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a b s t r a c t

An intuitive controller is needed for easier teleoperation of a slave robot. The mobile manipulation task
requires three DOFs for planar mobility and six DOFs for 3-D manipulation. Since existing six DOF haptic
devices have not been adequately developed for mobile manipulation, they are inefficient for planar three
DOF motion. In this paper, a design for a six DOF haptic master suitable for tasks involving mobile manip-
ulation is presented. The proposed device adopts a separable structure composed of lower and upper
mechanisms. The lower parallel mechanism offers three DOFs for planar motion, and the upper parallel
mechanism mounted on the lower mechanism provides the remaining three DOFs for a total of six DOFs;
thus, the workspace can be extended into a full six DOF representation. This separable feature provided
efficient actuation and reduced computational burden since only three actuators were involved in the
planar task. Moving bodies should have low inertia to improve the back-drivability and transparency;
therefore, all actuators were placed at the base, and torques were delivered via wire-driven transmission.
A kinematic analysis was performed, and design parameters were determined through workspace anal-
ysis. Various experiments demonstrated that the proposed mechanism was efficient for a planar task, and
also adequate for a full 3-D task.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past several decades, various models of field robots
have been developed to take the place of humans in dangerous
tasks such as rescue missions, Mars exploration, airport patrols,
and missions in war [1–4]. The ultimate goal of such field robot
systems is to perform tasks autonomously using their own intelli-
gence. Unfortunately, this level of independence is beyond the cur-
rent state-of-the-art, and human intervention is still needed.
Therefore, most field robot systems are designed to use a teleoper-
ation control scheme.

A field robot needs to meet appropriate performance criteria
(e.g., accuracy, reliability, dexterity, and various sensing abilities)
to complete assigned missions. Some robots have been equipped
with a manipulator to handle objects for certain missions [4]. Mo-
bile manipulation tasks require three DOFs (x and y translation,
and yaw rotation) for mobility and six DOFs for manipulation. A
joystick-type device, which is commonly used for teleoperation,
is adequate for navigation, but is inadequate for controlling the
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chanical Engineering, Korea
13, South Korea. Tel.: +82 2
manipulator because it does not have an adequate number of de-
grees of freedom [5]. Therefore, six DOF haptic devices are often
applied to a mobile manipulation task because haptic features al-
low easier operation of this type of task [6].

Various six DOF haptic devices have recently been developed. In
particular, parallel mechanisms have been widely used for high
performance haptic devices because they provide multiple degrees
of freedom, low inertia, high stiffness, and high accuracy with rel-
ative ease. Siva [7] introduced the Gough Stewart mechanism in
which all active joints of the haptic device were composed of pris-
matic joints. In designing haptic devices, revolute joints have been
preferred over prismatic joints because the revolute joint is readily
back-drivable. Long and Collins [8] and Iwata [9] proposed similar
six DOF parallel haptic devices using revolute joints. The parallel
mechanisms in their devices are composed of three pantograph
linkages connected from the base to each vertex of the trigonal
end-effector. For easier construction, Woo et al. [10] improved
the pantograph linkage into five-bar connections. All of their de-
vices permitted the actuators to move along the linkages so that
inertia would degrade the transparency of the devices. Yoon
et al. [11] suggested a parallel mechanism in which all the actua-
tors were located at the base, thereby leading to low inertia of
the moving bodies. Similar six DOF parallel haptic devices have
been proposed in which all the actuators are fixed at the base
frame [12,13,15].

http://dx.doi.org/10.1016/j.mechatronics.2009.11.003
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Fig. 1. Structure of the developed haptic master.
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Even though six DOF parallel devices have greatly improved,
they have not been optimized for teleoperation of a mobile manip-
ulator. Existing six DOF parallel haptic devices often activate all six
actuators for simple force sensation because the Cartesian space
and joint space are closely coupled. A teleoperation task requires
planar three DOF motion for navigation and full six DOF motion
for manipulation. Therefore, if a conventional six DOF device is
used to control a mobile manipulator, it would be useless for con-
trolling the redundant three joints during navigation. This type of
device, therefore, is not desirable for the task, which spends most
time on navigation. The dominant motion, such as planar motion
of a mobile manipulator, should be independently controlled by
a separate mechanism to achieve high efficiency.

