜋

𝑝1

(𝑙3 + 𝑙𝑠) sin 𝜙𝑥. (2.5)

Eq. (2.5) shows the relation between the difference in the angles of rotation of the carts (𝜙1 − 𝜙2) 
and the yaw 𝜙𝑥 and pitch 𝜙𝑦 of the platform. 

Differentiating Eq. (2.2) with respect to time yields Eq. (2.6). 

𝒑̇ = 𝑱 𝒒.̇ (2.6)

Here, 𝒑, 𝒒, and the Jacobian matrix 𝑱  are given in Eq. (2.7). 

𝒑 = {𝑥1, 𝑦1, 𝜙1, 𝑥2, 𝑦2, 𝜙2}𝑇 , 𝒒 = ร𝑥, 𝑦, 𝑧, 𝜙𝑥, 𝜙𝑦, 𝜙𝑧ฤ
𝑇 , 

𝑱 =

⎣
⎢
⎢
⎢
⎢
⎡
1 0 0
0 1 0
0 0 −2𝜋 𝑝1⁄
1 0 0
0 1 0
0 0 −2𝜋 𝑝1⁄ |

|
|
|
|
|
|

 

||
|
|
|
|
|
|−𝑙3 sin 𝜙𝑥 sin 𝜙𝑧 0 (𝑙1 + 𝑙3 cos 𝜙𝑥) cos 𝜙𝑧 − 𝑙2 sin 𝜙𝑧

𝑙3 sin 𝜙𝑥 cos 𝜙𝑧 0 (𝑙1 + 𝑙3 cos 𝜙𝑥) sin 𝜙𝑧 + 𝑙2 cos 𝜙𝑧
2𝜋𝑙3 cos 𝜙𝑥 𝑝1⁄ 0 1
𝑙𝑠 sin 𝜙𝑥 sin 𝜙𝑧 𝑝2 cos 𝜙𝑥 sin 𝜙𝑧 (2𝜋)⁄ −(𝑙1 + 𝑙𝑠 cos 𝜙𝑥) cos 𝜙𝑧 + 𝑙2 sin 𝜙𝑧

−𝑙𝑠 sin 𝜙𝑥 cos 𝜙𝑧 −𝑝2 cos 𝜙𝑥 cos 𝜙𝑧 (2𝜋)⁄ −(𝑙1 + 𝑙𝑠 cos 𝜙𝑥) sin 𝜙𝑧 − 𝑙2 cos 𝜙𝑧
−2𝜋𝑙𝑠 cos 𝜙𝑥 𝑝1⁄ 𝑝2 sin 𝜙𝑥 𝑝1⁄ 1 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

.

(2.7)

With the rolling-without-slipping condition for the carts, the nonholonomic constraints are 
expressed using Eq. (2.8). 

𝑮𝒑̇ = 𝟎. (2.8)

Here, 𝑮 is given in Eq. (2.9). 
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𝑮 = ๤
− sin 𝜙1 cos 𝜙1 0 0 0 0

0 0 0 − sin 𝜙2 cos 𝜙2 0๥. (2.9)

Substituting Eq. (2.6) into Eq. (2.8) yields the following equation, 

𝑮𝑱𝒒̇ = 𝟎. (2.10)

Eq. (2.10) shows the effect of the nonholonomic constraints on the movements of VEMOPAM. 

II.   Singular and Failure Configurations 

Parallel mechanisms have two kinds of singularities [53]. The first kind occurs when detฝ𝑱 −1
พ =

0, and the second kind occurs when det(𝑱 ) = 0. An analysis based on the obtained 𝑱  indicates that 
the first kind occurs when Eq. (2.11) is satisfied, and that the second kind does not exist for 
VEMOPAM. 

cos 𝜙𝑥 = −
2𝑙1

𝑙3 + 𝑙𝑠

. (2.11)

Fig. 2.4(a) shows that VEMOPAM falls into the second kind of singular configuration if the line of 
the CPs of the carts is normal to the projection of the center axis of screw shaft B3 on the floor. As 
shown in Fig. 2.4(b), with this singular configuration, if carts A1 and A2 are commended to move 
far away from each other, because the direction of the screw motion of B3-C3 is no longer 
constrained, the platform has two possible poses (A and B) after moving. Because the right-hand side 
of Eq. (2.11) is negative, this singularity does not occur if − 𝜋 2⁄ ≤ 𝜙𝑥 ≤ 𝜋 2⁄ . 

The above analysis was performed based on the premise that the axes of rotation of revolute 
joints D1 and D2 are always parallel due to the structural constraints of VEMOPAM. However, as 
shown in Fig. 2.5, when the center axis of screw shaft B3 becomes perpendicular to the floor (i.e., 

 

Top view

(a) (b) Pose A

Pose B

A2

A2

A1

A1

C1

C2
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C2
CP of A2
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Fig. 2.4 Singularity analysis results for VEMOPAM: (a) singular configuration and (b) motions in this 

configuration. 
 

𝑋௣

𝑌௣

𝑍௣

𝑂௣ Top view

 

Fig. 2.5 Failure configuration for VEMOPAM. 
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𝜙𝑥 = ± 𝜋 2⁄ ), the constraint condition for VEMOPAM changes. At this instant, if the carts revolve 
about the center axis of B3, the parallelism of D1 and D2 cannot be maintained, and the geometric 
relations represented by Eq. (2.2) no longer hold. In this chapter, this configuration is referred to as 
the failure configuration. 

From the above analysis, it was confirmed that is 𝜙𝑥  is limited to be − 𝜋 2⁄ < 𝜙𝑥 < 𝜋 2⁄  , 
VEMOPAM can avoid the singular and failure configurations, and that the pose of the platform has 
a one-to-one correspondence with the poses of carts A1 and A2. On the other hand, since the 
workspace of the platform is limited due to the strokes of the screw pairs (as described below), the 
first kind of singular configuration may occur if the platform reaches the boundary of its workspace. 
Based on these analysis results, a path planning method is proposed for the two carts in the next 
section. 

III.   Workspace 

Using the parameters of VEMOPAM given in Table 2.1, this section analyzes the workspace of 
its platform based on the above kinematic analysis. Fig. 2.6 shows the analysis result of workspace. 
As shown in this figure, the platform can move freely in the axes 𝑋 and 𝑌 , and can rotate about 
the axis 𝑍, its displacements 𝑥, 𝑦, and 𝜙𝑧 can be moved without limitation. However, the changes 

 

Fig. 2.6 Paths of carts and motions of platform in first step of path planning. 

 

 

Fig. 2.7 Movable range of 𝑧 if (a) 𝜙𝑥 = 0° and (b) 𝜙𝑥 = 90°. 
 

 
Table 2.1 Parameters for VEMOPAM. 

Symbol 𝑙1 𝑙2 𝑙3 𝑙𝑠 𝑙𝑠con 𝑧con 
Value 42 150 71.5 266±95 266 542.5 
Unit mm mm mm mm mm mm 

Symbol 𝑝1 𝑝2 𝑟 𝑤 𝑣0 𝜔0 
Value 20 160 62.5 99.5 75 0.38 
Unit mm/r mm/r mm mm mm/s rad/s 
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of the other three DOFs of the platform, i.e., 𝑧 , 𝜙𝑥 , and 𝜙𝑦 , are restricted due to the structural 
constraints of VEMOPAM (e.g., the strokes of the screw pairs). As shown in Figs. 2.6 and 2.7, the 
yaw 𝜙𝑥 of the platform has a significant effect on the movable range of its vertical displacement 𝑧. 
If 𝜙𝑥 is 0° [see Fig. 2.7(a)], the movable range of 𝑧, i.e., 𝑙𝑧1 + 𝑙𝑧2, only depends on the stroke of 
screw pairs B1-C1 and B2-C2. However, if 𝜙𝑥 is close to 90° [see Fig. 2.7(b)], the movable range 
of 𝑧 does not only depend on the stroke of B1-C1 and B2-C2, but also depends on the movement 
of B3-C3, which is determined by the value of 𝜙𝑦. 

2.4   PATH PLANNING FOR CARTS 

In this section, a path planning method for carts A1 and A2 of VEMOPAM is presented. Vectors 
𝒒ini and 𝒒tar are used to respectively represent the initial and target poses of the platform. 

𝒒ini = ร𝑥0, 𝑦0, 𝑧0, 𝜙𝑥0, 𝜙𝑦0, 𝜙𝑧0ฤ
𝑇 , 

𝒒tar = ร𝑥𝑡, 𝑦𝑡, 𝑧𝑡, 𝜙𝑥𝑡, 𝜙𝑦𝑡, 𝜙𝑧𝑡ฤ
𝑇 . 

(2.12)

Substituting Eq. (2.12) into Eq. (2.2) yields vectors 𝒑ini and 𝒑tar , which respectively represent the 
initial and target poses of A1 and A2. 

𝒑ini = {𝑥10, 𝑦10, 𝜙10, 𝑥20, 𝑦20, 𝜙20}𝑇 , 

𝒑tar = {𝑥1𝑡, 𝑦1𝑡, 𝜙1𝑡, 𝑥2𝑡, 𝑦2𝑡, 𝜙2𝑡}
𝑇 . 

(2.13)

When A1 and A2 reach their target poses, the platform also reaches its target pose. However, 
with the nonholonomic constraints, the six outputs of VEMOPAM, i.e., the 6-DOF pose of the 
platform ร𝑥, 𝑦, 𝑧, 𝜙𝑥, 𝜙𝑦, 𝜙𝑧ฤ, cannot be simultaneously controlled by the four inputs, i.e., the speeds 
of the drive wheels of the carts. Our solution is to divide the path planning process into several steps. 
In each of the steps, fewer than four outputs are changed; the other outputs are fixed by the structural 
constraints. After the final step, all six outputs will have reached their target values. The following 
constraint conditions for VEMOPAM are considered in the design of the algorithm: 

1) Due to the nonholonomic constraints, the motions of A1 and A2 in their lateral directions are 
restricted. As indicated in Eq. (2.10), these nonholonomic constraints for A1 and A2 may 
interact with each other via the SLPTM. Thus, the carts cannot move in a particular direction 
without some maneuvers, such as a turnabout. 

2) For the miniaturization of VEMOPAM, screw pair B3-C3 should have a short stroke. This 
may increase the risk that nut C3 moves too far and hits at the end of the stroke of screw shaft 
B3. Therefore, the motions of the carts must be limited to ensure the safe use of B3-C3. 

3) As described in Section 2.2-III, the pitch 𝜙𝑦 of the platform may be sensitive to the screw 
motions of B3-C3. To stabilize the motions of the platform, 𝜙𝑦 should not be changed for 
most of the movement time. 

Such unique and complicated constraint conditions are not considered in conventional path planning 
methods. A custom path planning method that consists of four steps, named the Four-Step Path 
Planning (FSPP) method, is thus proposed for VEMOPAM. The first step is planned to move cart A1 
to its target position, the second and third steps are planned to move cart A2 to its target position, and 
the fourth step is planned to rotate A1 and A2 until they reach the target angles of rotation. A detailed 
description of each step is given below. 
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I.   First Step 

Figure 2.8 shows the motions of A1 and A2 and the variation of the pose of the platform in the 
first step. A1 and A2 are expected to reach their target positions with a long-distance translation. If 
they directly move to their target positions, because of the screw movement of B3-C3, the pitch 𝜙𝑦 
of the platform may greatly change, and C3 may hit at the end of the stroke, which is inconsistent 
with the path planning goals. To stabilize the motions of the platform, in the first step, a path is 
planned only for A1 to reach its target position; another path that is parallel to the path of A1 is 
planned for A2. In this step, two outputs, namely 𝑥 and 𝑦, of the platform are changed. 

A preliminary operation for this step, i.e., rotating A1 and A2, is necessary because of the 
nonholonomic constraints. The initial angles of rotation of A1 and A2, i.e., 𝜙10  and 𝜙20 , are 
represented in the following form: 

𝜙10 = 2𝑛1𝜋 + 𝜙1̂0 ฝ𝑛1 ∈ 𝐍, −𝜋 < 𝜙1̂0 < 𝜋พ, 

𝜙20 = 2𝑛2𝜋 + 𝜙2̂0 ฝ𝑛2 ∈ 𝐍, −𝜋 < 𝜙2̂0 < 𝜋พ. 
(2.14)

Then, A1 is rotated at an angle of ∆𝜙1 to set its forward or backward direction toward its target 
position. Simultaneously, A2 is rotated at angle of ∆𝜙2 so that its forward direction is parallel to 
the forward direction of A1. The values of ∆𝜙1 and ∆𝜙2 are calculated using 𝜙10 and 𝜙20 as 
follows: 

∆𝜙𝑖 =

⎩⎪
⎨
⎪⎧

∆𝜙𝑖
༜ ฝif  − 𝜋 2⁄ ≤ ∆𝜙𝑖

༜ < 𝜋 2⁄ พ,

∆𝜙𝑖
༜ − 𝜋 ฝif  ∆𝜙𝑖

༜ ≥ 𝜋 2⁄ พ,

∆𝜙𝑖
༜ + 𝜋 ฝif  ∆𝜙𝑖

༜ < − 𝜋 2⁄ พ,

 (𝑖 = 1, 2), 

∆𝜙1
༜ = tan−1 𝑦1𝑡 − 𝑦10

𝑥1𝑡 − 𝑥10

− 𝜙1̂0, ∆𝜙2
༜ = tan−1 𝑦1𝑡 − 𝑦10

𝑥1𝑡 − 𝑥10

− 𝜙2̂0. 

(2.15)

Eqs. (2.14) and (2.15) guarantee that |∆𝜙𝑖| ≤ 𝜋 2⁄  (𝑖 = 1, 2), which minimizes movement time. The 
rotational velocities of A1 and A2, which are respectively represented as 𝜔1  and 𝜔2 , are set to 
𝜔1 = 𝜔2 = 𝜔0 , where 𝜔0  is a rated rotational velocity. The angles of rotation for the carts after 
rotation are expressed in the following form: 

𝜙10 + ∆𝜙1 = 2𝑛1
༜𝜋 + 𝜙1̂, 

𝜙20 + ∆𝜙2 = 2𝑛2
༜𝜋 + 𝜙1̂, ฝ𝑛1

༜ , 𝑛2
༜ ∈ 𝐍, −𝜋 < 𝜙1̂ < 𝜋พ. 

(2.16)

After the rotations of A1 and A2, if ∆𝜙1 ≠ ∆𝜙2, the length of 𝑙𝑠 may change from the initial value 
𝑙𝑠0 to 𝑙𝑠1 due to the screw movement of B3-C3. The value of 𝑙𝑠1 is expressed as follows: 
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Fig. 2.8 Paths of carts and motions of platform in first step of path planning. 
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𝑙𝑠1 = −𝑙3 + √𝑎2 + 𝑏2, 

𝑎 = −2𝑙1 + (𝑥10 − 𝑥20) sin 𝜙𝑧0 − (𝑦10 − 𝑦20) cos 𝜙𝑧0 , 

𝑏 = 𝑝1(𝜙10 + ∆𝜙1 − 𝜙20 − ∆𝜙2) (2𝜋)⁄ . 

(2.17)

Because the difference between ∆𝜙1 and ∆𝜙2 is small, the change of 𝑙𝑠, i.e., |𝑙𝑠1 − 𝑙𝑠0|, is very 
small. By selecting a proper stroke for B3-C3, 𝑙𝑠1 can be certainly limited within this stroke. 

Next, A1 and A2 move at the same velocity until A1 reaches its target position. Their translational 
velocities, which are respectively represented as 𝑣1 and 𝑣2, are set to 𝑣1 = 𝑣2 = 𝑣0, where 𝑣0 is a 
rated translational velocity. 

II.   Second Step 

Figure 2.9 shows the motions of A1 and A2 and the variation of the pose of the platform in the 
second step. After A1 is moved to its target position in the previous step, if A2 is also moved to its 
target position along the shortest path (red path in Fig. 2.9), due to the screw movements of B3-C3, 
𝜙𝑦 would be greatly changed, and C3 may hit at the end of the stroke. To keep 𝜙𝑦 unchanged, A1 
needs to be rotated to move nut C1 vertically. However, such a movement can greatly change the 
other five outputs, i.e., 𝑥, 𝑦, 𝑧, 𝜙𝑥, and 𝜙𝑧. Therefore, the second and third steps are designed so 
as to indirectly move A2 to its target position. The second step mainly changes three outputs, namely 
𝑥, 𝑦, and 𝜙𝑧, and sets 𝜙𝑧 to the target value 𝜙𝑧𝑡. 

