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Along with fast progress in robot technologies, robots nowadays are able to tackle 

complex tasks in organized environments, like factories. However, when they are 
introduced to human societies, the uncertain and unstructured environments pose much 
challenge for them to work alone. As detailed programming to deal with all possible 
scenarios is way too time-consuming, one alternate is to let the human execute the 
manipulation, but with an effective manipulation system. In this paper, we thus propose 
such a manipulation system that can achieve natural and efficient governing in real-time. 
The target robot manipulator is chosen to be with multiple degrees of freedom (DOF) and 
position-controlled for being popular and versatile. We adopt a force-reflection joystick 
as its manipulative device, which provides haptic feedback and mutual interaction. We 
also develop a set of virtual tools, a virtual spring, and a virtual bumper to assist the user 
when executing 3D applications with requirements on both position and orientation. For 
demonstration, the proposed manipulation system is applied for the tasks of contour 
following and also screw fastening. 
 
Keywords: haptic device, manipulation, motion constraint, virtual tools, 3D applications, 
contact tasks 
 
 

1. INTRODUCTION 
 

More robots are expected to enter human societies in the near future, as 
technologies in sensing, control, and artificial intelligence are in much progress. Instead 
of the organized environments, like factories, where most robots are currently deployed, 
they may need to face the uncertain and unstructured environments in homes, offices, 
laboratories, and others [1]. To tackle the high complexity present, we can imagine it 
would take too much effort to offer detailed programs to respond to all possible 
situations. One appealing alternate is to provide an effective manipulation system for the 
human to operate the robots, which motivates this study [2-4]. We choose a 6-DOF robot 
manipulator as the target robot to govern, as it is versatile and poses certain challenge for 
manipulation. For its popularity in practice, the robot manipulator is also taken to be 
under position control. Before the development of the proposed manipulation system, we 
have in-depth evaluated those manipulative devices commonly used, like teach box, 
mouse, keyboard, and joystick. As expected, they did not yield natural and efficient 
governing for a multi-DOF position-controlled robot manipulator.  

The proposed manipulation system is designed to let the user feel she/he is well in 
control of the robot manipulator, although it is actually teleoperated. It consists of mainly 
a 6-DOF force-reflection joystick as the manipulative device and a set of virtual tools, 
along with a virtual spring and bumper, to assist the user for manipulation. A joystick 
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with force reflection is employed for providing the haptic feedback and mutual 
interaction, which enhance the linkage between the user and robot manipulator [5-7]. 
The virtual tools are realized as the virtual motion constraints, based on the concept of 
virtual mechanisms and virtual fixtures previously proposed [8,9], to confine the 
movement of the manipulative device in the 3D working space, so that the robot 
manipulator can be properly guided for task execution. The virtual spring is designed to 
help the user recognize the spatial deviation between her/his desired position and the 
end-effector via a haptic clue. This function is demonstrated to be effective for governing 
the position-controlled robot manipulator. And, the virtual bumper is utilized to protect 
the robot manipulator from excessive contact force, which is crucial for tasks involving 
force management, e.g., screw driving. 

The virtual tools are for the guidance of the user's movement to respond to task 
requirements. For instance, a virtual ruler or compasses can help the user to move the 
robot manipulator along a straight or circular line. In addition to position guidance, a 
focus of most previous works [10-13], the proposed system also provides orientation 
assistance to help the user, e.g., maintaining the vessel in an upright angle. Because some 
force-reflection joysticks may not be equipped with torque feedback, we thus develop a 
torque-free method for orientation assistance. In addition, the virtual tools are selected 
for assistance according to the current status of task execution dynamically, but not in a 
predefined environment or predicted way [12-15]. Software implementation of the 
proposed manipulation system is executed in a 3D graphical environment with a 
real-time manner, which also provides the visual feedback. To demonstrate its 
effectiveness, the manipulation system is used to govern the robot manipulator to 
conduct two kinds of tasks: contour following and screw fastening, both of which 
demand delicate maneuver. Users of various backgrounds are invited for the experiments, 
and their responses analyzed. 

The rest of this paper is organized as: Section 2 describes the proposed 
manipulation system, including the realization of virtual tools, spring, and bumper. 
System implementation is presented in Section 3. Section 4 discusses the experiments 
and performance evaluation. Finally, conclusions are given in Section 5. 