In this study, a new six DOF haptic master for teleoperation of a
mobile manipulator was designed and tested. The proposed haptic
master consists of two separable mechanisms: one has three DOFs
for planar motion (x, y, yaw) and the other has three DOFs for spa-
tial motion (z, roll, pitch). As a result, operational efficiency and a
simplified control system were achieved during the navigation of
the mobile manipulator because only three actuators were in-
volved for planar motion. Each separable mechanism adopted par-
allel linkage to achieve high performance. The proposed haptic
master demonstrated lower inertia and higher transparency since
all of its actuators are located at the base frame by means of a un-
ique power transmission design.

We report on the derivation of the kinematics of the developed
mechanism, and on the analysis of a workspace for determination
of proper link parameters. The design of the actual system, includ-
ing its controller, is described, and our results can be used to eval-
uate a system with teleoperation of a mobile manipulator in both
virtual and real environments. The various experiments described
in this work demonstrate that the proposed six DOF haptic master
was efficient for a planar task and also adequate for a full 3-D task.
The remainder of this paper is organized as follows. In Section 2,
the design of a proposed haptic device is introduced briefly. Sec-
tion 3 describes the kinematic constraints and the Jacobian of the
device. Section 4 describes dexterous workspace and link parame-
ters. The actual integration of the system to tele-operate a mobile
manipulator is described in Section 5, and Section 6 shows exper-
imental results of the integrated system. Section 7 presents our
conclusions.
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2. Design concept and structure

Teleoperation for mobile manipulation is composed of naviga-
tion and manipulation. Even though manipulation requires six
DOF motion, navigation is restricted within three DOF planar mo-
tion. Thus, the mechanism for planar motion is considered first.
The other spatial mechanism, which provides the remaining three
DOFs, is designed to extend the degrees of freedom. A new six DOF
haptic master that mounts the spatial mechanism on the planar
mechanism is proposed, as shown in Fig. 1. Parallel structures were
adopted for both mechanisms to achieve high precision and a large
feedback force.
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Fig. 2. Schematic of the lower mechanism.
2.1. Lower mechanism for planar motion

For a planar three DOF parallel manipulator with three identical
limbs, seven combinations of RRR, RRP, RPR, PRR, RPP, PRP, and PPR
are possible [16,17]. In a parallel manipulator such as the Stewart–
Gough platform, prismatic joints (e.g., a linear ball screw) are em-
ployed to deliver a large force to the moving platform. In contrast
to a manipulator, a haptic device should be back-drivable. Since the
back-drivability of a revolute joint is better than that of a prismatic
joint composed of a linear ball screw, we adopted an RRR structure
in the lower mechanism, as shown in Fig. 2. Active joints Ai (i = 1, 2,
3) controlled the triangular end-effector for three DOF motion of (x,
y, h), and the other passive joints (i.e., Bi and Ci) constrained the
planar motion.

2.2. Upper mechanism for extending degrees of freedom

The proposed upper mechanism offered auxiliary degrees of
freedom that the lower mechanism does not provide. The upper
mechanism was designed as a spatial three DOF parallel mecha-
nism with three RRS limbs, as shown in Fig. 3. The actuation of
the active joints Ai (i = 4, 5, 6) enabled the triangular end-effector
to perform a three DOF motion of (z, /, w).

2.3. Power transmission

The proposed haptic device has a separable structure consisting
of lower and upper mechanisms. Both mechanisms moved inde-
pendently in each workspace, and this feature was important for
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force reflection. In most six DOF haptic devices, all six actuators are
activated to generate a feedback force even when only simple mo-
tion is involved because the Cartesian and joint variables are clo-
sely coupled. However, in the proposed haptic device, the upper
and lower mechanisms were decoupled to a large extent so the
feedback forces could be easily implemented with a smaller num-
ber of actuators. In this manner, a separable structure gives effi-
cient actuation, but it also has a drawback in that the three
actuators for the upper mechanism move together with the lower
mechanism. If a user exerts more force due to the added mass of
the actuators, then the back-drivability of the device deteriorates
significantly. To overcome this problem, we designed a wire-driven
power transmission so that the moving actuator could be shifted to
the fixed base frame.