A preliminary operation, i.e., rotating A1 and A2 at the same angle of ∆𝜙3, is necessary. To 
minimize the movement time, ∆𝜙3 is calculated as follows: 

∆𝜙3 =

⎩⎪
⎨
⎪⎧

∆𝜙3
༜   ฝif  − 𝜋 2⁄ ≤ ∆𝜙3

༜ < 𝜋 2⁄ พ,

∆𝜙3
༜ − 𝜋  ฝif  ∆𝜙3

༜ ≥ 𝜋 2⁄ พ,

∆𝜙3
༜ + 𝜋  ฝif  ∆𝜙3

༜ < − 𝜋 2⁄ พ,

 

∆𝜙3
༜ = tan−1 𝑦10 − 𝑦20

𝑥10 − 𝑥20

− 𝜙1̂ + 𝜋 2⁄ . 

(2.18)

As done in the previous step, the rotational velocities of A1 and A2 are set to 𝜔1 = 𝜔2 = 𝜔0. After 
rotation, the forward directions of A1 and A2 are both normal to the line of their CPs. 

Then, a sector path for A2 is generated. The center of this path is the CP of A1, the radius 𝑟𝑐 is 
the distance between the CPs of A1 and A2. The value of 𝑟𝑐 is calculated using the initial positions 
of A1 and A2 as follows: 

 

 

Fig. 2.9 Paths of carts and motions of platform in second step of path planning. 
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𝑟𝑐 = ี(𝑥10 − 𝑥20)2 + (𝑦10 − 𝑦20)2. (2.19)

The central angle ∆𝜙4 of the sector path is set to 

∆𝜙4 = 𝜙𝑧𝑡 − 𝜙𝑧0. (2.20)

A2 moves on this path with a uniform velocity. Simultaneously, A1 rotates about its own CP in the 
same direction as that of the revolution of A2 to maintain the three outputs, i.e., 𝑧, 𝜙𝑥, and 𝜙𝑦, 
unchanged. The translational and rotational velocities of A1 and A2 are given as follows: 

𝑣1 = 0, 𝑣2 = 𝑣0, 𝜔1 = 𝜔2 = 𝑣0 𝑟𝑐⁄ . (2.21)

The angles of rotation for the carts after this step are expressed in the following form: 

𝜙10 + ∆𝜙1 + ∆𝜙3 + ∆𝜙4 = 2𝑛1
༜༜𝜋 + 𝜙2̂, 

𝜙20 + ∆𝜙2 + ∆𝜙3 + ∆𝜙4 = 2𝑛2
༜༜𝜋 + 𝜙2̂, ฝ𝑛1

༜༜, 𝑛2
༜༜ ∈ 𝐍, −𝜋 < 𝜙2̂ < 𝜋พ. 

(2.22)

As indicated in Eq. (2.4), 𝜙𝑧 depends on only the relative positions of the carts. After the revolution 
of A2, 𝜙𝑧 changes from the initial value 𝜙𝑧0 to the target value 𝜙𝑧𝑡. In the next two steps, 𝜙𝑧 is 
kept unchanged. 

III.   Third Step 

Figure 2.10 shows the motions of A1 and A2 and the variation of the pose of the platform in the 
 

 

Fig. 2.10 Paths of carts and motions of platform in third step of path planning. 

 

 

Fig. 2.11 Examples of movements of nuts C1 and C2 in third step of path planning for (a) Case I, −𝜋 2⁄ <

𝜙𝑥 < 0 and −𝜋 2⁄ < 𝜙𝑥𝑡 < 0; (b) Case II, −𝜋 2⁄ < 𝜙𝑥 < 0 and 0 < 𝜙𝑥𝑡 < 𝜋 2⁄ ; and (c) Case III, 

𝑙𝑠1 < 𝑙𝑠2. 
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third step. This step is planned so as to move A2 to its target position. In this step, fewer than four 
outputs other than 𝜙𝑧 are simultaneously changed. 

A1 and A2 rotated at the same angle of 𝜙5 before this step. The following equation, whose form 
is similar to Eq. (2.15), is used to calculate 𝜙5: 

∆𝜙5 =

⎩⎪
⎨
⎪⎧

∆𝜙5
༜      ฝif − 𝜋 2⁄ ≤ ∆𝜙5

༜ < 𝜋 2⁄ พ,

∆𝜙5
༜ − 𝜋  ฝif  ∆𝜙5

༜ ≥ 𝜋 2⁄ พ,

∆𝜙5
༜ + 𝜋  ฝif  ∆𝜙5

༜ < − 𝜋 2⁄ พ,

 

∆𝜙5
༜ = tan−1 𝑦2𝑡 − 𝑦20 

3

𝑥2𝑡 − 𝑥20 
3

− 𝜙2̂, 

(2.23)

where ฝ 𝑥 
3

20, 𝑦 
3

20พ indicates the position of A2 at the start of the third step and can be obtained from 
the previous two steps. As done in the previous steps, the rotational velocities of A1 and A2 are set 
to 𝜔1 = 𝜔2 = 𝜔0. After rotation, the forward or backward direction of A2 is set toward its target 
position.  

Then, a linear path for A2 is planned. By substituting the target position (𝑥1𝑡, 𝑦1𝑡) of A1 and 
target roll 𝜙𝑧𝑡 of the platform into Eq. (2.4), the following equation can be obtained, 

(𝑥1𝑡 − 𝑥2) cos 𝜙𝑧𝑡 + (𝑦1𝑡 − 𝑦2) sin 𝜙𝑧𝑡 = 2𝑙2. (2.24)

This equation is represented by the dotted lines shown in Fig. 2.10. If A1 is fixed at the target position 
and A2 is moved along this line, 𝜙𝑧  can be kept at the target value 𝜙𝑧𝑡  due to the structural 
constraints of VEMOPAM. The movement direction of A2 is decided so as to limit the motions of 
B3-C3 within its stroke. The following three cases, shown in Fig. 2.11, are used to explain how to 
decide the motions of the carts. 

1) Case I 
As shown in Fig. 2.11(a), at the start of the third step, if the yaw 𝜙𝑥 of the platform and its target 

value 𝜙𝑥𝑡 satisfy the condition 𝜙𝑥𝜙𝑥𝑡 ≥ 0, A2 directly moves to its target position. At the same time, 
A1 is rotated to move nut C1 up or down to maintain length 𝑙𝑠 at 𝑙𝑠1. 

2) Case II 
As shown in Fig. 2.11(b), at the start of the third step, if 𝜙𝑥  and 𝜙𝑥𝑡  satisfy the condition 

𝜙𝑥𝜙𝑥𝑡 < 0 , A2 initially moves away from its target position until 𝜙𝑥 = 0 . A2 then moves in the 
opposite direction to approach its target position. At the same time, A1 is rotated to maintain length 
𝑙𝑠 at 𝑙𝑠1. 

During the motions in Cases I and II, the two outputs 𝜙𝑦 and 𝜙𝑧 do not change. These motions 
are planned so as to make 𝜙𝑥 and 𝜙𝑥𝑡 satisfy 𝜙𝑥𝜙𝑥𝑡 ≥ 0. The reason for this is explained in Section 
2.4-IV. 

3) Case III 
As shown in Fig. 2.11(c), when A2 reaches its target position, length 𝑙𝑠 may increase. In this 

case, A2 initially moves toward its target position and A1 rotates to maintain 𝑙𝑠 at 𝑙𝑠1. Similarly, 
𝜙𝑦 and 𝜙𝑧 are not changed during the motion. When C1 reaches the height of C2 (i.e., the angles 
of rotation of the carts are the same, 𝜙1 = 𝜙2), A1 stops rotating but A2 continue moving, which 
changes 𝑙𝑠 from 𝑙𝑠1 to 𝑙𝑠2 (𝑙𝑠1 < 𝑙𝑠2). The change in 𝑙𝑠 can be limited within the stroke of B3-C3, 
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which is explained in Section 2.4-IV. Only 𝜙𝑦 is changed during this motion. 

The displacements and velocities of A1 and A2 in the above three cases are now described in 
detail. By rearranging the first, second, fourth, and fifth equations of Eq. (2.2), the following equation 
can be obtained. 

cos 𝜙𝑥 =
(𝑥1 − 𝑥2) sin 𝜙𝑧 − (𝑦1 − 𝑦2) cos 𝜙𝑧 − 2𝑙1

𝑙3 + 𝑙𝑠

. (2.25)

After substituting the target positions of the carts, i.e., {𝑥1𝑡, 𝑦1𝑡} and {𝑥2𝑡, 𝑦2𝑡}, the target roll 𝜙𝑧 =

𝜙𝑧𝑡, and 𝑙𝑠 = 𝑙𝑠1 into Eq. (2.25), if the absolute value of the right-hand side of Eq. (2.25) is smaller 
than 1, i.e., |(𝑥1𝑡 − 𝑥2𝑡) sin 𝜙𝑧𝑡 − (𝑦1𝑡 − 𝑦2𝑡) cos 𝜙𝑧𝑡 − 2𝑙1| ≤ 𝑙3 + 𝑙𝑠1, the methods described in Cases 
I and II are used to plan paths. In these cases, the rotational velocity of A1 is set to 𝜔1 = 4𝜔0, based 
on which 𝜙1 at each moment and the total angle Δ𝜙6 of rotation of A1 can be easily obtained. 
During the linear motion of A2, 𝜙2 does not change. Thus, we can substitute the values of 𝜙1 and 
𝜙2  and 𝑙𝑠 = 𝑙𝑠1  into Eq. (2.5) to calculate the time-varying value 𝜙𝑥 . Then, substituting the 
obtained 𝜙𝑥, the target position {𝑥1𝑡, 𝑦1𝑡} of A1, the target roll 𝜙𝑧𝑡, and 𝑙𝑠 = 𝑙𝑠1 into Eq. (2.25) 
yields the following equation. 

cos 𝜙𝑥 =
(𝑥1𝑡 − 𝑥2) sin 𝜙𝑧𝑡 − (𝑦1𝑡 − 𝑦2) cos 𝜙𝑧𝑡 − 2𝑙1

𝑙3 + 𝑙𝑠1

. (2.26)

By using Eqs. (2.24) and (2.26), the position {𝑥2, 𝑦2} of A2 at each moment can be planned. 

On the other hand, the path planning method for the carts described in Case III is used if 
|(𝑥1𝑡 − 𝑥2𝑡) sin 𝜙𝑧𝑡 − (𝑦1𝑡 − 𝑦2𝑡) cos 𝜙𝑧𝑡 − 2𝑙1| > 𝑙3 + 𝑙𝑠1. The position of A2 can be calculated using 
the same method used in Cases I and II until A1 stops rotating. When 𝜙1 = 𝜙2, A1 stops rotating 
and A2 continues moving with the velocity 𝑣2 = 𝑣0. 

IV.   Fourth Step 

Figure 2.12 shows the motions of A1 and A2 and the variation of the pose of the platform in the 
fourth step. This step is planned so as to rotate A1 and A2 multiple times until they reach the target 
angles of rotation (𝜙1𝑡 and 𝜙2𝑡). The angles of rotation of A1 and A2 are represented by Δ𝜙7 and 
Δ𝜙8, respectively. After this final step, all six outputs will have reached their target values. 

Here, an explanation for Cases I, II, and III of the third step (see above) is given. For example, if 
the value of 𝜙𝑥 before the fourth step is −𝜋/4 and its target value 𝜙𝑥𝑡 is 𝜋/4, during the fourth 
step, 𝜙𝑥 first changes from −𝜋/4 to 0 and then changes to 𝜋/4. When 𝜙𝑥 becomes 0, nuts C1 and 
C2 reach the same height and length 𝑙𝑠 becomes its shortest value. At this time, nut C3 may hit at 
the end of its stroke. To avoid this problem, we use the methods described in Cases I and II to ensure 
that 𝜙𝑥𝜙𝑥𝑡 ≥ 0 before the fourth step. In the third step, if the paths are planned using the method 
described in Case III, length 𝑙𝑠 is increased to 𝑙𝑠2 (𝑙𝑠2 < 𝑙𝑠3). As long as 𝑙𝑠3 is within the stroke of 
B3-C3, 𝑙𝑠2 is also within the stroke. 

V.   Design of Path Planner 

Figure 2.13 shows the path generation process of the FSPP method. Based on this method, a path 
planner is developed. This planner has the following advantages: 

1) The paths are planned using the basic movements shown in Fig. 2.3. The carts move with a 
uniform velocity, except for the movements of A2 in the third step. This simplifies the 
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decentralized control system for the carts. 
2) Only the initial and target poses of the platform need to be input into the planner. B3-C3 will 

never travel out of its stroke during the four steps as long as its initial and target screw 
displacements are within the stroke. Therefore, measurement devices for the movements of 
B3-C3, such as proximity sensors, are unnecessary. 

3) B3 is rotated mainly in the fourth step. Thus, drastic changes in 𝜙𝑦 can be avoided in the 
first three steps. 

In the next two sections, the performance of this planner is evaluated using simulations and 
experiments. 

2.5   SIMULATION 

The above kinematic analysis and path planning method were based on the rolling-without-
slipping condition for carts A1 and A2 which is represented by Eq. (2.8). However, if the moving 
carts deviate from the specified paths due to small wheel slips, this deviation may accumulate during 
cart motion. Therefore, a feedback control strategy is needed for the carts to track the paths. Various 
feedback controller based on the dynamic models of mobile robots have been proposed. Jiang and 
Nijmeijer gave a simplified dynamic model for a mobile robot and applied backstepping control to 
realize both the local and global stabilization of this robot [72]. Fierro and Lewis also constructed a 
dynamic model for a nonholonomic vehicle and presented a controller using backstepping [73]; and 
then they presented a neural network controller for three navigation problems: trajectory tracking, 
path following, stabilization about a specified posture [74]. Uncertainties in a vehicle model, such as 

 

Fig. 2.12 Paths of carts and motions of platform in fourth step of path planning. 

 

 

Fig. 2.13 Flow chart of FSPP method. 
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errors in the sizes of vehicle body and wheels, may adversely affect the stability of feedback control. 
Fukao et al. discussed this problem and gave some adaptive control rules to eliminate the effect of 
unknown parameters in the vehicle’s model on the control stability [75, 76]. On the other hand, many 
formation control methods [81−84] have also been presented for multi-mobile-robot systems to perform 
complicated tasks [77], such as transportation [78, 79] and environment exploration [80]. 

All the above studies focused on the control methods based on the dynamics of mobile robots. 
Such methods are particularly valid for high-velocity moving robots. However, with the low-velocity 
condition, kinematics-based tracking control methods are also effective and can be realized more 
easily. For example, Samson and Ait-Abderrahim gave several control principles for a kinematic cart 
model in a Cartesian space [70]. Normey-Rico et al. developed a simple PID controller, which was 
robust to any model errors, for a nonholonomic mobile robot [71]. In this research, for the developed 
kinematic model of VEMOPAM, a simpler and more realizable tracking control method proposed 
by Kanayama et al. is employed [69]. 

In this section, some simulations are performed to verify the validity of the FSPP method and the 
tracking control strategy. The changes in the pose of the platform and the carts in each step are 
investigated. 