2. PROPOSED MANIPULATION SYSTEM 

Fig. 1(a) illustrates the three major goals of the proposed manipulation system for a 
multi-DOF manipulator: (i) establishing a linkage between the user and robot 
manipulator via the virtual spring, so that the user may feel she/he is manipulating the 
robot on site directly, (ii) providing a set of virtual tools that guide the hand movement 
of the user according to task requirements, and (iii) attaching a virtual bumper on the 
robot manipulator for protection when interacting with the stiff environments. Fig. 1(b) 
shows its system block diagram, which includes a 6-DOF haptic device, a virtual spring, 
virtual tools, and a position-controlled robot manipulator with a virtual bumper. Via the 
haptic device, the user sends in both the position and orientation commands to govern 
the robot manipulator. These commands are modulated by the virtual tools, which utilize 
motion constraints for guidance. As the feedback, the positional deviation, via the virtual 
spring and then the haptic device, is transformed into the reflected force and sent back to 
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the user to determine next move. Meanwhile, the virtual bumper would be activated to 
alleviate the contact force, when dealing with contact tasks. The success of the proposed 
manipulation system relies on proper realization of the virtual spring, virtual tools, and 
virtual bumper. The virtual spring has been implemented in our previous work [16]. The 
basic idea is to make it as if there is a spring present between the haptic device and robot 
manipulator, so that a constrained force can be generated to bond them together. One 
alternative for this constrained force generation is to take direct force reflection from the 
robot manipulator. It was not preferred due to the high impedance of the 
position-controlled robot manipulator, which may induce large contact force when it hits 
a stiff environment. The virtual tools and virtual bumper newly developed will be 
discussed in Secs. 2.1-2.2, respectively. In addition, we have also utilized a 3D graphical 
system to create the virtual scene to let the user be immersive in both visual and haptic 
sense. As an illustration, Fig. 2 shows the scene in which the user utilizes the 
manipulation system to manipulate the robot manipulator via the haptic and visual cues. 

 
(a) 

 
(b) 

Fig. 1. Proposed manipulation system for a position-controlled robot manipulator: (a) conceptual 
diagram and (b) system block diagram. 
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(a)                               (b) 

Fig. 2. The user utilizes the manipulation system to manipulate (a) the real robot manipulator via 
(b) the virtual robot manipulator. 
 
 
2.1 Virtual tools 
 

     
 (a)              (b)              (c)              (d)              (e) 

Fig. 3. Proposed virtual tools and their possible applications: (a) point, (b) line, (c) plane, (d) 
N-rotation, and (e) F-rotation. 
 

To deal with general operations in daily lives, we have designed three types of 
position tools: point, line, and plane, and two types of orientation tools: N-rotation 
(non-rotation) and F-rotation (fixed-axis-rotation), as shown in Fig. 3. In Fig. 3(a), the 
point tool confines the haptic device to rotate around a fixed point, and can be applied 
for tasks, like liquid pouring. The line and plane tools let the haptic device move along a 
straight line and within a plane, respectively, and can be applied for tasks, like lifting a 
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tube and moving a vessel, as shown in Figs. 3(b) and 3(c). For orientation assistance, the 
N-rotation tool confines the haptic device to maintain a fixed orientation, i.e., it cannot 
be rotated. Fig. 3(d) shows an example of its application, in which it is used along with 
the point tool for paper cutting, and helps to let the knife maintain a fixed orientation 
with the paper during the cutting process. On the other hand, the F-rotation tool provides 
a fixed-axis rotation, so that it can be applied for tasks, like screw fastening, as shown in 
Fig. 3(e). As some tasks may have requirements on which direction to move, e.g., it 
demands the knife to move forward only during paper cutting, we also incorporate the 
directional constraints into the position tools. 

 
Fig. 4. The process of how the line tool executes motion assistance. 