As shown in Fig. 4, a double-stage closed-loop wire-driven
transmission was designed by installing a pulley at each joint of
the limbs of the lower mechanism. Since the pulleys were isolated
from the adjacent joints, they freely rotated independently of the
angle q1 or the configuration of the limb, and the absolute angle
q04 was constant at each pulley. Wire and bevel gears delivered tor-
que from joint A04 to joint A4. Finally, actuators for the upper mech-
anism were attached at joint A04 on the fixed frame. This
relationship is given by

qi ¼ ðq0i � hÞ; i ¼ 4;5;6 ð1Þ
Fig. 4. Schematic of wire-driven mechanism for power transmission.
Although the power transmission inevitably generated another cou-
pled motion as described in Eq. (1), the main idea of the proposed
device was still preserved; that is, only three actuators were acti-
vated for the planar motion. This finding was verified as described
in Section 3. Note also that the benefit of the transmission (i.e., an
increase in back-drivability) was enough to outweigh the disadvan-
tage from the constraint of the aforementioned coupled motion.

3. Jacobian analysis

To operate a haptic device, kinematic equations relating joint
angles to Cartesian variables are needed. Let the pose (i.e., position
and orientation) of the end-effector be described by a vector x and
the actuated joint angles by q as follows:

x ¼
xl

xu

� �
ð2Þ

where

xl ¼ f x y h gT
; xu ¼ f z / w gT

and

q ¼
ql

qu

� �
ð3Þ

where

ql ¼ f q1 q2 q3 g
T
; qu ¼ f q04 q05 q06 g

T

where the subscripts l and u denote the lower and upper mecha-
nisms, respectively. (Note that all the variables are shown in Figs. 2,
3 and 5.) The kinematic relations written in vector notation for the
lower and upper mechanisms are given by

AiGl

!
þGlCi

!
¼ AiBi

!
þBiCi

!
; i ¼ 1;2;3 ð4Þ

AiGu

!
þGuCi

!
¼ AiBi

!
þBiCi

!
; i ¼ 4;5;6 ð5Þ

Since the length of link BiCi is constant at l2 for the lower mecha-
nism, the following constraint can be derived:

fiðx; y; h; qiÞ ¼ fðxþ xGlCi
� ch� yGlCi

� shÞ � ðxAi
þ l1cðqiÞÞg

2

þ fðyþ xGlCi
� shþ yGlCi

� chÞ � ðyAi
þ l1sðqiÞÞg

2 � l2
2

¼ 0 ði ¼ 1;2;3Þ: ð6Þ

Similarly, for the upper mechanism,

fiðz;/;w; h; qiÞ
¼ ðxGlCi

� ch � c/þ yGlCi
ð�sh � cwþ ch � s/ � swÞ

� ðl3cuicðqiÞ þ xAiÞ � chþ ðl3suicðqiÞ þ yAiÞ � shÞ
2

þ ðxGlCi
� sh � c/þ yGlCi

ðch � cwþ sh � s/ � swÞ
� ðl3cuicðqiÞ þ xAiÞ � sh� ðl3suicðqiÞ þ yAiÞ � chÞ

2

þ ðz� xGlCi
� s/þ yGlCi

� c/ � sw

� l3sðqiÞÞ
2 � l2

4 ¼ 0 ði ¼ 4;5;6Þ: ð7Þ

where all the variables are shown in Figs. 2 and 3, and sh and ch de-
note sinh and cosh, respectively. Referring to Eq. (1), the relation be-
tween actual joint variables q0i (i = 4, 5, 6) and the three DOF motion
of (z, /, w) can be derived from Eqs. (1) and (7). Substituting q0i (i = 4,
5, 6) from Eq. (1) into qi (i = 4, 5, 6) from Eqs. (6) and (7) leads to the
following differential relations between the joint and the Cartesian
vectors for each mechanism:

Jql � dql ¼ Jxl � dxl þ Jxc1 � dxu ð8Þ
Jqu � dqu ¼ Jxu � dxu þ Jxc2 � dxl ð9Þ



Fig. 5. Reachable and dexterous workspaces of 3RRR lower mechanism. (a) Reachable and dexterous workspaces when rl, = 0.3 l1. The reachable workspace is shown as the
outer wall enveloped by lines. The dexterous workspace is shown as mesh in the enveloping lines. (b) Reachable and dexterous workspace when rl, = 0.4 l1. (c) Reachable and
dexterous workspace when rl, = 0.5 l1.
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where Jql and Jxl are the Jacobian matrices of the lower mechanism
and Jqu and Jxu are the Jacobian matrices of the upper mechanism.
Jxc1 and Jxc2 are the coupling relation between the lower and the
upper mechanisms. Eq. (6) shows that qi (i = 4, 5, 6) does not affect
the lower mechanism, and hence, Jxc1 becomes the zero matrix in
Eq. (8). However, some elements of Jxc2 in Eq. (9) still exist because
the rotation of the lower mechanism h is involved in the upper
mechanism, as shown in Eqs. (1) and (7). Using the definitions of
Eqs. (2) and (3), Eqs. (8) and (9) can be integrated into a single

Jq � dq ¼ Jx � dx ð10Þ

where

Jq ¼
Jql 0
0 Jqu

" #
¼ diag½ Jq1 Jq2 Jq3 Jq4 Jq5 Jq6 �: ð11Þ

Jx ¼
Jxl Jxc1

Jxc2 Jxu

� �
¼

Jxl 0
Jxc2 Jxu

� �
ð12Þ

The matrix Jx becomes a lower triangular matrix which implies that
only three actuators can be used for planar forces. From Eq. (10), the
overall Jacobian matrix J can be defined as
dq ¼ Jdx ð13Þ

where

J ¼ J�1
q � Jx ð14Þ

The relationship between the joint torque vector s and the force/
moment vector F at the end-effector is given by

F ¼ JTs ð15Þ

or, equivalently,

s ¼ J�T F ð16Þ

where

s ¼ f s1 s2 s3 s4 s5 s6 gT ð17Þ
F ¼ f Fx Fy Fh Fz F/ Fw gT ð18Þ

Singularity analysis of a robotic device is important during the
design process. The two Jacobians in Eq. (10) need to be analyzed.
First, matrix Jq becomes singular when det (Jq) = 0. Since Jq is a diag-
onal matrix, singularities occur when one of the diagonal elements



Fig. 7. Schematic diagram for control of developed haptic master.

Fig. 8. Controller based on industrial PC.

D. Ryu et al. / Mechatronics 20 (2010) 181–191 185
vanishes whenever the device reaches its workspace boundary. If
this type of singularity occurs, the device can resist forces or mo-
ments in some directions for zero joint torques. Second, the matrix
Jx becomes singular when det (Jx) = 0. In this case, the device cannot
resist forces or moments in some directions, even for large joint
torques. Since Jx is a lower triangular matrix, its determinant
becomes

detðJxÞ ¼ detðJxlÞdetðJxuÞ ¼ 0 ð19Þ

Therefore, Jx becomes singular when either Jxl or Jxu or both are sin-
gular. This condition implies that the whole mechanism does not
need to analyzed at once, and that singularities can be easily inves-
tigated in each separate mechanism.