I.   Tracking Control Strategy 

Vectors 𝒑𝑖 = {𝑥𝑖, 𝑦𝑖, 𝜙𝑖}
𝑇  and 𝒑𝑎,𝑖 = ร𝑥𝑎,𝑖, 𝑦𝑎,𝑖, 𝜙𝑎,𝑖ฤ

𝑇  are utilized to represent the planned and 
actual positions and angles of rotation of A1 and A2, respectively. If the carts deviate from the 
planned paths, the difference between 𝒑𝑖 and 𝒑𝑎,𝑖 with respect to 𝑂𝑐,𝑖−𝑋𝑐,𝑖𝑌𝑐,𝑖𝑍𝑐,𝑖 can be given 
as follows: 

ໆ

𝑥𝑒,𝑖
𝑦𝑒,𝑖

𝜙𝑒,𝑖໇
=

ໃ

cos 𝜙𝑎,𝑖 sin 𝜙𝑎,𝑖 0
− sin 𝜙𝑎,𝑖 cos 𝜙𝑎,𝑖 0

0 0 1ໄ
ฝ𝒑𝑖 − 𝒑𝑎,𝑖พ, (𝑖 = 1, 2). (2.27)

Following Kanayama et al. [69], the actual translational and rotational velocity commands for the 
carts, i.e., 𝑣𝑐,𝑖  and 𝜔𝑐,𝑖 , are obtained using the planned translational velocity 𝑣𝑖  and rotational 
velocity 𝜔𝑖 as follows: 

𝑣𝑐,𝑖 = 𝑣𝑖 cos 𝜙𝑒,𝑖 + 𝐾𝑥𝑥𝑒,𝑖, 

𝜔𝑐,𝑖 =
ທ

𝜔𝑖 + 𝑣𝑖ฝ𝐾𝑦𝑦𝑒,𝑖 + 𝐾𝜙 sin 𝜙𝑒,𝑖พ, (if  𝑣𝑖 ≥ 0),

𝜔𝑖 + 𝑣𝑖ฝ𝐾𝑦𝑦𝑒,𝑖 − 𝐾𝜙 sin 𝜙𝑒,𝑖พ, (if  𝑣𝑖 < 0),
 (𝑖 = 1, 2), 

(2.28)

where 𝐾𝑥 , 𝐾𝑦 , and 𝐾𝜙  are positive constants. They are set to 𝐾𝑥 = 1  s−1, 𝐾𝑦 = 25  m−2, and 
𝐾𝜙 = 5 m−1. This control rule has been proven to be stable using Lyapunov stability theory [69]. By 
substituting 𝑣𝑐,𝑖  and 𝜔𝑐,𝑖  into the following equation, the rotational speeds of the left and right 
drive wheels of each cart, i.e., 𝜔𝑙,𝑖 and 𝜔𝑟,𝑖, can be obtained: 

๧
𝜔𝑙,𝑖
𝜔𝑟,𝑖๨

=
1

𝑟 ๤
1 −𝑤
1 𝑤 ๥ ๧

𝑣𝑐,𝑖
𝜔𝑐,𝑖๨

, (𝑖 = 1, 2), (2.29)

where 𝑟 is the radius of the drive wheel, and 𝑤 is the distance between the CP of the cart and the 
touchdown point of the drive wheel (see Fig. 2.2). To make the carts smoothly track the paths, a 
limiter is applied to limit the maximum rotational speed of the drive wheels to 1.91π rad/s. 
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II.   Simulation Conditions and Results 

The parameters for VEMOPAM’s model (see Fig. 2.2) used for the simulations are shown in 
Table 2.1 in Section 2.3-III. The next section introduces an experimental prototype of VEMOPAM 
with the same parameters and explains the design of these parameters in detail. Two sets of 
simulations, in which the initial and target poses of the platform and the carts are set as shown in 
Table 2.2, are performed. First, the platform is moved from the initial pose to the first target pose 
(first set). Then, it is moved from the first target pose to the second target pose (second set) 

Under the above simulation conditions, the motions of A1 and A2 were planned by the FSPP 
method as shown in Fig. 2.14. The red dotted lines show the space necessary for the carts to move. 
As long as no obstacles exist in this space, the carts can reach the target positions. The poses of the 
carts were then simulated; the results of the simulations are shown in Fig. 2.15. The results in the 
ideal situation are indicated by solid lines and the target poses shown in Table 2.2 are indicated by 
black horizontal dotted lines. To demonstrate the effectiveness of the tracking control method, a 
situation in which the carts deviated due to disturbances was simulated. The disturbances acted on 
A1 at 35, 80, 101.8, and 115 s, and acted on A2 at 0, 18, 115, and 126 s. These disturbances all had 
the same magnitude. Fig. 2.15 shows that the carts automatically tracked the planned paths even 
when they were disturbed, which verifies the validity of the tracking control strategy. And the screw 
pairs did not exceed their strokes during the motion. These results verify the three advantages of the 
FSPP method shown in Section 2.4-V. 

Changes in the pose of the platform in the four steps were also simulated; Fig. 2.16 shows the 
results. As shown in this figure, with the tracking control method, the platform can be accurately 

Table 2.2 Initial and target poses of platform and carts. 

 𝑥 [mm] 𝑦 [mm] 𝑧 [mm] 𝜙𝑥 [rad] 𝜙𝑦 [rad] 𝜙𝑧 [rad] 
Initial pose 0 0 542.5 0 0 0 
First target pose 600 300 450 π/4 −π/2 2π/3 
Second target pose 1200 600 500 π/6 π/2 π/3 

 𝑥1 [mm] 𝑦1 [mm] 𝜙1 [rad] 𝑥2 [mm] 𝑦2 [mm] 𝜙2 [rad] 
Initial pose 150 −113.5 0 −150 308 0 
First target pose 605.2 476.2 15.0π 451.2 40.9 −11.7π 
Second target pose 1365.0 677.9 8.2π 919.1 589.0 −6.7π 

 

 
Fig. 2.14 Planned paths for simulations: (a) from initial pose to first target pose and (b) from first target pose 

to second target pose. 
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moved to its first and second target poses. The changes in the position {𝑥, 𝑦, 𝑧}, yaw 𝜙𝑥, and roll 
𝜙𝑧 of the platform caused by the disturbances were very small. However, the pitch 𝜙𝑥 drastically 
changed. This result indicates that the sensitivity of 𝜙𝑦  to external disturbances is significantly 
larger than those of the other five outputs, which agrees with the prediction in Section 2.2-III. The 
next section discusses how to reduce the sensitivity of 𝜙𝑦 using a speed reduction mechanism. 

2.6   EXPERIMENT 

 

Fig. 2.15 Poses of (a) A1 and (b) A2 in four steps of path planning. 
 

 
Fig. 2.16 Simulation results of (a) position and (b) orientation of platform in four steps of path planning. 
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This section introduces the constructed prototype of VEMOPAM and shows the experimental 
results. 

I.   Development of Prototype 

A prototype of VEMOPAM was constructed (see Fig. 2.17). The specifications of this prototype 
are shown in Table 2.1. Regarding the design of these specifications, this study first considered the 
specifications of the screw pairs (the strokes, leads, etc.), then determined the workspace of the 
platform, and finally designed the sizes of the other structures to guarantee that the size of the whole 
mechanism is small and that the two carts could avoid with each other. This prototype had two 2WD 
carts A1 and A2 that were separately controlled. Each cart had a mini-computer and two motors. 
Appendix 2 shows the detailed design of the carts. In this experiment, the load on the platform is its 
own weight. 

 

 

Fig. 2.17 Prototype of VEMOPAM, close-up view of 2WD cart, and structure of lead elongation mechanism. 

 

 

Fig. 2.18 Feedback tracking control system. 
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Three ball screws were used as screw pairs B1-C1, B2-C2, and B3-C3. As shown in Table 2.1, 
B1-C1 and B2-C2 had the same stroke (450 mm) and lead (20 mm/r), and B3-C3 had a shorter stroke 
(190 mm) and a larger lead (160 mm/r). These strokes and leads guaranteed that 𝜙𝑥 could change 
within the range of −𝜋 2⁄  to 𝜋 2⁄ , and 𝜙𝑦 and 𝜙𝑧 could change within the range of −𝜋 to 𝜋. 
However, most large-lead ball screws on the market are large and heavy, which adversely affects the 
stability of the mechanism. Therefore, a ball screw with a lead of 20 mm/r was selected as B3-C3; 
and a speed reducer, named the lead elongation mechanism (LEM), to increase the equivalent lead 
of B3-C3 to 160 mm/r. As shown in Fig. 2.17, the LEM had three pairs of timing pulleys and belts; 
the transmission ratio of each pair was 1:2. Screw shaft B3 was connected to the LEM via a radial 
bearing with a proper allowable thrust load. With this configuration, for every eight rotations of B3, 
one rotation was transmitted to the platform. Hence, a 1-mm error in the screw motion of B3-C3 
results in a 2.25° error of 𝜙𝑦, which is considered to be tolerable. 

II.   Feedback Control System 

Figure 2.18 shows the feedback control system for VEMOPAM. To measure the motions of the 
platform and the carts, six markers were fixed on the platform and three markers were fixed on the 
each of the carts. Six VICON motion capture cameras (VICON MX Bonita, Vicon Motion Systems 
Ltd., UK) surrounding VEMOPAM were used to measure the positions of the markers. Table 2.3 
gives the specifications for the cameras. A computer with a VICON motion tracking application 
(VICON Tracker) installed was used to record and send the position information of markers to a 
remote computer. A Kalman filter was used to eliminate inaccuracies and noise in the position 
information. Then, on the remote computer, the forward and rotation speed commands of the carts 
were determined using Kanayama’s method [69], as described in the previous section. These 
commands were sent from the remote computer to the mini-computers on the carts every 0.1 s. The 
speed commands of the drive wheels were then calculated and sent to the motors. To accurately 
output these speed commands, a proportional-integral (PI) controller for each motor was used (the 
gains were 𝐾𝑝 = 100 and 𝐾𝑖 = 1920). The computers communicated with each other over Wi-Fi. 
The commands from the remote computer were sent to A1 and A2 in simultaneous multithreading 
mode, which ensured that they started moving at precisely the same moment. Before the experiment, 
we conducted preliminary experiments to decide the parameters for the control system (e.g., the 
gains) and to confirm its stability. 

 

 

Fig. 2.19 Image sequence of carts during experiment. (a) Initial pose; (b) start of first step; (c) end of first 

step/start of second step; (d) end of second step/start of third step; (e) end of third step/start of 

fourth step; and (f) target pose. 
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III.   Experimental Results and Discussions 

By using the prototype, an experiment was conducted to assess the validity of the FSPP method. 
The initial and target poses of the platform were the same as those in the first set of simulations (i.e., 
the initial and the first target poses given in Table 2.2). Fig. 2.19 shows photographs of the carts 
during the experiment. As shown, the prototype worked as expected. 

Figure 2.20 shows the poses of A1 and A2 in the experiment. With the feedback control system, 
the carts approximately tracked the planned paths, verifying the validity of the FSPP method. 
However, a deviation of 429.9° occurred in the angle of rotation of A1 when the motion stopped. 
This might have occurred for the following reason. In the third step, due to the load from C1, A1 
excessively rotated, which resulted in an error in the angles of rotation of the carts, i.e., 𝜙𝑒,𝑖. The 
control rule represented by Eq. (2.28) indicates that when the carts were planned to be stopped in the 
fourth step (i.e., 𝑣𝑖 = 𝜔𝑖 = 0), 𝜙𝑒,𝑖 could not be corrected in time because 𝜔𝑐,𝑖 = 0. 

Figure 2.21 shows the pose of the platform in the experiment. The errors between the desired 
pose and the actual pose were measured every 0.1 s; and the average errors are shown in Fig. 2.22. 
The error bars show the confidence interval at a 5% significance level. As shown in these figures, 
displacements 𝑥 and 𝑦 approximately reached their target values, whereas 𝑧 deviated by 13.5 mm. 
The result of Welch’s t-test demonstrates that the average error in 𝑧  for the fourth step was 
significantly larger than those for the other steps, which is considered to have been caused by the 
deviation in the rotation of A1. Orientation angles 𝜙𝑥 and 𝜙𝑧 approximately reached their target 
values, whereas 𝜙𝑦 deviated by about 57.9° from the target value. The result of Welch’s t-test shows 
that the average errors in 𝜙𝑦 were significantly larger than those of 𝜙𝑥 and 𝜙𝑧 for all four steps. 
This agrees with the prediction that 𝜙𝑦 has a high sensitivity. Welch’s t-test also shows that the 
average error in 𝜙𝑦 for the fourth step is significantly larger than those for the other steps, as shown 
in Fig. 2.22(b). The reason for this is that 𝜙𝑦 was changed mainly in the fourth step, as planned. 

Then, the possibility of improvement through the optimization of the design parameters is 
discussed. First of all, increasing the transmission ratio of the LEM can reduce the sensitivity of 𝜙𝑦. 
For example, if the current transmission ratio is doubled to 1:16, the errors in 𝜙𝑦 can be theoretically 
reduced by 50%. However, in this case, with the current stroke of B3-C3 (190 mm), the movable 
range of 𝜙𝑦 becomes smaller (−𝜋 2⁄  to 𝜋 2⁄ ). Conversely, to maintain the current movable range 
of 𝜙𝑦 , a stroke of the twice length is required. Thus, the parameters should be optimized by 
considering the error tolerance, movable range, and the size of the robot. Additionally, another 
approach to handle the error of 𝜙𝑦 can be considered. As described above, the errors in 𝜙𝑦 become 
significantly large in the fourth step. Thus, a robust control system for the rotations of the carts in 
this step would also effectively reduce the errors in 𝜙𝑦. 

Table 2.3 Specifications for VICON motion capture cameras. 

Frame rate Maximum shutter time Resolution 
240 Hz 0.5 ms 0.3 megapixel [640×480] 

System latency Operating range Focal length of lens 
2 ms 12 m 4−12 mm 
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2.7   SUMMARY 

 

Fig. 2.20 Experimental results of poses of (a) A1 and (b) A2. 

 

 

Fig. 2.21 Experimental results of (a) position and (b) orientation of platform. 
 

 

Fig. 2.22 Average errors in (a) position and (b) orientation of platform. 
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This research proposed a novel MPM named VEMOPAM that consists of two 2WD carts and a 
parallel mechanism. The 6-DOF pose of the platform of VEMOPAM is controlled by the 2-DOF 
motions of the carts. Compared with conventional MPMs, VEMOPAM has fewer motors, which 
reduces the cost, weight, and size of the robots. A series of analyses and experiments were conducted 
in this study; the obtained analysis results are given below: 

1) This chapter described the structure of VEMOPAM and analyzed the inverse kinematics. 
2) This chapter proposed a path planning method for the two carts, and described the path 

generation in detail. This path planning method is also applicable for parallel mobile 
manipulators with other types of nonholonomic carts. 

3) Simulations were conducted to investigate the motions of the platform. The simulation results 
confirmed that the platform reached the target pose as desired, and showed that its pitch 𝜙𝑦 
is significantly sensitive to disturbances. 

4) A prototype of VEMOPAM was developed for experiments. The experimental results showed 
that the pose, except for 𝜙𝑦, of the platform approximately reached the target pose. 

Two screw shafts B1 and B2 are unilaterally fixed on carts A1 and A2, respectively. However, in 
the future, all the movable parts of this prototype could be mounted on one frame to improve vibration 
resistance. The optimal design method for each part will be discussed. An obstacle avoidance method 
for the carts will also be considered in future research. In addition, the dynamics of VEMOPAM will 
be analyzed; and a robust controller will be developed to improve the control accuracy of 𝜙𝑦. 
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CHAPTER 3  
Effect of Viewpoint Change on Body Motion- and 
Button-Based Robot Operation 

3.1   INTRODUCTION 

The previous chapters introduced the use of mobile manipulators, including MSMs and MPMs, 
and proposed an MPM, namely VEMOPAM. A TP with multiple buttons can be used to operate such 
mobile manipulators. However, if a TP is used to carry out complicated robot operations, it is difficult 
for novice operators to quickly understand the role of each button and learn how to operate it. Thus, 
comparing with this button-based operation method, operating robots by human upper or lower limbs, 
i.e., the body motion-based operation method, is known to be much easier for novice operators. 

Chapter 1 has showed some previous research on the body motion-based operation methods, and 
raised a problem of viewpoint change. As shown in Fig. 1.9, if a mobile manipulator is remotely 
operated by an operator who is sitting or standing in a fixed position, because of the horizontal 
motions of this mobile manipulator on the floor, the viewpoint of the operator relative to the 
manipulator frequently changes. When such viewpoint changes occur, depending on the operation 
method, the operator needs to imagine the manipulator’s current orientation relative to the desired 
direction of movement, which makes it difficult to operate the manipulator as expected. Rotating a 
three-dimensional object in one’s mind is commonly called “mental rotation” and defined as one of 
the main factors within human’s spatial ability [109, 110]. It has been found that the reaction time of 
such a mental rotation generally becomes longer as the angle of rotation of the object increases [111, 

112]. Most of the earlier research measured the reaction time using paper-and-pencil tests [113, 114], in 
which the observed objects were static. Hunt et al. added moving elements into the assessment of 
spatial ability for the first time [115]; the characteristics of dynamic spatial ability have been 
investigated by D’Oliveira [116]. 