 
We start with the design of the line tool. Fig. 4 illustrates how the the line tool 

executes motion assistance. In Fig. 4, when the haptic device deviates from the line 
specified by the line tool due to imprecise maneuver of the user, the line tool will 
generate a constrained force fi to bring the tip of the haptic device pi back to the line. 
This fi is formulated as 

 
( )iviti K ppf −=                               (1) 

 
where Kt is the stiffness for the virtual tool to come up with a proper constrained force, 
and pvi the nearest tool point (NTP) on the line tool that corresponds to pi. For some 
cases, it is not that straightforward to locate a proper NTP as that shown in Fig. 4. For 
instance, when another line tool with different direction is called up, the NTP search may 
need to decide either to go along the original direction or move to the new one. To 
ensure smooth force rendering, we continue to use the strategy adopted in the 
pixel-based algorithm previously developed [17], but extend it for the 3-D case, which 
keeps tracking previous NTPs when locating the next one. In Fig. 4, the line tool is 
orientated in the +D direction, denoted as a forward-only line tool, for allowing only 
movement along this +D direction. This line tool is also with an e point marked at its end, 
which is intended for some applications that prohibit the haptic device to move past a 
specified location. Based on the discussions above, we develop Algorithm 1, which 
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locates the NTP, pvi, corresponding to pi by previous pv(i-1) and +D with e. Algorithm 1 
can be easily extended for the bidirectional line tool by taking +D for forward movement 
and -D for backward one. As for the plane tool, it will take two of those for the line tool, 
as its search of NTP will be in two degrees of freedom. And, for the point tool, the NTP 
is exactly the point selected for rotation. To satisfy the demand for haptic rendering, δ is 
set to be 0.1 mm and haptic updating frequency about 1 kHz. 

 
Algorithm 1 Line tool: Locating NTP vip  by ip , )1( −ivp , and D+  with e  

1: let )()1( Dpp ++=′ − δivv  

2: if 0)()( >+⋅′− Dpe v  then 

3:   if )1( −−<′− ivivi pppp  then 

4:     viv pp ′⇐− )1(  

5:     go to 1: 

6:   end if 

7: end if 

8: )1( −⇐ ivv pp  

 
We move on to design the two orientation tools: N-rotation and F-rotation. The 

N-rotation tool is used to let the tool maintain a fixed orientation. When the orientation 
of the haptic device R deviated from the reference orientation Rref due to imprecise 
maneuver, a constrained torque τN is generated to rotate the haptic device back to Rref, 
formulated as 

 

v
vτ θNN K=                               (2) 

 
where θ is the deviated angle, v the rotation direction of torque τN, and KN the stiffness 
for the N-rotation tool. Because the haptic device may not be equipped with torque 
feedback, the strategy adopted by this N-rotation tool is to let Rref stay as the orientation 
command, no matter what the current R from the user is. In other words, the role of τN  
is replaced by a fixed orientation command. Meanwhile, without the guidance via the 
torque feedback, like that from the force feedback used for the line tool, this strategy 
may induce abrupt rotation, once the N-rotation tool is released. To tackle it, the 
end-effector is not demanded to catch up with the haptic device after release immediately, 
but via a small velocity gradually. 

The F-rotation tool is intended for providing a fixed-axis rotation. Fig. 5 illustrates 
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how to apply the F-rotation tool for assistance, in which the rotating axis of the haptic 
device r deviated an angle φ from the reference rref due to imprecise maneuver. A 
constrained torque τF is then generated to rotate r back to rref, formulated as 

uτ φFF K=                               (3) 

with 
( )refrr ⋅= −1cosφ                            (4) 

and 

ref

ref

rr
rr

u
×

×
=                               (5) 

where u is the rotation direction of torque τF and KF the stiffness for the F-rotation tool. 
Similar to the design for the N-rotation tool, the role of τF is replaced by the orientation 
command Rv, which allows the end-effector to rotate around the reference axis rref. This 
Rv is formulated as 

( ) RRR u φ=v                              (6) 

where Ru(φ) is the rotation matrix to coincide r with rref. 

 
Fig. 5. Illustration for applying the F-rotation tool for assistance. 