Another important feature of the proposed design is the simpli-
fied computation of the inverse Jacobian matrix. In Eq. (16), J�T

must be obtained to compute the joint torques required for the de-
sired end-effector force F. From Eq. (14), J�T becomes

J�T ¼ Jq � J�T
x ð20Þ

From Eq. (12),

JT
x ¼

Jxl Jxc2

0 Jxu

� �
: ð21Þ

Since Eq. (21) is an upper triangular matrix, its inverse can be com-
puted by the matrix inversion lemma as follows:

J�T
x ¼

J�1
xl J�1

xl � Jxc2 � J�1
xu

0 J�1
xu

" #
: ð22Þ

Note that the inversions involved in Eq. (22) for 3 � 3 matrices are
much simpler than those for 6 � 6 matrices. Hence, the computa-
tional load of the inverse Jacabian is significantly reduced in com-
parison with that of six DOF devices of a similar type.

4. Design parameters and workspace analysis

To determine adequate design parameters, the characteristics of
the mechanism (e.g., workspace, force capacity, position accuracy,
and isotropy of the Jacobian) must be examined. Figs. 2 and 3 re-
flect many of the design parameters for the developed device such
Fig. 6. Overview of the developed haptic master
as the length of the links and the initial configuration. It is difficult
to optimize these parameters because the characteristics of the
mechanism are complementary or contradictory to each other.
These parameters were selected specifically to meet the purpose
for which the device is being designed, rather than to optimize
the performance of the device. Thus, we present a guideline for
determining some specific parameters for the lower mechanism.
The workspace of the lower mechanism is the main focus of this
section, even though other performance indices such as the global
. (a) Haptic master. (b) Power transmission.
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condition index, translationability, and rotationability were also
investigated to implement an actual system [19–21].

A haptic device should have a continuous reachable workspace
without singular position. For the lower mechanism, there are var-
ious configurations for creating a solid workspace that excludes
non-reachable holes in the workspace [22]. In this study, all links
in the limbs of the lower mechanism, as shown in Fig. 2, were
set to the same length (l2 = l1). To achieve a solid workspace, the
circle of radius Rl shown in Fig. 2, where Ai (i = 1, 2, 3) is located,
should also be the same length as link l1. As a result, a continuous
reachable workspace was obtained, and the limbs could access all
locations in the circle. The remaining parameter to be determined
was the radius of the end-effecter for the lower mechanism rl. This
remaining parameter and the initial configuration are determined
from workspace analysis, and the dexterous workspace discussed
in this research generally excludes a singular pose. Even in the
reachable workspace, a parallel mechanism may include a singular
pose. For this reason, the dexterous workspace, which is the region
where the mechanism actually performs a given task, was sug-
gested [18,23]. As shown in Fig. 5, the reachable and dexterous
workspaces of the lower mechanism were analyzed with respect
to the three cases of rl.

In Fig. 5a–c, the outer hull, which is enveloped by lines, repre-
sents the reachable workspace, and the mesh inside of the hull dis-
plays the dexterous workspace. As reflected in the figures, the
dexterous workspace was investigated with the condition number
since the condition number of a Jacobian matrix properly repre-
sents the kinematic characteristics. The figures show that the dex-
terous area is much smaller than the reachable area. This indicates
that even in some regions in the reachable area, performance is
poor because the limbs are nearly folded or stretched in those re-
gions. When the radius rl increased, the reachable workspace was
reduced. On the other hand, the dexterous workspace was ex-
tended when the radius rl increased. From these workspace ana-
lyzes, the actual parameter rl was determined to be 0.4l1 for
implementation purposes.

Fig. 5 also suggests two important insights: (1) the dexterous
workspace is vertically split and does not include the neighbor-
hood of angle h = 0 and (2) the upper region, characterized by a po-
sitive angle, is larger than the lower region. Consequently, it was
desirable to use the continuous area in the upper dexterous area
and not to continue operating the mechanism near the origin
(h = 0). For these reasons, the rotation was restricted to the upper
dexterous area, and the initial configuration was set in the middle
of this area.
c

Fig. 9. Time response to sinusoidal excitation. (a) 2 Hz sinusoidal excitation. (b)
1 Hz sinusoidal excitation. (c) 0.5 Hz sinusoidal excitation.
5. Development and performance evaluation