It has been verified that mental rotation ability has a strong correlation with the teleoperation 
performance of robots [117], and therefore recent studies on the influence of mental rotation on robot 
teleoperation has been vigorous. Ito et al. evaluated the work efficiency of heavy machines in an 
unmanned construction environment in which image processing technology was used, and conducted 
a comparative experiment to investigate the effect of image conditions from multiple viewpoints on 
the operator’s psychological workload [118]. Menchaca-Brandan et al. assessed the operator’s spatial 
identification and perspective-taking abilities when operating a robotic arm remotely on a spacecraft 
[119]. DeJong et al. discussed the workload caused by the viewpoint change between the robot and 
cameras and between the operator and monitors, and surveyed the influence of this viewpoint change 
in single-camera-display and multi-camera-display devices [120]. Long et al. investigated the 
influence of visual spatial ability on the completion time and safety of the teleoperation of an 
uninhabited ground vehicle [121, 122]. Pan et al. evaluated the effects of spatial ability and cognitive 
style on the performance of cross-aiming teleoperation based on the cognitive fit theory [123, 124]. 
Besides, Nakagomi et al. showed how to improve the operability by displaying several VR vectors 
on the screen of the operation monitor to show the direction of movement [125]. 
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Notably, the above-mentioned research examined the influence of viewpoint change for only one 
specific operation method. Nevertheless, it is quite possible that viewpoint change has a different 
influence on different operation methods. To date, a method for evaluating viewpoint changes that 
can be applied uniformly to different operation methods has been unavailable, making it impossible 
to effectively compare the effect of viewpoint change on different operation methods, measure 
differences in working time, or determine the cause of any detected differences. This makes the 
selection of an operation method based on a quantitative evaluation of the relative effects of 
viewpoint change extremely difficult. In response, an evaluation method is proposed to evaluate the 
influence of viewpoint change on the operability of various operation methods. To demonstrate its 
potential, this method is applied to quantify the effect of viewpoint change on the button- and body 
motion-based methods. 

3.2   EVALUATION SYSTEM 

Under the assumption that a mobile manipulator will be operated with either a TP or an operator’s 
upper limb gestures, an evaluation system was constructed to evaluate the effect of viewpoint change 
on the operability of the two teaching methods. Below is an outline of the proposed system, which is 
based on the evaluation system developed in the earlier study [100]. 

I.   Outline of Evaluation System 

In the current study, the focus is on robot operation by novice operators. There are two reasons 
for this: first, the operation methods cannot be assessed fairly if the operator is proficient in one of 
the two methods; second, as the use of robots becomes more widespread, it will become increasingly 
necessary to hire individuals who are relatively unfamiliar with robots to work as operators. 

For such novices to operate easily and safely, rather than operating a real robot in real space, the 
operators in this study were asked to manipulate an imaginary robotic hand (IRH) of a mobile 
manipulator in a virtual operation space (VOS). As shown in Fig. 3.1, the VOS was represented by 
a cube with five green frames and one red frame, so that the orientation of the VOS could be easily 

 

 

Imaginary targetImaginary robotic hand

 

Fig. 3.1 Virtual operation space (VOS) on the screen 

with five green faces and one red face. 

Fig. 3.2 Imaginary robotic hand (IRH, yellow, on left) 

and target (blue, on right) displayed as two 

triangular objects with a ball on vertex, a 

polka dot pattern on back side, and some 

stripes on lateral and bottom sides. 
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confirmed when the viewpoint was changed. Furthermore, as shown in Fig. 3.2, the IRH manipulated 
by the operator was represented by a yellow triangle, while its target status was represented by a blue 
triangle. The spheres fixed to the tips of the triangles denote the positions of the IRH and target, and 
the orientations of these triangles denote their postures. Polka dot patterns were attached to the back 
sides of these triangles to distinguish their front and back sides. In addition, stripes with different 
directions were attached to the lateral and bottom sides. The two triangles had the same shape, size, 
and pattern on their surfaces, and were only different in color. 

Figure 3.3 is a schematic diagram showing the configuration of the evaluation system. The VOS 
and IRH created in the PC were displayed to the operator on a screen using a dedicated projector. 
The operator was able to watch the image on the screen stereoscopically by wearing 3D glasses; 
he/she sat on a chair in front of the screen to perform the operation. The viewpoint was changed by 
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Micron Tracker H3-60 motion capture
(Claron Technology Ltd., Toronto, Ontario, Canada)

Operator
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3D Vision 2 active shutter glasses
(NVIDIA Corp., Santa Clara, CA, USA)

 

Fig. 3.3 Schematic diagram of evaluation system. 
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Fig. 3.4 Two reference frames used to depict position 

and posture of operator’s hand: (a) operator 

frame fixed to body; and (b) hand frame fixed 

to tip of right hand. 

Fig. 3.5 Two reference frames used to depict position 

and posture of IRH: (a) VOS frame fixed to 

center of VOS; and (b) IRH frame fixed to its 

sphere. 
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altering the orientation of the VOS displayed to the operator, as described below. 

II.   Reference Frames and Viewpoint Change 

To depict the position and posture of the operator’s hand, two right-hand reference frames, i.e., 
the operator frame 𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴 and hand frame 𝑂𝐻−𝑋𝐻𝑌𝐻𝑍𝐻  shown in Fig. 3.4, were defined. 
And, the IRH’s position and posture were depicted using the VOS frame 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎 and IRH 
frame 𝑂ℎ−𝑋ℎ𝑌ℎ𝑍ℎ shown in Fig. 3.5. This VOS frame 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎 is equivalent to a robot frame 
fixed to the robot base, which is used in actual robot operation. 

Figure 3.6 illustrates the concept of viewpoint change used in this thesis. Fig. 3.6(a) shows that 
an operator faces a fixed robot while walking around this robot along the perimeter of a circle whose 
center is the robot. At any point, the operator’s position is described by the central angle 𝛼, which is 
defined as the viewpoint angle. Fig. 3.6(b) shows that an operator stands in a fixed position and faces 
a mobile robot. This robot is rotating around its own center. At any point, the angle of rotation of the 
robot is also described by the viewpoint angle −𝛼. Importantly, the viewpoint angle can be used to 
describe two situations. In this study, the viewpoint change is realized by rotating the VOS displayed 
on the screen around 𝑍𝑎 rather than having the operator move. With this method, it is unnecessary 
for the operator to move, and all experimental conditions other than viewpoint change can be fixed, 
which guarantees the validity of the evaluation of the influence of viewpoint change on operability. 
When the directions of the three axes 𝑋𝐴, 𝑌𝐴, and 𝑍𝐴 are the same with those of 𝑋𝑎, 𝑌𝑎, and 𝑍𝑎, 
respectively, the viewpoint angle is 𝛼 = 0°. 

III.   Body Motion-Based Operation Method 

As an illustrative body motion-based operation method, this study adopted a leader-follower type 
of method to operate the six DOFs of the robotic hand’s position and posture. The IRH was moved 
so that the changes in the position and posture of the operator’s hand and the IRH observed from the 
operator’s viewpoint were the same in the operation. However, since the range of motion (ROM) of 
a human hand is restricted, the IRH’s ROM was also limited in a simple one-to-one correspondence 
of leader-follower type of operation. Moreover, if the operator manipulates the IRH in an 
unreasonable posture for an extended period of time, the operator tends to tire, and the operation 
efficiency may decrease. Therefore, in this research, it was possible to switch between a state in 
which the operation is active (the operation-on state) and a state in which the operation is inactive 
(the operation-off state). In the operation-on state, the position and posture of the operator’s hand at 
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Fig. 3.6 Two definitions of viewpoint angle with (a) revolution of operator frame, and (b) rotation of robot 

frame (i.e., VOS frame). 
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the moment the operation was turned on were set as a reference, and displacements from this 
reference were measured and calculated. The calculated values were then used as the real-time 
operation commands and sent to the IRH. In the operation-off state, no operation commands were 
issued regardless of the hand movement, so that the IRH’s position and posture at the moment the 
operation was turned off were preserved. In this way, when the upper limb approached the ROM 
limit during the operation-on state, the operation was switched to the operation-off state and the hand 
could be returned to a comfortable position and posture. The operation could then be switched back 
to the operation-on state, which makes it possible to continue the operation without difficulty. 

For the type of viewpoint changes shown in Fig. 3.6(b), since the operator frame 𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴 
and the VOS frame 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎 differed in their directions, there was a transformation of these 
reference frames when the command values from the movement of the operator’s upper limb to the 
IRH were generated. This transformation is as follows: 

𝒒 
𝑎 = 𝑐𝑻𝑞 𝒒 

𝐴 , 

𝒓 
𝑎

ℎ = 𝑻𝑟 𝒓 
𝐴

𝐻 , 
(3.1)

where 

𝑻𝑞 = 𝑻𝑟 =
ດ

cos 𝛼 sin 𝛼 0
− sin 𝛼 cos 𝛼 0

0 0 1ຕ
. (3.2)

Here, 𝒒 
𝑎  and 𝒓 

𝑎
ℎ are respectively the position vector and posture matrix of the IRH with respect 

to 𝑂𝑎 −𝑋𝑎𝑌𝑎𝑍𝑎 , 𝒒 
𝐴   and 𝒓 

𝐴
𝐻   are respectively the position vector and posture matrix of the 

operator’s hand with respect to 𝑂𝐴−𝑋𝐴𝑌𝐴𝑍𝐴, and 𝑐 is a constant that represents the ratio of the 
motion scale of the operator’s hand to the IRH. 

As illustrated in Fig. 3.7, to measure the movement of the operator’s hand, markers were attached 
to the operator’s right hand via a brace, and their positions and postures were measured by a 3D real-
time motion capture shown in Fig. 3.3. A switch-type device was used to switch between the 
operation-on and operation-off states. The experiment was in the operation-on state whenever the 
operator held down the device’s button and in the operation-off state whenever the operator released 
the button. This device was operated by the operator’s left hand. 
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Fig. 3.7 Main and assistant markers for hand movement 
measurement. 

Fig. 3.8 Simplified teaching pendant with 12 

buttons for translation and rotation. 
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IV.   Button-Based Operation Method 

A simplified button-based operation method was used in the research. An actual TP has many 
buttons, including buttons for switching the operation axes and recording teaching points, which 
makes it difficult for novices to operate. Hence, a simplified TP with minimum number of functions 
to manipulate the IRH to an arbitrary position and posture was used. The simplified TP is shown in 
Fig. 3.8. It has 12 buttons, each of which corresponds to a positive or negative control command of 
6-DOF position and posture. The IRH translated along the axis 𝑋𝑎, 𝑌𝑎, or 𝑍𝑎 while pressing a 
position operation button and rotated around the axis 𝑋ℎ , 𝑌ℎ , or 𝑍ℎ  while pressing a posture 
operation button. When multiple buttons were pressed at the same time, the combined movement 
was communicated to the IRH. 

3.3   EXPERIMENT 

In order to evaluate the influence of viewpoint change on the body motion- and button-based 
methods, this study applied the above-described evaluation system in a series of experiments. 

I.   Evaluation Game 

Figure 3.9 illustrates the flow of the evaluation games used in the experiments. Before a game 
begins, the viewpoint angle 𝛼 is set to 0°, and the IRH frame 𝑂ℎ−𝑋ℎ𝑌ℎ𝑍ℎ is set parallel to the 
VOS frame 𝑂𝑎−𝑋𝑎𝑌𝑎𝑍𝑎. The VOS is then smoothly rotated to a specific viewpoint angle. (If the 
specific viewpoint angle is 𝛼 = 0°, the rotation of the VOS is omitted.) After the viewpoint changes, 
a target appears with a random position and posture. Some targets whose front and back sides might 
not be easily distinguished were excluded, since in such cases it would be difficult for the operator 
to correctly recognize the posture. The length of the side of the VOS was set at 30 (a dimensionless 
quantity), which is equivalent to 600 mm in the real space. The IRH’s position vector is denoted by 
𝒒 

𝑎 = { 𝑥 
𝑎 , 𝑦 

𝑎 , 𝑧 
𝑎 }𝑇  , and the target’s position vector is denoted by 𝒒 

𝑎
𝑡 = { 𝑥 

𝑎
𝑡, 𝑦 

𝑎
𝑡, 𝑧 

𝑎
𝑡}

𝑇  . If the 
condition (| 𝑥 

𝑎 − 𝑥 
𝑎

𝑡|, | 𝑦 
𝑎 − 𝑦 

𝑎
𝑡|, | 𝑧 

𝑎 − 𝑧 
𝑎

𝑡|) ≤ 1 was satisfied, it was considered that the positions 
of the IRH and target matched. In this status, the green sphere at the tip of the IRH turned red. The 

 

I. Initial state of virtual 
space and hand

II. Viewpoint changes 
and a target appears

III. Matching state of 
position and posture

IV. A new target appears

 

Fig. 3.9 Process of evaluation game when viewpoint angle is set to 90°. (For easy understanding, frame line 

is shown thick.) 
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IRH’s posture matrix is denoted by 𝒓 
𝑎

ℎ = ร 𝒓 
𝑎

𝑥, 𝒓 
𝑎

𝑦, 𝒓 
𝑎

𝑧ฤ
𝑇  and the target’s posture matrix is denoted 

by 𝒓 
𝑎

ℎ𝑡 = ร 𝒓 
𝑎

𝑥𝑡, 𝒓 
𝑎

𝑦𝑡, 𝒓 
𝑎

𝑧𝑡ฤ
𝑇 . If the angle between the vectors 𝒓 

𝑎
𝑥𝑡 and 𝒓 

𝑎
𝑥 and the angle between 

the vectors 𝒓 
𝑎

𝑦𝑡  and 𝒓 
𝑎

𝑦  were within 10°, i.e., minฝ〈 𝒓 
𝑎

𝑥𝑡, 𝒓 
𝑎

𝑥〉, 〈 𝒓 
𝑎

𝑦𝑡, 𝒓 
𝑎

𝑦〉พ ≥ 0.985 , it was 
considered that the postures of the IRH and target matched. When both the position and posture of 
the IRH agreed with those of the target, the entire IRH turned red. Once this status had lasted for 1 s 
(holding time), the current target was cleared and disappeared from the screen, and the next target 
appeared at another random position and posture. These operations were repeated until ten targets 
were cleared, which was regarded as one game set. 

II.   Evaluation Outline 

The effects of age and gender differences in spatial ability have been surveyed in the previous 
studies [126−128]. In order to eliminate the effects of age and gender and conduct the experiments fairly, 
ten examinees in our experiments were all young healthy adult males with no physical injuries or 
disabilities (average age ± standard deviation was 22.5 ± 0.5 years). All experiments were approved 
by the Kyoto University Graduate School of Engineering Ethics Committee. 

A chair for the examinees was placed opposite the center of the screen. The examinees were 
instructed to think of the IRH as a real robotic hand and to move it to match the target’s position and 
posture as quickly as possible. After the VOS and IRH were projected, it was confirmed that the 
examinees could see them three-dimensionally by wearing 3D glasses. 

A brief introduction to the body motion- and button-based methods was given to the examinees. 
Prior to the experiments involving the body motion-based operation, the ROM of the hand was shown 
to the examinees by using a cubic frame with 300 mm sides; they were asked to move their hands 
within this range. The examinees were verbally instructed to change their hand posture within a range 
in which they felt comfortable. An explanation of how to match the position and posture of the IRH 
with the target was then given. The examinees were also told that if their hands were about to deviate 
from the above ROM or if they felt uncomfortable, they could turn off the operation, move their 
hands into a comfortable posture around the center of the ROM, and then turn the operation back on. 
Prior to the experiments involving the button-based operation, the function of each button was 
explained. The examinees performed two training game sets before the actual games began, which 
ensured that the operation methods were fully understood. 

In the actual games, five of the ten examinees were required to perform the body motion-based 
operation experiments first; the other five examinees performed the button-based operation 
experiments first. Eight versions of the evaluation game sets were used. Each version had a different 
viewpoint angle: 0°, 45°, 90°, 135°, 180°, 225°, 270°, or 315°. Each examinee played each game set 
one time, for a total of eight game sets, in random order. The experiment ended for the examinee 
after he cleared all 160 targets (ten targets in each of the eight game sets for the two operation 
methods). The examinees were given a one-minute break between game sets. 

After the experiments, a questionnaire survey was administered in which the examinees were 
asked to indicate how they felt about the two operation methods. The survey was conducted once for 
each operation method. In the questionnaire, the Visual Analogue Scale (VAS) evaluation method 
[129−131] was used and the evaluation item was set as “whether it was easy to operate or not.” A 
horizontal line was shown on the questionnaire sheet, the left and right ends of which were labeled 
“difficult to operate” and “easy to operate”, respectively. The examinee marked the most applicable 
position along the line. The evaluation was quantified by converting the distance from the left end of 
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the line to the marked position into a score from 0 to 100. In comparison with other questionnaire 
methods, such as the five-point scale method, the VAS method is considered to be particularly 
effective for an ambiguous and subjective evaluation since it can detect slight differences in the 
evaluation. In addition to the VAS questionnaire, the comments from the examinees regarding what 
they felt about the operation were also recorded. 

Although the research in this study focuses on the body motion- and button-based methods, the 
proposed evaluation system can be applied to other operating methods. This makes it possible to 
discuss differences in the effect of viewpoint change on various operation methods in a standardized 
manner by using differences in working time as a basis for comparison. 