 
 
2.2 Virtual bumper 
 
The virtual bumper is introduced to protect the robot manipulator from excessive contact 
force when interacting with stiff environments, which adjusts the user's position 
command according to measured contact force [4,18]. The concept for the design is quite 
straightforward: stop the robot manipulator along the direction of contact when it 
encounters a large contact force, and decrease the forward-moving tendency when the 
contact force is not that large. We first select a threshold for the contact force, fth, for 
which the robot manipulator can stand. When the magnitude of the measured contact 
force fe is smaller than fth, the user's position command pu is adjusted to be pb: 

eub fpp α+=                               (7) 

where α is a factor to determine the ratio of the trade-off between the position command 
and contact force. Under this case, pb may still move the robot manipulator forward, but 
in a slow, cautious manner. When║fe║is larger than fth, we let pb be its previous value, 
which stops the robot manipulator from moving forward. Meanwhile, the effect of the 
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virtual bumper is also transferred to the user via the virtual spring, as larger deviation is 
generated between the desired command and actual robot position. Based on the 
discussions, we develop Algorithm 2, which determines the adjusted command pbi by 
previous pb(i-1) and current pu and also fe, listed below: 
 

Algorithm 2 Virtual bumper: Determining the adjusted command bip  by up , 

ef , and )1( −ibp . 

1: let eub fpp α+≡′  

2: if the f≤f  then 

3:   bbi pp ′⇐  

4: else 

5:   let )1( −−′≡′Δ ibbb ppp  

6:   if 0≥⋅′Δ eb fp  then 

7:     bbi pp ′⇐  

8:   else 

9:     
e

e
bbbi f

fppp ′Δ+′⇐  

10:  end if 

11: end if 

3. SYSTEM IMPLEMENTATION 

Fig. 6 shows the system block diagram of the proposed manipulation system. The 
robot manipulator adopted is the Mitsubishi RV-2A 6-DOF robot manipulator with a 
6-DOF force/torque sensor (JR3 IFS-90M31A25-I50-ANA) mounted on the end-effector. 
Its controller is type CR1-571 with a command cycle of 7.1 ms [19]. The 6-DOF 
SensAble Phantom Omni serves as the manipulative device, which provides 3-DOF 
force feedback (maximum force at 3.3 N), but not torque feedback [20]. A personal 
computer (Intel Core Duo E8400 CPU and 2 GB RAM) is used for computing haptic 
feedbacks from those virtual mechanisms and also related operations. In Fig. 6, the user 
sends in the command force fh and receives the reflected force fr from the Phantom Omni. 
This fr represents the hatpic feedback resulting from the virtual position tool (f) and 
virtual spring (fs). fh and fr together are sent to the Phantom Omni to generate 
corresponding position p and orientation R. Via the virtual position and orientation tools, 



MANIPULATING A MULTI-DOF ROBOT MANIPULATOR VIA VIRTUAL TOOLS 

 

9 

 

command smoother (discussed below), and workspace mapping, p and R become the 
user's commands in position pu and orientation Ru. For contact force alleviation, pu is 
further modified by the virtual bumper to become the final position command pb. Via the 
module for inverse kinematics, joint solutions q corresponding to pb and Ru is derived 
and sent to the Mitsubishi RV-2A for execution. As a feedback, the measured force fe 
due to the interaction between the robot manipulator and environment is sent into the 
virtual bumper. And, joint qs, becoming position ps via the forward kinematics module, 
is sent back to the manipulation system to initiate next operation. 

 
Fig. 6. System implementation block diagram of the proposed manipulation system. 
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The command smoother is designed to alleviate the undesired robot vibrations due 
to the unstable hand motion, which evidently affects the manipulation in certain cases 
[12]. In this command smoother, a sliding window of size N is used to find the average 
position pm from previous N positions pv, formulated as 

∑
+−=

=
i

Nij
vjmi N 1

1 pp                               (8) 

Similarly, the average orientation Rm can be derived from Rv. In responding to the hand's 
moving speed in our experiments, we set N = 200 for the sampling frequency of 1 kHz, 
as a delay of 0.1 s, which led to stable maneuver. The workspace mapping module is 
used to maps position pm and orientation Rm in the coordinate system of the Phantom 
Omni (centered at cm) into the corresponding position pu and orientation Ru in that of the 
Mitsubishi RV-2A (centered at cu), with k as the scaling factor to the match up the sizes 
of these two workspaces. The linear transformations are formulated as 

( ) ummtu k ccpRp +−=                        (9) 

and 

mtu RRR =                                  (10) 

where Rt is the rotational matrix from the coordinate system of the Phantom Omni to that 
of the Mitsubishi RV-2A. The ratio k was set to be 1:2 in the experiments. As for other 
parameters in the experiments, values for the stiffness of the virtual tools and spring 
were empirically determined to be 0.8 N/mm and 0.2 N/mm, respectively, and α and fth 
used in Algorithm 2 for the virtual bumper to be 0.01 mm/N and 50 N. To meet the 
requirements in computation, we use three threads to deal with the haptic data (1 kHz), 
visual data (60 Hz), and manipulator control (141 Hz), respectively. 