An experimental system was developed in this study. Fig. 6a
shows the developed mechanism, and Fig. 6b shows a picture of
the power transmission. As shown in Fig. 6b, the bevel gears in
Fig. 4 were replaced by a wire-driven mechanism to minimize
backlash. Fig. 7 shows a block diagram illustrating the control sys-
tem of the developed haptic master. To provide feedback force, the
main controller calculates the desired joint torque sd with respect
to the given force command Fd using the Jacobian analyzed in Sec-
tion 3. Joint torque sd was converted to the desired current id by
multiplying the torque constant Kt, and the motor driver regulated
the desired current to exert joint torque sa. The encoder measured
the angles of the active joints q, and pose x described in Eq. (2) was
computed from the measured data by a pulse counter and kine-
matic analysis.

As shown in Fig. 8, the controller for the haptic system was inte-
grated with an industrial PC, which provided sufficient computing
power for the complex kinematic analysis. This controller also pro-
vided easier communication in either a virtual environment (VE) or
a tele-operated robot system via a LAN. A multi-functional board
was implemented to operate the motor driver with its counters
and digital-to-analog/analog-to-digital converters. This board
communicated with the industrial PC through a PC104 bus, which
permitted a data rate of 8 Mbytes/s. Finally, the control period for
the torque control and the kinematic calculation was set to 1 ms.

Fig. 9 shows measured force on the x axis during sinusoidal
excitation with open loop control. The more frequent reference
command makes the slower response follow the reference shown
in Fig. 9, and finally the proposed device barely traces 1=

ffiffiffi
2
p

times
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the commanded magnitude at 2 Hz as shown in Fig. 9d. This re-
veals that the mechanical bandwidth of the developed device is
2 Hz with open loop control which could be improved using feed-
back control.

It is difficult to compare the proposed haptic device with other
haptic devices because they have different structures and features.
Table 1 shows the comparative specifications among five haptic
Table 1
Comparative specifications among five haptic masters.

Serial master,
Phantom

Parallel master by
Long and Collins

Paraller mast
Yoon and Ryu

DOF 3/6 6 6
(6 inputs/3 outputs) (6 inputs/6

outputs)
(6 inputs/6 ou

Workspace (compare
to device size)

Cube
(80 � 170 � 250 mm)

(small) Max diamete
300 mm

(large) (small)
Force

capacity(compare
to motor spec.)

Force: continuous
1.5 N, peak 10 N force

(strong) 40 N(z), 20 N(
6 Nm(z), 3 Nm

(weak) (strong)
Complexity for

control
3 actuators
simultaneously

6 actuators
simultaneously

6 actuators
simultaneous

Moving actuators 0/3 (3 for six DOF
version)

6 0

Note—Superior specifications are denoted in bold.

Fig. 10. Teleoperation of mobile manipulator in virtual environment using developed hap
deliver a fire extinguisher. (b) Operator’s view for navigation at spot A. (c) Manipulation
masters, and the superior specifications are denoted in bold on
gray shading. The Phantom is a well-known serial haptic master
proposed in [25]. It has a relatively larger workspace than other
parallel masters, but other specifications are not as good as other
haptic masters. The parallel haptic master described in [8]
achieved six DOFs with high force capacity, but the actuators move
with the linkages. Yoon and Ryu modified the master of Long and
er by Hybrid master by
Tsumaki et al.

Proposed new master

6 6
tputs) (6 inputs/6 outputs) (6 inputs/6 outputs)

r Sphere (150 mm
diameter)

Cylinder (110 mm diameter, 100 mm high)

(small) (small)
x, y)
(x, y)

More than 10 N Force: continuous 20 N, peak over 30 N
Torque: continuous 2 Nm, peak over 3 Nm

(strong) (strong)

ly
3/3 actuators
separately (position/
rotation)

3/3 actuators separately (planar/spatial)