3.4   EXPERIMENTAL RESULTS 

The results of the evaluation experiments were analyzed to provide insights into the influence of 
viewpoint change on the operability of the two operation methods. 

I.   Comparison between Body Motion- and Button-Based Methods 

First, the experimental results of the body motion- and button-based methods were compared. 

The total clearing time required for clearing the ten targets, i.e., for completing one game set, for 
each viewpoint angle and each examinee was measured. Note that the holding time (1 s × 10 targets 
= 10 s) has been removed from the clearing times. Grubbs’ method was used to reject outliers in the 
examinee clearing times for each viewpoint angle. The results are shown in Fig. 3.10. From this 
figure, it is clear that the clearing times for the body motion-based method were shorter than those 
for the button-based method for all eight viewpoint angles. Applying Welch’s t-test to the average 
clearing times confirmed that there was a significant difference between the clearing times for the 
two operation methods for every viewpoint angle. Thus, the body motion-based method was shown 
to be superior to the button-based method in terms of working time, regardless of whether viewpoint 
was changed or not, and regardless of what the viewpoint angle was. 

Figure 3.11 shows the distribution of the examinees’ subjective evaluation scores from the VAS 
questionnaire survey. As indicated, the operability scores for the button-based method are in the range 
of 0−60, centering on 20−40, while the scores for the body motion-based method are mostly in the 
higher range of 40−100. Fig. 3.12 shows the average operability scores for the two operation methods. 
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Fig. 3.10 Average clearing time of all examinees for each viewpoint angle with confidence intervals at 5% 

significance level (*: 𝑝 ≤ 0.05). 



38 Chapter 3 Effect of Viewpoint Change on Body Motion- and Button-Based Robot Operation

 

 

The average evaluation score for the button-based method was 29.8, while the average for the body 
motion-based method was 78.0. The ratio of the two scores is approximately 1:2.6. These results 
suggest that the body motion-based method is superior to the button-based method in terms of the 
user’s subjective impression of operability, even when the viewpoint angle is changed. 

Next, the operating and non-operating times were compared between the two operation methods. 
Operating time refers to the time during which the IRH is actually being operated. For the button-
based method, operating time corresponds to the time when one or more buttons are being pressed. 
For the body motion-based method, operating time corresponds to the time when the system is in the 
operation-on state. Non-operating time refers to the time during which no operation command is 
being given to the IRH. For the button-based method, the non-operating time corresponds to the time 
when no button is being pressed. For the body motion-based method, the non-operating time 
corresponds to the time when the system is in the operation-off state. All the operating and non-
operating times for the two operation methods for each viewpoint angle were monitored. By applying 
Grubbs’ method to the data, the averages for each of the two methods were obtained and shown in 
Figs. 3.13 and 3.14. The p-values produced by Welch’s t-test are also shown. 
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Fig. 3.11 Distribution of subjective operability scores 

in VAS questionnaire survey. 

Fig. 3.12 Average subjective operability scores of 

body motion- and button-based methods in 

VAS questionnaire survey with confidence 

intervals at 5% significance level (*: 𝑝 ≤

0.05). 
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Fig. 3.13 Average operating times of body motion- 

and button-based methods for each 

viewpoint angle with confidence intervals at 

5% significance level (*: 𝑝 ≤ 0.05; **: 𝑝 ≤

0.01). 

Fig. 3.14 Average non-operating times of body 

motion- and button-based methods for each 

viewpoint angle with confidence intervals at 

5% significance level (*: 𝑝 ≤ 0.05; **: 𝑝 ≤

0.01). 
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As can be seen in Fig. 3.13, the average operating time for the button-based method is longer 
than that for the body motion-based method for all viewpoint angles; in particular, there are 
significant differences when the viewpoint angle 𝛼 is 0°, 135°, 225°, 270°, or 315°. The difference 
is most pronounced when 𝛼 is 225° or 315°. These results suggest that the button-based method 
tends to be more difficult when the viewpoint angle 𝛼 is “slanted” (i.e., not a multiple of 90°). The 
likely reason for this is that, in the operation of the simplified TP, when the viewpoint is changed, the 
correspondence between the function of each button and the moving direction of the IRH also 
changes, making it necessary for the operator to re-think the relation between the buttons and motions. 
To illustrate, with 𝛼 = 0°  as the reference, if 𝛼  changes to 90°, when the operator presses the 
button corresponding to the “move forward” command, he/she will observe that the IRH displayed 
on the screen actually moves to the right. Therefore, the operator needs to “re-recognize” the function 
of this button as the command to “move to the right.” On the other hand, if 𝛼 changes to 45°, when 
the operator presses the button corresponding to the “move forward” command, he/she will observe 
that the IRH displayed on the screen actually moves in the front-right direction. To move the IRH 
forward, the operator would need to press the “move forward” and “move to the left” buttons at the 
same time. In such a situation, i.e., where the viewpoint is slanted, re-recognizing the buttons’ 
functions can become quite difficult, as the intended operation and the button to be pressed are no 
longer in a one-to-one relationship. Given this increased complexity, the operating time for the 
button-based method is likely to be extended. On the other hand, in the case of body motion-based 
operation, there is no need for such re-recognition since the direction of movement of the operator’s 
hand and that of the IRH are always the same for any viewpoint angle. 

Figure 3.14 shows a comparison of the non-operating times between the two methods. As can 
be seen in the figure, the non-operating time for the button-based method was significantly longer 
than that for the body motion-based method for all viewpoint angles. One plausible explanation for 
this is that the non-operating time for the button-based operation includes the time it takes for the 
operator to decide in which direction the IRH should be moved next, the time it takes to move his/her 
line of sight from the screen to the simplified TP, the time it takes to check the button position by 
looking directly at it, and the time it takes to select the button for the intended operation. In contrast, 
the non-operating time for the body motion-based method includes only the time it takes to move the 
hand from a limited position to a comfortable position. With the body motion-based method, there is 
no need for the operator to look directly at his/her hand since it can be perceived sensibly; moreover, 
the time for the selection of the next movement direction is shorter since the movement of the IRH 
corresponds to that of the operator’s hand. Thus, the operator is able to intuitively operate the IRH 
while maintaining his/her line of sight toward the screen, making the time during which the operation 
is paused shorter than in the case of the button-based operation. 

Figures 3.15 and 3.16 show the operating and non-operating times as a percentage of the clearing 
times for the two operation methods. The operating times for the button-based method are divided 
according to the number of buttons being simultaneously pressed. As can be seen in the figures, the 
percentages are nearly constant across all viewpoint angles for both the body motion- and button-
based methods. In the case of the button-based method, the time during which the operator was 
operating two buttons simultaneously was significantly shorter than the time operating only one 
button. The time during which three or more buttons were being operated simultaneously was close 
to 0. Reflecting this difference, the operating time percentages for one-button operation were in the 
range of 51.4−54.5%, whereas for two-button operation, the range was 2.8−5.2%, indicating that the 
one-button percentage was more than ten times the two-button percentage. This result suggests that 
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for the button-based operation, the operator mainly manipulates only one DOF at a time, while with 
the body motion-based operation, it is relatively easy for the operator to operate six DOFs 
simultaneously. This is considered as one of the primary reasons that the clearing times of the body 
motion-based method were shorter than those of the button-based method. 

Based on the above analysis, it can be reasonably concluded that (i) the differences in clearing 
times between the body motion- and button-based methods are mainly caused by differences in their 
non-operating times and that the influence of viewpoint change on this result is small, and (ii) 
viewpoint change mainly influences operating times for the button-based method. 

II.   Trial-and-Error in Button-Based Operation 

The relationship between the operator’s behavior and the viewpoint angle in the button-based 
operation was also examined. One of the effects of viewpoint change was an increase in the number 
of button operations. In the previous study [100], a number of examinees commented that “it was 
difficult to immediately recall the relation between each button of the simplified TP and the moving 
directions of the IRH, so I tried many buttons to find the correct one.” Based on this, in the current 
study, the possibility that efforts by the examinees to try multiple buttons in order to find the correct 
one using “trial-and-error” would be even greater was recognized, since the relation between the 
buttons and the moving directions was made more complicated by the changes in viewpoint. Hence, 
the current research considered instances in which the IRH moved far from the target position and 
posture while a button was being pressed as indicating that the operator was employing trial-and-
error. The number of such trial-and-error cases was tracked and compared. 

Figures 3.17 and 3.18 show the number of trial-and-error instances for the position and posture 
operations, respectively. For the position operation (Fig. 3.17), the number of times that trials-and-
errors were used by the operator was smallest when the viewpoint angle 𝛼 was 0°, second smallest 
when 𝛼 was 90°, and largest when 𝛼 was 225°. There were significant differences between the 
cases when 𝛼 were 0° and 225° and the cases when 𝛼 were 90° and 225°. This result agrees with 
the conclusion in Section 3.4-I that the button-based operation becomes more difficult when the 

  

Fig. 3.15 Proportions of operating and non-operating 

times in clearing times for body motion-

based method. 

Fig. 3.16 Proportions of operating and non-operating 

times in clearing times for button-based 

method. 
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viewpoint angle is slanted. However, since the operating time for one-button operation is not constant, 
a large number of trial-and-error instances does not necessarily mean that the clearing time is long. 
On the other hand, as shown in Fig. 3.18, there were no significant differences between the results 
for the different viewpoint angles in the posture operations. There would appear to be two reasons 
for this. One is that trial-and-error operation was unnecessary in the posture operation since the IRH 
could be operated in either the positive or the negative direction to approach the target posture angle. 
The other reason is that recognition of the posture is likely to remain unchanged even when the 
viewpoint is changed since the posture change is based on the reference frame fixed on the IRH. In 
sum, it is suggested that a change in viewpoint makes the position operations for the button-based 
method more difficult, whereas its effect on the posture operations is relatively small. 

III.   Ideality of Body Motion-Based Method 

As a part of the analysis, this section seeks to develop a measure of ideality for the body motion-
based method could be used to assess the effect of viewpoint change. More specifically, an ideality 
index was produced in order to indicate how close the IRH was to the target position and posture 
after one operation; the premise being that the higher the index value, the less trials-and-errors were 
used. Since, in the body motion-based method, six DOFs of position and posture are operated 
simultaneously, the DOFs of some movements may affect the DOFs of others. In such cases, it is 
difficult to clearly determine the number of trial-and-error instances. Such fuzziness and vagueness 
in human-machine systems can be eliminated using fuzzy set theory [132]. Therefore, this research 
applied the fuzzy inference method proposed in the previous study [133] to define ideality and used 
the result as an evaluation index. 

The method for calculating ideality can be explained by first considering the case of the position 
operation as an example. As shown in Fig. 3.19, in one operation, the positional relationship between 
the position before the operation, the position after the operation, and the target position is expressed 
by 𝐿0, 𝐿1, and 𝜃𝑒. At this point, the following fuzzy sets A and B are used [134, 135]. 

A: The difference between the ideal moving direction and the actual moving direction of the IRH 
is small (i.e., 𝜃𝑒 is small). 

B: The distance between the IRH and the target position becomes shorter (i.e., 𝐿1 < 𝐿0). 
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Fig. 3.17 Number of trial-and-error instances for each 

viewpoint angle for position operation using 

button-based operation method with 

confidence intervals at 5% significance level 

(*: 𝑝 ≤ 0.05; **: 𝑝 ≤ 0.01). 

Fig. 3.18 Number of trial-and-error instances for each 

viewpoint angle for posture operation using 

button-based operation method with 

confidence intervals at 5% significance level 

(*: 𝑝 ≤ 0.05; **: 𝑝 ≤ 0.01). 
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Four rules are considered with respect to the fuzzy sets A and B; the ideality 𝐼𝑗  (𝑗 = 1, 2, 3, 4) 
for each rule is given as follows: 

Rule 1: if A and B, then the ideality is 𝐼1 = 3; 
Rule 2: if A and B, then the ideality is 𝐼2 = 2; 
Rule 3: if A and B, then the ideality is 𝐼3 = 1; 
Rule 4: if A and B, then the ideality is 𝐼4 = 0. 

Next, in order to quantitatively evaluate the degree to which A and B are satisfied, membership 
functions 𝜇A, 𝜇A, 𝜇B, and 𝜇B are introduced. All of these membership functions are designed so 
that their maximum value is 1 and minimum value is 0 [136]. As shown in Fig. 3.19, 𝜇A is assumed 
to decrease in proportion to 𝜃𝑒, since the smaller 𝜃𝑒 is, the closer the IRH’s moving direction is to 
the target direction. In addition, 𝜇B  is assumed to decrease in proportion to 𝐿1 𝐿0⁄  , since the 
smaller 𝐿1 𝐿0⁄  is, the closer the IRH’s position is to the target position after the operation. 

𝜇A(𝜃𝑒) = 1 −
𝜃𝑒

𝜋
 (0 ≤ 𝜃𝑒 ≤ 𝜋), 
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(3.3)

Rules 1−4 are then defuzzificated using Takagi and Sugeno’s method [137, 138]. Here, 𝐶𝑗   (𝑗 =

1, 2, 3, 4) is defined as the goodness of fit for Rules 1−4 by the following equations: 

𝐶1 = min(𝜇A, 𝜇B), 

𝐶2 = minฝ𝜇A, 𝜇𝐵พ, 

𝐶3 = minฝ𝜇A, 𝜇Bพ, 

𝐶4 = minฝ𝜇A, 𝜇Bพ. 

(3.4)

The gained 𝐶𝑗   (𝑗 = 1, 2, 3, 4 ) is used to calculate the ideality of one positional operation 𝐼total 
according to the following equation: 

 

Fig. 3.19 Ideality model of IRH’s movement during single operation-on state. 
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, (3.5)

where 𝐼max = max(𝐼1, 𝐼2, 𝐼3, 𝐼4) = 3  is used for the normalization of the ideality’s value. By 
converting from the positional space shown in Fig. 3.19 to the postural space, the ideality of the 
posture operation can be derived in the same way. 

Figure 3.20 shows the average idealities of the position and posture operations produced in the 
experiments for each viewpoint angle. No significant differences between viewpoint angles for either 
the position or posture operations were found, indicating that the body motion-based method is robust 
to viewpoint change. It is also noted that the idealities for the positional operations were higher than 
those for the postural operations for any viewpoint angle. These are the same tendencies as in the 
previous study [133], whereby the robustness of the body motion-based method to viewpoint change 
is considered to be supported. 

3.5   SUMMARY 

The use of body gestures to give operation commands to mobile manipulators has been proposed 
and explored in a number of studies. However, no studies dealing with situations in which there are 
changes in the positional relation between the operator and the mobile manipulator have been 
reported. This study constructed an evaluation system based on a virtual space in which the viewpoint 
angle between the operator and the operated robot could be changed, and conducted a series of 
experiments to evaluate and compare the effect of viewpoint change on the operability of a body 
motion-based operation method that uses the movements of the operator’s upper limbs and the 
operability of a simplified version of the more conventional button-based operation method. The 
main features and findings of this study are summarized below: 

1) To evaluate the operability of robot operation that involves viewpoint change, in this study, 
an evaluation system was constructed for manipulating an imaginary robotic hand in a virtual 
operation space. And a method was proposed to simulate the operator’s viewpoint change by 
rotating the virtual space. 

2) Several experiments were conducted using the proposed evaluation system. In terms of both 
clearing time and subjective assessments of operability, the body motion-based method was 

 

 

Fig. 3.20 Ideality of position and posture operation of body motion-based method for each viewpoint angle 

with confidence intervals at 5% significance level (*: 𝑝 ≤ 0.05; **: 𝑝 ≤ 0.01). 
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shown to be superior to the button-based method for all viewpoint angles. 
3) Clearing time was divided into the operating time and non-operating time. It was found that 

the differences in the clearing times of the two operating methods were mainly due to 
differences in the non-operating times. Viewpoint change was shown to mainly influence the 
operating time of button-based method, the degree of this influence was especially notable 
when the viewpoint angle was slanted. 

4) The assessment of the button-based operation is focused on the number of times the operator 
used trial-and-error to determine the function of the various buttons. This analysis revealed 
that viewpoint change made the positional operation much more difficult, but had a relatively 
smaller influence on the postural operation. 

5) The ideality of body motion-based operations was analyzed. It was found that the ideality did 
not depend on the viewpoint angle, indicating that the body motion-based method may be 
robust to viewpoint changes. 