4. EXPERIMENTS 

To evaluate its performance, we applied the proposed manipulation system to 
conduct two kinds of tasks: (i) executing linear movement with fixed orientation and (ii) 
manipulating the hex key for screw fastening. The first task is used to show that the 
manipulation system is able to help the user to yield accurate contour following on both 
position and orientation. The second one is to show its ability in dealing with contact 
during task execution. Five male and two female students (undergraduate or graduate in 
National Chiao Tung University, Taiwan), between 19 and 25 years old, all right-handed, 
were invited to perform the experiments. All of them were with no or little experience in 
manipulating the robot manipulator using the haptic input device before. To alleviate the 
learning effect, the order of the operating modes (illustrated below) was randomly 
arranged for each subject. They were asked to complete at least two successful trials for 
each operation mode. Before task execution, the subject practiced the manipulation 
several times to be familiar with the manipulation system. As the manipulation system 
was designed for delicate maneuver, it led to not so fast actions and thus allowed the 
robot to catch up during the execution of these two experiments. And, with the virtual 
linkage, which provides the haptic cue via the virtual spring, it would remind the user to 
slow down her/his motion when large deviation occurs between the user and robot. 

nctu
螢光標示

nctu
螢光標示
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4.1 Executing linear movement with fixed orientation 
 

Fig. 7 shows the experimental setup, in which the user manipulated the Phantom 
Omni to move the hex key, mounted on the Mitsubishi RV-2A, along a straight path via 
points A, B, and C with fixed orientations. The procedure for movement is divided into 
three phases: 

 Phase AB: start from point A, pick up the hex key, and then move it from point A to 
point B along a straight line, while maintaining its orientation. 

 Transition phase: change its orientation to another one. 
 Phase BC: start from point B, and move it from point B to point C with the current 
orientation. 

In responding to these three phases, proper virtual tools are called for assistance in 
manipulation: 

 Phases AB and BC: the line tool for assistance for the two forward-only straight 
motions with a stop point, and the N-rotation tool for maintaining the orientation. 

 Transition phase: the point tool to let the bottom of the hex key be fixed at point B. 

 
Fig. 7. Experimental setup for executing linear movement from point A to B, then C with fixed 
orientations. 

 
(a)                                    (b) 
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(c)                                    (d) 

Fig. 8. Box plots for the linear movement task: (a) execution time, (b) robot traveling path, and 
(c)-(d) maximum position and orientation errors. 

 
(a) Mode NV                           (b) Mode V 

Fig. 9. Desired and actual robot trajectories for user A in (a) mode NV and (b) mode V. 
 

To compare the performance with and without the virtual tools, two operation 
modes were provided for the subject: NV (no virtual tools) and V (with virtual tools). 
Fig. 8 shows the experimental results in box plots. As Fig. 8(a) shows, the assistance of 
the virtual tools only slightly affected the execution time (the medians for mode NV: 
14.6 s and mode V: 14.8 s) due to a short movement distance (15 cm from point A to C). 
In Fig. 8(b), the virtual tools did reduce the robot traveling path evidently (the medians 
for mode NV: 215.3 mm and mode V: 166.9 mm, a 22.5 % reduction). Figs. 8(c) and 8(d) 
show the maximum position and orientation errors during manipulation, respectively, in 
position: the medians for mode NV: 7.79 mm and mode V: 0.56 mm and in orientation: 
the medians for mode NV: 3.77° and mode V: 0.11°, which indicate the virtual tools 
significantly reduced these two errors. For further evaluation, Fig. 9 shows the desired 
and actual robot trajectories for user A as an example. In Fig. 9, with the assistance of 
the virtual tools, user A yielded a very straight trajectory while maintaining the 
orientation of the hex key. The experimental results demonstrated that the virtual tools 
were very helpful in executing linear movement with fixed orientation. 
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4.2 Manipulating the hex key for screw fastening 
 

Fig. 10 shows the experimental setup, in which the user manipulated the Phantom 
Omni to turn the hex key to fasten a hex socket screw. The procedure is as follows: 

 Phase 1: place the ball end of the hex key into the hex socket screw in an upright 
orientation. 