3 0

tic master. (a) Bird’s eye view of virtual field. Slave robot at spot A moves to spot B to
in front of monument.
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Collins so that all actuators were placed on the base frame [11].
However, it was difficult to control the actuators because they
were all closely coupled in six DOF Cartesian space. Tsumaki
et al. proposed a hybrid master using two parallel mechanisms
[14] to improve the control problem. On the other hand, the mov-
ing inertia grows due to the moving actuators for the upper parallel
mechanism. The developed device was designed to fix all actuators
on the base frame, and it also adopted a hybrid concept for easy
control. As shown in Table 1, the proposed device is better than
other devices in four specifications excluding the workspace.
6. Experimental results

When a user performs a mission with a mobile manipulator,
two operating modes are required. One is a navigation mode to
move the mobile base, and the other is a manipulation mode to
operate the manipulator. A mission usually starts with the naviga-
tion mode wherein the operator controls the mobile base to search
for a target (or to explore an environment). When the robot detects
an object to handle, the navigation mode is switched to the manip-
ulation mode. The robot then executes various manipulation tasks;
for example, removing an explosive, repairing something, or col-
lecting a radioactive substance. After finishing the manipulation
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Fig. 11. Experimental results. (a) Motion of handle to control mobile manipulator during
environment. (c) Generated torques at joints of upper mechanism with respect to refe
reference forces.
task, the navigation mode is resumed to allow the robot to safely
come home and complete the mission.

During a mission, the navigation task seems routine and insig-
nificant, but actually, spends a great amount of time. For naviga-
tion purposes, a common joystick is adequate to control the
mobile base; therefore, a six DOF device is inefficient rather than
useful for force-feedback. However, a six DOF master is essential
for easier operation during the manipulation mode. The haptic
master developed in this study offers a unified and efficient input
for both tasks. Designed with a joystick, the lower mechanism pro-
vides an easy and comfortable way to control the mobile base, and
the upper mechanism is stretched to control manipulation. Conse-
quently, the operator can handle two mechanisms simultaneously
so that all six DOFs can be intuitively used. These features were
evaluated using the following experiments.

6.1. Teleoperation of a mobile manipulator in a virtual environment

The proposed system was tested in the virtual environment
shown in Fig. 10. A virtual field was constructed with computer
graphics, and virtual models of trees, stones, and a monument
were built on the field. A mobile manipulator that can be
controlled by the developed haptic master was also simulated. At
the start of the mission, the operator controlled the mobile
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manipulator to move from spot A to spot B, as shown in Fig. 10. The
white line in Fig. 10 shows the trajectory of the movement. When
the robot approached stones or trees, feedback force was provided
to avoid collision with the obstacles in regions S1, S2, S3 and S4

shown in Fig. 10a. After the mobile manipulator reached spot B
and the operator finished exploring, the operator began to control
the manipulator. In this scenario, the operator tried to place a fire
extinguisher at one corner under the monument, as shown in
Fig. 10c. If the extinguisher came in contact with the wall, a reac-
tion force would have been provided to the operator in proportion
to the depth of penetration. In the real field, this would protect the
manipulator from damage due to an unexpected collision. A rate
Fig. 12. EOD demonstration with actual robot system operated by developed haptic
Developed haptic master provided a unified interface for both navigation and manip
manipulator. (d) Manipulating imitation bomb. (e) Successfully finishing mission and re
control was used in the navigation mode so that the position of
the lower mechanism was translated to a velocity command for
the mobile base. On the other hand, a position control was adopted
for the manipulation mode. In using a position control scheme, the
motion was limited because the workspace of the developed de-
vice was much smaller than the workspace of the manipulator.
To overcome this limitation, indexing and scaling techniques were
adopted [26].