To focus on the effect of viewpoint change on the button- and body motion-based operation 
methods, the evaluation conditions were simplified in this research. In the next phase, to simulate the 
actual conditions, such as collisions or interferences between a robot and a manipulated object, an 
actual or digital-twin operation environment will be constructed. Additionally, to show the versatility 
of the proposed evaluation system, it is also expected to be applied for the other interfaces or 
operation methods (e.g., a joy-stick-based method, a direct teaching method, a VR-based method) in 
future research. 
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CHAPTER 4  
Experimental Evaluation for Robot Operation Using 
Toe Movements 

4.1   INTRODUCTION 

Human upper limbs are used on a daily basis to finish complicated tasks by flexion and extension 
movements of fingers, thus they have been the subject of numerous studies, including research on 
the features of finger motions in the medical field [147, 148] and motion analyses of finger joints in the 
engineering field [149, 150]. And many operation devices using upper limbs, such as TPs and leader-
follower operation devices which have been discussed in the previous chapter, have been presented. 
In contrast, very few studies focused on the operation approaches using the movements of lower 
limbs, including legs, feet, and toes. Actually, toe movements, especially flexion and extension 
movements, are also considered to be applicable for robot operations. Toes are certainly not as 
dexterous as fingers; different toes have different musculoskeletal structures, thus some movement 
may be easy for some toes but difficult for the other toes. Additionally, when two toes are operated 
at the same time, the movement of one toe can affect that of the other. Such movement characteristics 
of toes have not been clarified. To realize high toe operability, it is important to gain a better 
understanding of the features of toe movements for consideration in terms of operation methods. 

Some research focusing on toes has shown that toes play an important role in maintaining balance 
and preventing falls during walking [151, 152]. Medical studies on toes include investigations about 
joint ROM flexor muscle force during full extension [153, 154], the motions and contact surfaces of the 
joints in the great toe [155], and some other studies based on electroencephalograms [156, 157]. Moreover, 
research in the nursing field have compared the grip strength of toes in dominant and non-dominant 
feet [158], and revealed how toe training affected gait speed and step length [159, 160]. Sun et al. also 
found that different walking speeds had different effects on foot inter-segment kinematics, ground 
reaction forces, and lower limb joint moments [161]. Utilizing the pressing motions of toes, a computer 
mouse operated by toes has been reported [162]. However, since a device appropriate for measuring 
toe movements has yet to be developed, the characteristics of toe motions have not been sufficiently 
evaluated, which makes the developments of robot operation devices using toes difficult. 

To solve the above problems, in this chapter, a new measuring device that can assess flexion and 
extension motions in small-sized toes with a small ROM is proposed. This newly developed device 
allows the features of toe movements in position operation tasks to be evaluated. This research uses 
the proposed device to experimentally investigate the movement characteristics of the great (first) 
and long (second) toes. In addition, the differences between flexion and extension movements, great 
and long toes, and one- and two-toe operations are clarified. Finally, toes and fingers movements are 
experimentally compared and discussed. 

4.2   MUSCULOSKELETAL STRUCTURE AND FLEXION/EXTENSION OF 

TOES 

Before discussing the investigation of movement characteristics, a brief description of the 
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anatomical structure of toes is presented in this section. Kai et al. compared the maximum gripping 
force and the time required to reach this maximum force between dominant and non-dominant feet 
and observed no significant difference [158], which suggested that toes in dominant and non-dominant 
feet have the same operability. Then, this section focuses on the right human foot, and carries out a 
comparison with the right hand. The investigation targets the great and long toes (first and second 
toes from the left when the sole is facing downward) and the index and middle fingers (second and 
third fingers from the left when the palm is facing downward). In this chapter, flexion is defined as 
when the toe or finger is bending downward; and extension is defined as when the toe or finger is 
stretching upward. The configuration of the bones and joints of each finger and toe considered in this 
section are shown in Figs. 4.1 and 4.2. The great toe has three phalanges: the distal phalange, 
proximal phalange, and metatarsal bone (in order from the tip of great toe). The joint between the 
distal and proximal phalanges and that between the proximal phalanges and metatarsal bone are 
known as the proximal interphalangeal (PIP) and metacarpophalangeal (MP) joints, respectively. The 
long toe has four phalanges, including an additional phalange between the distal and proximal 
phalanges known as the middle phalange. The joint between the distal and middle phalanges, and 
that between the middle and proximal phalanges are known as the distal interphalangeal (DIP) and 
PIP joints, respectively. The index and middle fingers also have four phalanges and three joints with 
the same names as those in the long toe. 

Next, a brief introduction of the extensor and flexor muscles affecting extension and flexion 
movements is given. Fig. 4.3 shows the three main muscles from the back of foot that affect toe 
extension movements [163]. The extensor halluces longus (EHL) muscle extends from the fibula to 
the tip of the great toe, four extensor digitorum longus (EDL) muscles, which belong to the same 
muscle group, extend from the tibia to the tips of the toes, excluding the great toe, and extensor 
digitorum brevis (EDB) and extensor hallucis brevis (EHB) muscles, which belong to the same 
muscle group, extend from the ankle to the tips of the toes, excluding the little toe. The MP and PIP 
joints in the great toe are stretched by the EHB and EHL muscles, respectively, while the DIP, PIP, 
and MP joints in the long toe are all stretched by the EDL and EDB muscles.  

The five main muscles acting on the bending movements of the toes, which are distributed in 
three layers (the shallow, middle, and deep layers), are shown from the sole of the foot in Fig. 4.4. 
Four flexor digitorum brevis (FDB) muscles, which belong to the same muscle group, extend from 
the calcaneus to the PIP joints of the toes, excluding the great toe, and act on the flexion movement 
of the PIP and MIP joints in the long toe. In the middle layer, the flexor hallucis longus (FHL) muscle 
extends from the fibula to the tip of the great toe and acts on the flexion movement of the PIP joint 
in the great toe. Four flexor digitorum longus (FDL) muscles, which belong to the same muscle group, 

  

 
 

Fig. 4.1 Bones and joints in feet. Fig. 4.2 Bones and joints in hands. 
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extend from the fibula to the toes, excluding the great toe, and act on the flexion movement of the 
DIP, PIP, and MP joints. The flexor hallucis brevis (FHB) muscle extends from the lower surface of 
the cuboid bone to the MP joint in the great toe and acts on its bending movement. Moreover, four 
lumbrical muscles in the deep layer, which belong to the same muscle group, extend from the inside 
of the FDL muscle and adhere to the tips of the toes, excluding the great toe, and act on the flexion 
movement of the MP joint in the long toe. The quadratus plantae and interossei muscles also assist 
the flexion movement of the toes. 

As shown above, the great toe is considered to be able to bend or stretch relatively easily since it 
has its own extensor and flexor muscles. Conversely, it is considered difficult for the long toe to 
move separately from the other toes since their extensor and flexor muscles belong to the same 
muscle group. It is also known that the long toe has fewer muscles for extension than for flexion, and 
that the flexor muscle has a larger physiological cross-sectional area than the extensor muscle in the 
great toe [163]. In addition, toes are frequently bent to maintain stability during walking, whereas 
stretching movements are rarely used in daily life [164]. From this, it is expected that flexion 

 

 

Fig. 4.3 Extensor muscles in feet. 
 

 
(a) Three layers of a foot with flexor muscles. 

   
(b) Shallow layer. (c) Middle layer. (d) Deep layer. 

Fig. 4.4 Flexor muscles in feet. 
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movements are easier and more accurate than extension movements in the toes. Based on this 
expectation, with a focus on the flexion and extension movements of the great and long toes, some 
experiments were conducted to examine and compare the differences between flexion and extension 
movements, the great and long toes, and fingers and toes. The purpose of these experiments was to 
illustrate quantitatively how quickly toes and fingers operate, as well as differences in their 
operability. 

4.3   MEASUREMENT DEVICE AND EVALUATION EXPERIMENTS FOR 

SINGLE TOE MOVEMENTS 

In this section, a description of the evaluation for the accuracy and speed of movement of a single 
toe or finger when bent or stretched at a specific angle is given. To conduct this evaluation, a new 
system that involved a device to measure and compare differences in the flexion and extension 
movements of a single toe or finger was developed. For the purpose of the present study, the flexion 
and extension movements of the MP joints of the right foot and hand were specifically measured. 

I.   Development of a Measurement Device for Toe and Finger Movements 

A new device for measuring flexion and extension movements of toes and fingers was developed. 
It is more difficult to measure toe than finger movements because toes are smaller than fingers. To 
our knowledge, few studies have involved devices for measuring toe movements, so the development 
of such a device was a focus of this study. Furthermore, this device has the potential to be used as 
the assistant operation device for leader-follower teleoperation systems. 

Some studies in the medical field have used dynamometers or strain gauges to measure toe 
movements or toe gripping, force during flexion [165, 166]. However, few studies have been conducted 
on the development of a measurement device for toe flexion and extension. Mita et al. investigated 
changes in the angle of the MP joint in the great toe during walking using a potentiometer-type 
rotation angle sensor [167]. However, it is difficult to measure flexion and extension angles in the other 
toes with this device because it cannot be fixed on toes other than the great toe. 

On the other hand, many studies have been conducted on measurement methods for finger 
movements. In particular, measurement devices using optical systems have frequently been used, 
such as extracting the outlines of fingers from imaging information on finger movements [168], as 
have detection methods for markers on the hands using cameras [169, 170, 171]. Using these optical 
methods makes it possible to measure the movements of multiple fingers. However, finger 
movements sometimes cannot be measured using these methods because of interference involving 

 

  

(a) Measurement device for the toes. (b) Measurement device for the fingers. 

Fig. 4.5 Placement of the wire displacement sensor on the foot and hand. 
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the markers fixed on the fingers, and this is considered to be even more problematic when measuring 
toes owing to their smaller size. 

To solve these problems, contact-type sensors were used instead of optical methods to measure 
toe movements. The developed measurement device is shown in Fig. 4.5(a). A wire-type magnetic 
displacement sensor (Wire-In Pulse Coder, LEVEX Corp., Kyoto, Japan) that consists of a wire fixed 
on the toe and a metal tube fixed on the back of the foot was used. This sensor outputs a voltage 
according to the amount of wire ejected from and inserted into the metal tube when the toe is bent 
and stretched, respectively. Variations in the measured voltage indicate changes in the angle of the 
toe. The linearity of this sensor ±2%/F.S, so the repeat accuracy is within this range. This method has 
the following merits: i) it is easy to fix the sensor on small toes since the wire is thin (ϕ0.2 mm); ii) 
the flexion movements of the toe can be tracked by this wire because of its softness; iii) the sensor is 
so light that the burden on the body is small; and iv) the same measurement device can also be applied 
to fingers, as shown in Fig. 4.5(b). 

The measured flexion amount of toes 𝑌toe is calculated as follows: 

𝑌toe = 100 ×
2𝑉toe − 𝑉toe,max − 𝑉toe,min

𝑉toe,max − 𝑉toe,min

, (4.1)

where 𝑉toe is the voltage of the sensor, 𝑉toe,min is the voltage of the sensor when the toe is fully 
bent, and 𝑉toe,max  is the voltage of the sensor when the toe is fully stretched. When 𝑉toe  is 
𝑉toe,min ≤ 𝑉toe ≤ 𝑉toe,max, the value of 𝑌toe is −100 ≤ 𝑌toe ≤ 100. Thus, the closer 𝑌toe is to 100, 
the larger the toe stretching angle, whereas the closer 𝑌toe is to −100, the larger the toe bending 
angle. In addition, when the toe flexion is about 𝑌toe = 0, i.e., 𝑉toe = ฝ𝑉toe,max + 𝑉toe,minพ 2⁄ , it is 
considered to indicate a relaxed position for the flexor and extensor muscles [172]. Although the range 
of toe flexion and extension varies with each individual, these values can be expressed relatively 
based on the value 𝑌toe of as defined by Eq. (4.1), which makes it possible to provide participants 
with roughly equivalent operation conditions. 

II.   Construction of the Evaluation System and Game 

Figure 4.6(a) shows the constructed evaluation system. The operator wears one sock or glove on 
the right foot or hand, onto which the developed measurement device is attached. The operator then 
sits on a chair facing a PC monitor. The foot is placed on a platform on the floor so that the toes can 
move freely, as shown in Fig. 4.6(b). The inclination angle of the platform is 20°. The right hand is 
placed on the armrest of the chair with the palm facing downward so that the fingers can also move 
freely. 

The PC monitor displays a blue circular marker, a green circular target, and a rectangular frame 
surrounding these circles, as shown in Fig. 4.7. The vertical positions of the marker and target within 
the rectangular frame vary. As shown in Fig. 4.8, the coordinate value of the top, center, and bottom 
positions of the rectangular frame are +100, 0, and −100, respectively. The coordinate value of the 
marker corresponds to the value of 𝑌toe, which makes it possible to move the marker vertically using 
toe flexion and extension. The operator is expected to move the marker to the target position. In these 
experiments, the operator moves his or her toes to clear the target appearing in various positions, and 
the toe movements are measured and evaluated. 

The evaluation game is implemented using the evaluation system described above. In this game, 
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participants are required to operate the marker using a specified toe or finger from among the great 
and long toes and index and middle fingers. When the position of the marker matches the position of 
the target, the target is cleared and the next one is displayed at a different position. The game ends 
when this operation is repeated and a certain number of targets are cleared. 

Regarding the setting of the target position, first, within the range from −100 to 100 shown in 
Fig. 4.8, the positions where targets may appear are set to as A (+80), B (+40), C (0), D (−40), or E 
(−80), as shown in Fig. 4.9. The position of the first target in the game is C, and that of the second is 
selected from one of the other four positions (A, B, D, or E). Next, the position of the third target is 
selected from the remaining positions, and that of the fourth is selected from the remaining two. 
These four targets comprise one target set, and the game consists of 𝑃34

 = 24 sorts of target sets in 
total. In this evaluation game, all 24 target sets are displayed in random order for each participant. 
However, participants may become aware that the fourth target in one target set always appears at 
position C, which can adversely affect the fairness of the experiments. Therefore, cases in which the 
marker moves from other positions to C were not considered and the experimental data for these 
cases were excluded. Therefore, 16 types of operation patterns were considered in this evaluation 
game (Fig. 4.10). These patterns are named based on the starting and finishing marker positions; for 
example, the pattern in which the marker is moved from C to A is named pattern CA. The movement 
distance of the marker (flexion amount of the toe) for each operation pattern is shown in Table 4.1. 

  
(a) Operator and experimental setup. (b) Platform for the foot. 

Fig. 4.6 Experimental setup. 

 

   
Fig. 4.7 Evaluation game as displayed 

on the monitor. 

Fig. 4.8 Range of marker move-

ment. 

Fig. 4.9 Appearance positions of 

the target. 
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Regarding the conditions for determining the match between the marker and the target in this 
evaluation game, participants move the marker up and down to approach the target using toe 
movements. The range of the marker’s movement is −100 to 100, as shown in Fig. 4.8, and match 
status is achieved when the position of the marker is within ±2.5 of the position of the target. If this 
match status lasts for 1 s, which is called the holding time, the target is cleared and disappears from 
the monitor. Then, the next target appears at a new position. In this experiment, the repeat accuracy 
of the measurement device described in the Section 4.3-I was not considered to directly affect the 
experimental results. The participants always moved their toes or fingers just to make the marker 
match the target according to the visual feedback, which implies that the participants compensated 
the repeat errors without the intension even if such errors occurred in the evaluation game. 

III.   Experimental Outline 

Experiments using the developed evaluation system were conducted on 10 male adult 
participants (mean age ± standard deviation, 22.4 ± 0.92 years) without disability or toe or finger 
injury. In these experiments, the time intervals from the moment when one target was cleared to the 
moment when the next target was cleared were measured and referred to as the clearing time; this 
was used as the main evaluation index. The holding time of 1 s required to clear a target was 
subtracted from the clearing time. The participants were required to clear all target as soon as possible. 
It was considered that the shorter the clearing time, the higher the operability. All participants 
conducted in this study were approved by the Kyoto University Graduate School of Engineering 
Ethics Committee. 

 

Table 4.1 Displacement of the marker for each operation pattern. 

 Operation pattern Marker displacement 𝑌toe  

 CB, CD, AB, BA, DE, ED 40  

 CA, CE, BD, DB 80  

 AD, BE, DA, EB 120  

 AE, EA 160  

 

 
Fig. 4.10 The 16 operation patterns used in the evaluation game. 
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Before the evaluation games, a training game was conducted so that each participant could 
become familiar how to operate the marker. In total, 25 targets, which consisted of six target sets 
with 24 targets and a single target appearing at position C at the end of the game, comprised a game 
set. In the training game, one game set was performed. After the training game, a test game with four 
game sets, which consisted of 100 targets for each toe or finger, was started, with a 1-min break 
between each game set. Additionally to the 1-min break, the participants were asked to take a break 
if they felt fatigued or uncomfortable, even just a little. Therefore, the fatigue of toes was considered 
to be so limited that it had no significant effect on the experimental results. 

IV.   Experimental Results and Discussion 

Figure 4.11 shows the experimental results of the average clearing times for the great and long 
toes and the index and middle fingers. In this figure, the error bars indicate the CI at a 5% significance 
level. Grubbs’ method was used to reject the outliers observed in the experimental data for the same 
toe/finger and the same operation pattern in all participants. As shown in the figure, the average 
clearing time increased in the order of the index finger, middle finger, great toe, and long toe. The 
average clearing time of the middle finger was about 1.03 times longer than that of the index finger, 
the average clearing time of the great toe was about 1.43 times longer than that of the index finger, 
and the average clearing time of the long toe was about 1.55 times longer than that of the index finger. 
Fig. 4.11 also shows the test results of the differences in average values using Welch’s t-test at a 5% 
significance level. Although no significant differences were observed between the average clearing 
time of the index and middle fingers, significant differences were observed for all other cases. 

The results from this experiment are discussed here. First, regarding a comparison between the 
fingers and toes, the toes showed lower operability, which was predicted before the experiment began. 
The average clearing time of the toes was 1.45 times longer than that for the fingers, which suggests 
that the operation speed of the toes is about 69% that of the fingers. A comparison of the results for 
the two toes indicated that the great toe had a better operability than the long toe. This result agrees 
with the discussion of the musculoskeletal structure presented in Section 4.2. The average clearing 
time for the great toe was 0.92 times shorter than that of the long toe, which suggests than the 
operation speed of the great toe is about 109% that of the long toe. The great toe was considered to 
have substantially better operability than the long toe because unlike the long toe, the great toe has 

 

 
Fig. 4.11 Average clearing time of each toe and finger in the operation experiments (*: 𝑝 ≤ 0.05). 
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its own individual flexor and extensor muscles. However, the difference in operation speed between 
these two toes was small, at only 9%. The result also indicated that the operability of the index and 
middle fingers was equivalent since no difference was observed. To our knowledge, such quantitative 
results have not been reported in previous studies. 

The 16 operation patterns shown in Fig. 4.10 were considered. The average clearing time and 
Cis at a 5% significance level for the toes and fingers for each operation pattern are shown in Fig. 
4.12. The differences of these mean values were tested using Welch’s t-test at a significance level of 
5%. The test results are shown in Table 4.2. Among the 16 patterns, significant differences between 
toes and fingers were observed in 12: CA, AB, CB, DB, EB, AD, BD, CD, ED, AE, BE, and CE. 
These results indicated that the operability of the toes was significantly lower than that of the fingers 

 

Table 4.2 Result of Welch’s t-test for the toes or fingers for all operation patterns (*: Significantly different; 

No: Not significantly different). 
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Fig. 4.12 Average clearing time of each toe and finger in the operation experiments (*: 𝑝 ≤ 0.05). 
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for these patterns. Although no significant differences between toes and fingers were observed for 
some comparisons of the other four patterns (BA, DA, EA, and DE), it was confirmed that average 
clearing time of the toes was longer than that of the fingers for almost all patterns. Among these four 
patterns, the marker was moved from lower positions to the A position in patterns BA, DA, and EA. 
This suggests that differences in operability between the toes and fingers are unlikely to occur when 
substantial extension is required. Moreover, according to the result of a comparison between the two 
toes, no significant differences in the average clearing time were observed for operation patterns BA, 
CA, DA, AB, DB, EB, CD, BE, or CE, whereas significant differences were observed for patterns 
EA, CB, AD, BD, ED, AE, and DE. The operability of great toe was significantly better than that of 
the long toe for patterns AD, BD, ED, and AE, whereas the operability of the long toe was 
significantly better for patterns EA, CB, and DE. Regarding the comparison between the two fingers, 
significant differences in the average clearing time were observed for patterns BA and BD, whereas 
no significant differences were seen in the other most patterns. This indicates that there were no 
differences in operability between the index and middle fingers. 

Next, the flexion and extension of the toes were considered. We focus on the following operation 
pattern pairs in which the marker has the same movement distance and opposite movement 
directions: AB and BA, AD and DA, AE and EA, BD and DB, BE and EB, and DE and ED. Because 
of having the same movement distance, only the influence of the movement direction, that is, flexion 
and extension, could be analyzed. The results of the comparison of average clearing times based on 
Welch’s t-test are shown in Fig. 4.13. Patterns AB, AD, AE, BD, BE, and DE are flexion movements, 
in which the extensor muscles of the toes relax and the flexor muscles become tense, whereas patterns 
BA, DA, EA, DB, EB, and ED are extension movements, in which the extensor muscles become 
tense and the flexor muscles relax. In patterns AB, AD, BD, DB, EB, and ED, which are marked with 
a ● in Fig. 4.13, the toe or finger must be bent or stretched toward the center position C since the 
target appears at position B or D. By contrast, in patterns BA, DA, AE, EA, BE, and DE, without a 
●, the toe or finger is required to be bent or stretched toward the end of the operating range since the 
target appears at position A or E. To compare the results between these movements, first, the average 
clearing times of the great toe were tested for all patterns. A significant difference was observed for 
patterns DE and ED, and the average clearing time for DE was longer than that for ED. On the other 
hand, no significant difference in average clearing time was observed for any other pattern pairs. 
Therefore, the operability in terms of the flexion and extension of the great toe was considered to be 
equivalent. As discussed in Section 4.2, toe flexion was predicted to have better operability than 
extension. However, the experimental results contrasted with this prediction. In addition, the average 
clearing time for the long toe when the target appeared at position A or E (patterns BA, DA, BE, and 
DE in Fig. 4.13) was shorter than that when the target appeared at position B or D (AB, AD, EB, and 
ED). Especially significant differences were observed for pattern pairs BE and EB, and DE and ED. 
In other words, the results suggested that the operability of the long toe was higher when it was 
moved toward the end of the operating range compared with the center position in both flexion and 
extension. When the target appeared at position A or E, the flexor or extensor muscles became tense, 
since the long toe had be moved around the boundary of the ROM, whereas it was not necessary to 
exert the flexor or extensor muscles strongly when the target appeared at position B or D. Therefore, 
it was predicted that the long toe could be operated with ease if the target appeared at position B or 
D. However, the experimental results gave the opposite conclusion. When the target appeared at 
position B or D, it was necessary to stop the movement of the long toe at a specific position near the 
center of the ROM. However, such delicate movement is difficult for the long toe. As described 
above, no significant characteristics were seen in the operation patterns of the great toe, while some 
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significant characteristics were seen in those of the long toe. 

Next, the experimental results for the fingers were analyzed. As shown in Fig. 4.13, the average 
clearing times for the patterns with target position A or E (BA, DA, BE, and DE) was significantly 
longer than those with target position B or D (AB, AD, EB, or ED) for the index finger. The same 
results were also seen for the middle finger. These findings suggest that the operability of the fingers 
was lower when bent or stretched toward the end of the ROM compared with the center position, 
which is the opposite of the results of the long toe. One reason for this difference may be that fingers 
are frequently used around the center position of the ROM in daily life, so they are considered to be 
accustomed to subtle movements in this range. In addition, the average clearing time of the fingers 
was significantly longer for pattern EA than for pattern AE, which suggests that the operability of 
the fingers when bent at a large angle is substantially better than when stretched at a large angle. One 
reason for this may be that humans always grasp objects using flexion, so flexion movements are 
easier than extension movements. On the other hand, no significant differences were seen between 
patterns BD and DB. Therefore, when bending or stretching angles of the fingers are small, no 
differences in the operability of flexion and extension movements are apparent. 

4.4   EVALUATION EXPERIMENTS FOR THE MOVEMENT OF TWO TOES 

In the evaluation experiments described in the previous section, when a specific toe was in 
operation, the adjacent toe could be moved freely. The conclusion in the previous section are valid if 
only one toe is used for operation; whether the conclusions are also valid when two toes are used at 
the same time remains unclear. It is therefore necessary to gain an understanding of the influence of 
the interaction of two adjacent toes during two-toe operation. In particular, since some of the flexor 
and extensor muscles of the great and long toes belong to the same muscle group, the movements of 
one toe may affect those of the other. Hence, in this section, the investigation of the operation of two 
adjacent toes is described. 

 
Fig. 4.13 Comparisons of clearing times of operation patterns with the same movement distance and opposite 

movement direction for one-toe and -finger operation (*: 𝑝 ≤ 0.05; **: 𝑝 ≤ 0.01). 
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I.   Evaluation System for the Movement of Two Toes 

A description of the evaluation system for the movements of two toes is shown in Fig. 4.14(a). 
The basic construction of this system is the same as that for one toe, except that two sets of markers, 
targets, and rectangular frames are displayed on the monitor. The left marker is operated by the 
movements of the great toe or index finger, whereas the right marker is operated by the movements 
of the long toe or middle finger. The experimental participants can see and operate these markers at 
the same time. 

Next, the target position settings are explained. Fig. 4.14(a) shows the monitor when the long toe 
or middle finger is maintained at the center position and the great toe or index finger is moved. The 
target in the left frame is arranged in the same way as that in the experiments described in the previous 
section. The target in the right frame is always placed at position C within the frame. The participants 
are required to move the left marker up and down while simultaneously maintaining the right marker 
at the center position C. A small rectangular frame with red lines that instructs the participants to 
maintain the marker’s position is displayed near the center position of the right rectangular frame. 
When the right marker deviates from the center position and touches the red lines (i.e., the value of 
𝑌toe exceeds ±20), the game set is redone. Fig. 4.14(b) shows the monitor when the great toe or 
index finger is maintained at the center position and the long toe or middle finger is moved, with the 
frames for the movable and fixed toes/fingers placed on the right and left sides, respectively. 

II.   Experimental Outline 

The participants in this experiment were the same 10 adult men as those in the previous 
experiment. In this experiment, the following four situations were considered: operating the long toe 
while fixing the great toe, operating the great toe while fixing the long toe, operating the middle 
finger while fixing the index finger, and operating the index finger while fixing the middle finger. 
Four game sets were carried out for each situation. 

Target

Marker

Frame for the great toe or index finger
(moved toe or finger in this case)

Frame for the long toe or middle finger
(fixed toe or finger in this case)  

Target

Marker

Frame for the great toe or index finger
(fixed toe or finger in this case)

Frame for the long toe or middle finger
(moved toe or finger in this case)  

(a) Case in which the great toe or index finger is moved 

and the long toe or middle finger is fixed. 

(b) Case in which the great toe or index finger is fixed 

and the long toe or middle finger is moved. 

Fig. 4.14 Evaluation game displayed on the monitor to evaluate the motion of two toes or fingers. 
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III.   Experimental Results and Discussion 

Figure 4.15 shows the average clearing times and CIs for each toe and finger at a 5% significance 
level based on the experimental data, where the outliers were excluded using Grubbs’ method. 
According to the results of Welch’s t-test, no significant difference was found between the great and 
long toes or between the index and middle fingers. However, significant differences were observed 
between the toes and fingers. The average clearing time of each toe or finger in ascending order was 
the index finger, middle finger, great toe, and long toe. The average clearing time of the middle finger 
was 1.04 times longer than that of the index finger, that of the great toe was 3.57 times longer than 
that of the index finger, and that of the middle finger was 3.64 times longer than that of the index 
finger. The mean value of the two toes’ average clearing time was about 3.51 times as long as that of 
the fingers, which illustrates quantitatively that the operation speed of the toes is about 28.5% that 
of the fingers. No significant difference was observed when comparing the great and long toes; 
therefore, the operability of the two toes was considered to be the same. We predicted that the great 
toe would have higher operability because of its individual flexor and extensor muscles. However, 
the experimental results did not agree with this prediction. The experimental results also indicated 
that the two fingers have equivalent operability. 

A comparison between the experimental results for one toe shown in Fig. 4.11 and two toes is 
shown in Table 4.3. Although the average clearing time of movements using fingers increased 
slightly, it was still about 0.6 s, which means that the status of one finger did not significantly 
influence the movements of the other. Nevertheless, the average clearing time of two-toe movements 
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Fig. 4.15 Average clearing time for each toe and finger in the experiment using two-toe or two-finger operation 

(*: 𝑝 ≤ 0.05). 

 

Table 4.3 Comparison between the experimental results using one toe or finger and two toes or fingers. 

 Toe/Finger Average clearing time 
using one toe/finger [s] 

Average clearing time 
using two toes/fingers [s] 

Increase rate of average 
clearing time  

 Great toe 0.85 2.28 +167.1%  

 Long toe 0.92 2.32 +151.5%  

 Index finger 0.60 0.64 +6.9%  

 Middle finger 0.62 0.67 +7.6%  
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increased significantly compared with that of a single toe (167.1% for the great toe and 151.5% for 
the long toe). This result confirmed quantitatively that when one toe is bent or stretched while the 
posture of the other is maintained, the operability of the toes is greatly deteriorated compared with 
simply bending or stretching one toe. The reason for this is considered to be the mutual interference 
between toes in flexion and extension movements. As mentioned in Section 4.2, many muscles that 
belong to the same muscle group are attached to each toe. For this reason, interaction between toes 
occurs, and when one toe is moved, the other is dragged. Regarding the comparison between the 
great and long toes, Fig. 4.11 shows that the great toe had a slightly but significantly shorter clearing 
time than the long toe. Conversely, the difference between two toes became small and not significant, 
as shown in Fig. 4.15. This finding indicates that the great toe has higher operability than the long 
toe when only a single toe is used, whereas the difference in operability for these two toes becomes 
smaller if the two toes are used for operation. 

Figure 4.16 shows the average clearing time for each operation pattern, and Table 4.4 shows the 
results of Welch’s t-test. Regarding the comparison between the toes and fingers, significant 
differences in the average clearing time were observed for all patterns. These findings suggest that 
fingers are more operable than toes for all patterns. Regarding the comparison of the great and long 
toes, the average clearing time of the great toe was shorter in the case that the toe was stretched at a 

 

Table 4.4 Result of Welch’s t-test for the toes or fingers for all operation patterns (*: Significantly different; 

No: Not significantly different). 

Operation 
pattern 

 
Long 
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Index 
finger 

Middle 
finger 
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CB 
Great toe No * * 
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DE 

Great toe * * * EA, AB, 
DB, AD, 
BD, AE, 

BE 

Great toe No * * 
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Index finger   No Index finger   No 

 

 
Fig. 4.16 Average clearing time of each toe and finger in the operation experiments (*: 𝑝 ≤ 0.05). 
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large angle, such as patterns BA, CA, DA, and EA. In particular, significant differences were 
observed for patterns BA, CA, and DA. On the other hand, for patterns in which the target appears 
at position D or E (patterns AD, BD, CD, ED, AE, BE, CE, and DE), the average clearing time of the 
long toe was shorter than that of the great toe, except for pattern AE. Highly significant differences 
were observed for the patterns that only involved positions C, D, and E, such as patterns CD, CE, 
DE, and ED. This finding suggests that the long toe is easier to operate than the great toe when the 
toe is moved on the bending side from the center position. 

Similarly, Fig. 4.17 focuses on the pairs of operation patterns in which the marker had the same 
movement distance and opposite movement directions (AB and BA, AD and DA, AE and EA, BD 
and DB, BE and EB, and DE and ED) and shows the results of a comparison of average clearing 
times for these pattern pairs. The average clearing time when the target for the great toe appeared at 
position A or E (DE, BE, DA, and BA) was longer than that when it appeared at position B or D (ED, 

 

 
Fig. 4.17 Comparisons of clearing times of operation patterns with the same movement distance and opposite 

movement direction for two-toe and -finger operation (*: 𝑝 ≤ 0.05; **: 𝑝 ≤ 0.01). 