Experimental results are shown in Fig. 11. The position of the
haptic handle and the force-feedback command are shown in
Fig. 11a and b, respectively. The fluctuations of actual torques of
the lower and upper mechanism are illustrated in Fig. 11c and d.
master. (a) Remote control station for teleoperation of field mobile manipulator.
ulation. (b) Navigating over rugged road. (c) Approaching target and unfolding
turns.
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It took tnavigation during travel from spot A to spot B. The robot ap-
proached obstacles four times in regions S1, S2, S3 and S4 (Fig. 10a),
and feedback force was exerted at the times of approach, as shown
in Fig. 11b. When the robot moved near the obstacles, the feedback
force guided the handle to avoid them. While force reflection af-
fected the operation, the force adjusted the motion of the handle,
as shown in Fig. 11a. Section S3 is a particularly good example of
this typical behavior. In this area, the feedback force to the x direc-
tion drove the handle to the right because a stone post approached
from the left side. At the start of the approach, the force in the y
direction pulled the handle backward so as not to bump against
the stone post, whereas the force pushed the handle forward to
make the mobile manipulator move away from the obstacle after
passing by. During manipulation, the fire extinguisher was manip-
ulated and bumped against stone walls, and forces from the out-of-
plane directions were generated due to the contact. When the
feedback force in the z direction was exerted on the stone platform,
all actuators for the upper and lower mechanisms were activated,
as shown in Fig. 11c and d. The experimental results revealed that
the activated actuators involved only three motors for the lower
mechanism during navigation. However, the manipulation task re-
quired all six actuators, consistent with the operation of typical six
DOF haptic devices. These results demonstrate that the proposed
master is adequate and efficient for the teleoperation of a mobile
manipulator.

6.2. Application of field robot system and EOD demonstration

Recently developed field robots have been equipped with artic-
ulated manipulators which extend the application range of the ro-
bots. However, to control the dexterous motion of a mobile base
and installed arm, the operator control unit (OCU) must be
equipped with many buttons and paddles in addition to a joystick
[5]. These numerous control features add unwanted complexity to
the user interface, and make slave robots difficult to use. Further-
more, the added complexity increases the likelihood of an operator
error. An easier operation method would help prevent such errors.
Therefore, the developed master was applied to an actual field mo-
bile manipulator, and both the navigation and manipulation tasks
were controlled by one haptic master. The master unified diverse
controllers and provided a simple user interface. A demonstration
setup for explosive ordnance disposal (EOD) was artificially con-
structed [24], as shown in Fig. 12.

An operator controlled the robot from a remote location by
means of the haptic device (Fig. 12a) while watching the transmit-
ted images on a head mount display. Fig. 12b shows that the robot
accessed the explosive ordnance after traveling over a hazardous
field. The robot finished the navigation task in the vicinity of the
target, and the manipulation task started, as shown in Fig. 12c.
Fig. 12d shows that the operator could approach, grip, and pick
up an imitation bomb by using all six DOFs of the haptic master.
The mission was successfully completed, and the robot returned
to a safe place to dispose of the removed ordnance (Fig. 12e). Dur-
ing the navigation phase of this experiment, the operator handled
the lower mechanism of the haptic master in a familiar manner
(like a typical joystick), but stretched the upper mechanism and
used all six DOFs for manipulation. In this manner, a simple unified
interface for both navigation and manipulation of an actual robot
system was achieved.

7. Conclusion

This paper discussed the development of a new haptic master
for the teleoperation of a mobile manipulator. The master adopted
a separable structure composed of two parallel mechanisms: one
mechanism had three planar DOFs adequate for navigation, and
the other used the remaining three DOFs for manipulation. As a re-
sult, the proposed master achieved efficient actuation and reduced
computational burden by using only three actuators in planar tasks
during navigation. All actuators were installed on the base frame;
thus, power transmission, which was designed to use the struc-
tural characteristics of the master, was employed. Finally, back-
drivability and transparency were improved due to the low inertia.

In this research, the kinematics for the proposed master was
analyzed and the dexterous workspace was examined. The proper
values for the link parameters and the initial pose were determined
based on the kinematic analysis, and an actual system was imple-
mented. Experiments in both virtual and real environments were
performed to evaluate the developed master, and the results
proved that the master was efficient for the teleoperation of a mo-
bile manipulator. The proposed haptic master was adequate for
haptic tasks consisting mainly of planar motion as well as tasks
consisting of six DOF motion.
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