 

 
Fig. 4.18 Ratios of average clearing time of the evaluation experiments using one and two toes or fingers. 
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EB, AD, and AB). Similarly, based on the experimental results for the long toe, highly significant 
differences were observed when comparing DA and DA and BA and AB. In other words, when a toe 
was moved to clear a target that appeared close to the boundary of that toe’s ROM, such as position 
A or E, the adjacent toe tended to drag. As a result, this movement became difficult. In the experiment 
for one-toe operation described in the previous section, no such tendency was observed for the great 
toe. As for the long toe, in one-toe operation, the average clearing time was shorter when the target 
was at A or E compared with at B or D. This means the tendency was opposite between the one- and 
two-toe experiments, and indicates that attention should be paid to this characteristic when toes are 
used for operation. In other words, whether movements are easy or difficult differs when one or two 
toes are used for operation. It is easy for operators to bend or stretch the toe at a large angle when 
only one toe is used, whereas it is easy to bend or stretch one toe at a small angle when two adjacent 
toes are used. It is thus desirable to understand this characteristic before constructing a toe-operating 
system. Fig. 4.18 shows the ratio of the average clearing times gained in the one- and two-toe 
experiments, and clarifies how much worse the two-toe operations were in comparison with the one-
toe operations. As shown in Fig. 4.18, the ratio for the long toe was larger in the patterns in which 
the target appeared at position A and the toe was greatly extended (BA, CA, DA, and EA), while that 
of the great toe was larger in the patterns in which the toe was bent (AD, BD, CD, BE, CE, and DE). 
This result suggests that if two toes are used for operation, extension of the long toe becomes more 
difficult than the great toe, whereas flexion of the great toe becomes more difficult than the long toe. 

4.5   SUMMARY 

In this chapter, which focused on operation by toe movements, a measurement device for toe 
flexion and extension characteristics was developed, and a new evaluation system using this device 
was constructed. Several experiments using this evaluation system were conducted to clarify the 
motion characteristics and operability of the great and long toes and index and middle fingers when 
used for operation. The following results were obtained: 

1) A device for measuring toe flexion and extension was developed using wire displacement 
sensors. This device can also be applied to fingers. 

2) An evaluation system was constructed to evaluate the flexion and extension movements of 
toes when used to operate a marker displayed on a PC monitor. 

3) The results of evaluation experiments involving operation with a single toe or finger were as 
follows: i) a difference in the operability of the toes and fingers was confirmed quantitatively, 
in that the average clearing time of the toes was 1.45 times longer than that of the fingers; ii) 
the great toe showed higher operability than the long toe, and the difference in clearing time 
with two toes was approximately 9%; and iii) no significant difference was observed in the 
clearing time between the index and middle fingers. 

4) The results of comparisons of each operation pattern in the experiments with the single toe 
were as follows: i) the operability of the long toe was higher when it was bent or stretched 
toward the boundary of its ROM than when it was moved toward the center position of this 
ROM; ii) no such characteristic was found in the experiments with the great toe, meaning 
that the great and long toes showed different characteristics; and iii) the operability of the 
fingers when moved toward the boundary of their ROM was lower than that when they were 
moved toward the center position, which disagreed with the experimental results for the long 
toe. 

5) The results of the evaluation experiments regarding operation with two toes or fingers were 
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as follows: i) the toes required a clearing time 3.51 times longer than that of the fingers; and 
ii) no significant difference was found when comparing the great and long toes or the index 
and middle fingers. 

6) A comparison of operation using one or two toes indicated that: i) the clearing time of the 
great and long toes increased by 167.1% and 151.5%, respectively, which confirmed 
quantitatively that the operability of two toes was greatly deteriorated compared with a single 
toe; and ii) the operability of the fingers showed no apparent difference between one- and 
two-finger operations. 

7) Similarly, the experimental results for each pattern analyzed for operation with two toes were 
as follows: i) when toes were moved on the bending side from the center position, the long 
toe showed higher operability than the great toe; and ii) it was easier to operate toes around 
the center than around the boundary position of the ROM. In one-toe operation, the great toe 
showed no such tendency and the long toe showed the opposite tendency. This finding 
indicated that whether the movements of the toes were easy or difficult differed when 
operating with one or two toes. 

In the future, these research results are expected to be used for the development of a toe operation 
device. By using the results, the operability of the operation device can be improved.
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CHAPTER 5  
Conclusions and Future Works 

Modularizing an automated production line can reduce the cost, enhance the utilization rate, and 
improve the flexibility. Mobile manipulators, including MSMs and MPMs, are expected to be applied 
for the modular designs of production lines. MSMs have a dexterous open-loop manipulator and can 
thus perform complicated operations, whereas MPMs have a closed-loop mechanism with higher 
stiffness and positioning accuracy and can thus finish transporting and positioning tasks of objects. 
Regarding these two kinds of mobile manipulators, three topics were discussed in this thesis. 

Chapter 2 proposed a novel MPM, named VEMOPAM, which is composed of two 2WD carts, a 
parallel mechanism (SLPTM), and a platform. With the nonholonomic structure of VEMOPAM, only 
four motors mounted on the carts are used to control the 6-DOF spatial movements of the platform. 
In comparison with the conventional MPMs, VEMOPAM has fewer motors and only one loop in its 
parallel structure, and therefore it has a lower development cost and a relatively smaller occupied 
area, which are the foremost advantages of this proposed mechanism. Based on the kinematics, this 
study gave a Jacobian matrix for VEMOPAM, and revealed its singular and failure configurations. 
Using these kinematic analysis results, this study proposed a path planning method (FSPP method) 
for the two carts, and constructed a feedback tracking control system for the carts to track the planned 
paths. A path planner based on the proposed FSPP method can generate non-optimal paths excluding 
the influence of the complex structural condition of VEMOPAM on the movements of the carts. 
Therefore, only the initial and target poses of VEMOPAM need to be input into this planner, which 
simplifies the path generation process and reduce the computational cost. Two sets of simulations 
were conducted to verify the effectiveness and advantages of the FSPP method. Furthermore, an 
experimental prototype of VEMOPAM was developed for the validations of the proposed mechanism 
and methods. 

The developed prototype of VEMOPAM has a simple structure similar to its conceptual diagram 
(see Figs. 2.2 and 2.17). Such a prototype can be used to clarify the basic kinematic characteristics 
of VEMOPAM under a low-velocity condition. However, the current version of the prototype cannot 
transport a heavy object nor move with a high velocity. It is also problematic in terms of stiffness 
and vibration resistance, since screw shafts B1 and B2 are respectively unilaterally fixed on carts A1 
and A2. During the motions of the two carts, because of the internal friction, one of the drive wheels 
of a cart may leave from the floor, which makes this cart unable to move as desired. Appendix 3 
gives a detailed description of these problems, and proposes a practical design of VEMOPAM that 
can solve them. The future research will focus on this new mechanism of VEMOPAM, analyze its 
kinematics and dynamics, propose a new robust controller for the control of the pose of the platform, 
and discuss how to optimize the paths of the carts. On the other hand, since other kinds of vehicles 
and parallel mechanisms can also be used in VEMOPAM, the future research will compare and 
analyze the characteristics of these new mechanisms and the current mechanism. 

In Chapter 3, an evaluation system was proposed for quantitatively evaluating the effects of 
viewpoint changes on the two operation methods, i.e., the button- and body motion-based methods. 
A three-dimensional virtual operation space which had an imaginary robotic hand and a target was 
constructed. Operators wore 3D glasses and were instructed to move the position and posture of the 
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imaginary robotic hand to the target as soon as possible. In the button-based operation experiments, 
the examinees operated a simplified teaching pendant; in the body motion-based operation 
experiments, they operated a bracket with multiple markers that was fixed to their hands. The 
viewpoint changes were simulated by rotating the virtual operation space. For eight kinds of 
viewpoint angles, the clearing times for the two operation methods were measured. The experimental 
results quantitatively confirmed that the average clearing times for the body motion-based method 
were significantly shorter than those for the button-based method for all the viewpoint angles, and 
that the differences in the clearing times of the two operating methods were mainly due to differences 
in the non-operating times. For the button-based operation method, the numbers of times the operator 
used trial-and-error were also measured and analyzed; from the analysis results, it was illustrated that 
viewpoint change made the positional operation much more difficult, but had a relatively smaller 
influence on the postural operation. For the body motion-based method, the ideality for each of the 
viewpoint angles was defined; the analysis results of the idealities showed that the body motion-
based method may be robust to viewpoint changes. 

In the future, a real robotic arm with more details will be used, and more environmental elements 
(e.g., some obstacles around the robotic arm) will be added into the virtual operation space, which 
makes it possible to simulate more real situations. With viewpoint changes, the effects of these 
environmental elements on the operability will be quantitatively assessed. In addition, an operation 
system with an actual operation environment will also be constructed. This operation system is 
expected to be used as a training system for novice operators to get used to viewpoint changes quickly. 

Chapter 4 proposed a new operation device that could measure the flexions and extensions of 
operators’ toes. An operation system with this device that allowed operators to perform various 
position operations by stretching and bending toes was developed. Such a system was used to conduct 
experiments to evaluate the operability and movement characteristics of the great and long toes. The 
experimental results quantitatively clarified the differences between the operability of great and long 
toes, between the operability of one-toe and two-toe operations, and between the operability of toes 
and fingers. These experimental results showed that human toes had the potential for simple position 
operations.  

In the future research, a further investigation on the operability of toes is needed for practical 
applications. For example, it is necessary to assess the influence of fatigue if the toes are used for 
operations for a long time. 
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Appendixes 

APPENDIX 1 
Geometrical Relations in VEMOPAM 

Here, the geometric relations among the modules of VEMOPAM are shown. First, Fig. A shows 
the reference pose of VEMOPAM. As have been described in chapter 2, the reference position of the 
platform with respect to 𝑂−𝑋𝑌𝑍 is defined as {𝑥, 𝑦, 𝑧} = {0, 0, 𝑧con}, and the reference orientation 
of that is defined as the orientation when axes 𝑋𝑝, 𝑌𝑝, and 𝑍𝑝 have the same directions with 𝑋, 
𝑌 , and 𝑍, respectively. The current orientation angles 𝜙𝑥, 𝜙𝑦, and 𝜙𝑧 of the platform are obtained 
by rotating the platform from the reference orientation to the current orientation about the three axes 
in the order of 𝑍𝑝, 𝑋𝑝, and 𝑌𝑝. 

Then, based on the above definitions of the reference pose, the relations between the poses of the 
carts and the platform can be obtained. Fig. B shows the projection of VEMOPAM on plane 𝑂−𝑋𝑌 . 
From this figure, the relations between the positions of the carts and the platform with respect to 
𝑂−𝑋𝑌  can be derived as follows: 

𝑥1 = 𝑥 + 𝑙1 sin 𝜙𝑧 + 𝑙2 cos 𝜙𝑧 + 𝑙3 cos 𝜙𝑥 sin 𝜙𝑧 , 

𝑦1 = 𝑦 − 𝑙1 cos 𝜙𝑧 + 𝑙2 sin 𝜙𝑧 − 𝑙3 cos 𝜙𝑥 cos 𝜙𝑧 , 

𝑥2 = 𝑥 − 𝑙1 sin 𝜙𝑧 − 𝑙2 cos 𝜙𝑧 − 𝑙𝑠 cos 𝜙𝑥 sin 𝜙𝑧 , 

𝑦2 = 𝑦 + 𝑙1 cos 𝜙𝑧 − 𝑙2 sin 𝜙𝑧 + 𝑙𝑠 cos 𝜙𝑥 cos 𝜙𝑧. 

(A.1)

Next, Fig. C shows the relations between the vertical displacements of the platform and nuts C1 and 
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Fig. A Reference pose of VEMOPAM. 

 

𝑂 𝑋

𝑌 𝑥, 𝑦

𝜙௭

𝑙ଵ

𝑙ଵ

𝑙ଶ

𝑙ଶ

𝑙௦ cos 𝜙௫

𝑙ଷ cos 𝜙௫

𝑥ଵ, 𝑦ଵ

𝑥ଶ, 𝑦ଶ

 𝑂 𝑌

𝑍

𝑙ଵ

𝑙ଵ

𝑙௦𝑙ଷ

𝑧

𝑧ୡ୭୬

𝜙௫

𝑧ଵ

𝑧ଶ

 
Fig. B Top-view of VEMOPAM. Fig. C Side-view of VEMOPAM. 
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C2. The vertical displacements of C1 and C2, i.e., 𝑧1  and 𝑧2 , are represented by the following 
equations, 

𝑧1 = 𝑧 − 𝑧con − 𝑙3 sin 𝜙𝑥 , 

𝑧2 = 𝑧 − 𝑧con + 𝑙𝑠 sin 𝜙𝑥. 
(A.2)

The values of 𝑧1 and 𝑧2 are determined by the screw motions of B1-C1 and B2-C2. The rotations 
of screw shafts B1 and B2 can be represented using the angles of rotation of carts A1 and A2, 
respectively. And, as shown in Fig. B, the rotations of nuts C1 and C2 can be also be represented 
using the roll angle 𝜙𝑧 of the platform. It is assumed that all the screw shafts in VEMOPAM have 
right-handed threads. Therefore, 

𝑧1 = 𝑝1(𝜙𝑧 − 𝜙1) 2𝜋⁄ , 

𝑧2 = 𝑝1(𝜙𝑧 − 𝜙2) 2𝜋⁄ . 
(A.3)

Equations (A.1), (A.2), and (A.3) show the geometric relations between the carts and the platform. 

APPENDIX 2 
Design of Carts of VEMOPAM Prototype 

This appendix gives the detailed design of the carts in the developed prototype of VEMOPAM, 
which is shown in Fig. D. All the programs in the feedback tracking control system for the carts were 
developed using Python. The built-in PI controller for the motors with the default gains 𝐾𝑝 = 100 
and 𝐾𝑖 = 1920 (given in Section 2.6-II) was used to accurately output the driving speeds of drive 
wheels of the carts. The effectiveness of these default gains was confirmed by preliminary 
experiments. Additionally, as described in Section 2.6-II, a Kalman filter (OpenCV library 4.5.3, 
Python version) was used to eliminate inaccuracies and noise in the pose information of the carts 
measured by the VICON cameras. According to the results of preliminary experiments, the estimated 
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Fig. D Design of carts of VEMOPAM. 
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error for the VICON cameras was measured to be about 0.01 mm, and the effect of the Kalman filter 
on the stability of this control system was sufficiently small. 

Figure E shows the size of the carts. Each of the carts weighs about 7 kg. Such a design realizes 
the miniaturization of the cart and ensures that the two carts never collide with each other due to the 
internal constraints of VEMOPAM. Fig. E also gives the specifications of the used motors. These 
motors provide sufficient driving forces and guarantee that the carts move as desired. 

APPENDIX 3 
Practical Design of VEMOPAM 

Chapter 2 shows an experimental prototype of VEMOPAM (see Fig. 2.17, Section 2.6-I). To 
clearly show the structure and movements of VEMOPAM, this prototype has a simple structure as 
shown in Fig. 2.2 and is only used to verify the kinematic characteristics. However, some problems 
in this structure may adversely affect its practical applications. Some of the problems are shown in 
Fig. F. For example, as shown in Fig. F(b), during the motions of the carts of VEMOPAM, because 
of the internal friction in screw shaft B3 and nut C3, it is possible that one of the drive wheels of the 
carts becomes unable to grip the floor, which makes the carts unable to move as planned. And, as 
shown in Fig. F(c), if VEMOPAM is used to transport heavy objects, this heavy object fixed on the 
platform may cause collapse of the whole mechanism. 

Various mechanical designs for the practical application of VEMOPAM have been considered to 
solve the above-described problems. In this appendix, a kind of practical design for VEMOPAM, 
whose conceptual diagram is shown in Fig. G, is proposed. This mechanism has a frame; both the 
ends of screw shafts B1 and B2 are connected to this frame through crossed roller bearings, linear 
rails and sliders, etc. The platform is also connected to the frame through shaft-sliding bushings so 
that it can move vertically over the frame. Comparing with the current mechanism, such a practical 
mechanical design has four advantages: i) since the carts are both connected to frame, the collapse 
of the carts shown in Fig. F can be avoided by the internal constraints; ii) since both the ends of B1 
and B2 are connected to the frame, the stiffness of this mechanism can be improved, and vibrations 
in shafts B1 and B2 during the motion can be reduced; iii) if there is an object on the platform, 
interference between this object and B1 and B2 can be avoided; iv) compared with the current 
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Specifications of DC Motors

Stall torque: 7.3 Nm (at 12.0 V, 4.4 A);
No-load speed: 53 rpm (at 12.0 V);
Allowable axial load: 20 N;
Weight: 165 g;
Links: RS-485 Multi Drop;
Communication speed: 57.6k.

 

Fig. E Size of carts and specifications of driving motors. 
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mechanism in which two mini-computers are used to control the two carts, this mechanism has the 
carts controlled by only one mini-computer fixed on the frame, which improves the control accuracy 
and cooperativity of the carts. 

 

 

Fig. F Some problems in current structure of VEMOPAM: (a) normal status; (a) low gripping ability due to 

friction in B3-C3; (b) falling down due to heavy object. 

 

 

Fig. G Practical design of VEMOPAM. 
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