 Phase 2: rotate the hex key clockwise about a half turn to fasten the screw. 
 Phase 3: release the hex key from the screw and then rotate it back 
counter-clockwise. 

 Phase 4: repeat the steps above until the screw is fastened. 
In responding to these operations, proper virtual tools are called for assistance in 
manipulation: 

 Use the line tool to assist in the straight motion along with the rotating axis, which 
helps to place the hex key into the hex socket screw. 

 Use the N-rotation tool to maintain a fixed rotating axis, which avoids the deviation 
due to unsteady hand movement. 
 

    
(a)                                      (b) 

Fig. 10. Experimental setup for manipulating the hex key for screw fastening: (a) place the ball end 
of the hex key into the hex socket screw and turn it clockwise to fasten the screw and (b) release 
the hex key from the screw by turning it counter-clockwise. 
 
 
Table 1. Number of failure for the four operation modes 

 Operation mode 
User NC-NV NC-V C-NV C-V 

A 
B 
C 
D 
E 
F 
G 

1 
3 
2 
0 
0 
0 
0 

0 
1 
0 
0 
3 
1 
3 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
1 
0 
0 

Sum 6 (40%) 8 (53%) 0 (0%) 1 (7%) 
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In addition, we also provided the options of a combination of virtual bumper and 
spring, which was intended for contact protection, leading to totally four operation 
modes: NC-NV (no contact protection, no virtual tools), NC-V (no contact protection, 
with virtual tools), C-NV (with contact protection, no virtual tools), and C-V (with 
contact protection, with virtual tools). Table 1 lists the numbers of failure corresponding 
to the four operation modes. In Table 1, modes C-NV and C-V led to smaller numbers of 
failure, indicating that the virtual bumper and spring did protect the robot manipulator 
from hard contact. Fig 11 shows the box plots on execution time, traveling path, and 
average contact force. In Fig. 11(a), the virtual tools reduced the completion time up to 
about 8.8 s (20.9 %) for mode NC-V vs. NC-NV and 7.9 s (21.6 %) for mode C-V vs. 
C-NV, and in Fig. 11(b), they reduced the traveling path for about 117.8 mm (43.4 %) 
for mode NC-V vs. NC-NV and 90.6 mm (35.2 %) for mode C-V vs. C-NV. These 
results demonstrate that the virtual tools were quite helpful in performing the screw 
fastening task. As for contact force, Fig. 11(c) shows the virtual bumper and spring 
reduced the average contact force for about 23.5 N (46.8 %) for mode C-NV vs. NC-NV 
and 22.6 N (46.5 %) for mode C-V vs. NC-V. We further looked into the entire 
trajectories for the four modes during task execution. Fig. 12 shows the trajectories for 
user D as an example. With the help of the proposed virtual tools, the trajectories in Figs. 
12(b) and 12(d) were straight and close together, compared with those in Figs. 12(a) and 
12(c). We also observed how the virtual bumper and spring assisted in reducing the 
contact force during the process. Fig. 13 shows the trajectories of position deviation 
(between the user command pu and robot position ps, see Fig. 6), contact force, and 
spring force for user D in the direction of Z axis, which is the main direction for contact. 
The position deviation was small (below 3 mm) in Fig 13, indicating a close follow-up of 
the robot. For modes C-NV and C-V, the deviation grew larger when the contact 
occurred. That was due to the effect of the virtual bumper in reducing contact via 
position command adjustment. With their assistance, the contact forces were much 
reduced (the maximum force was reduced from over 400 N to below 200 N). Mode 
C-NV in Fig 13(a) and mode C-V in Fig 13(b) also show that the shapes of the spring 
forces were similar to those of the contact forces, indicating the virtual spring, which 
executed the command adjusted by the virtual bumper, did respond to the contact. From 
the interviews after the experiments, all the subjects considered mode C-V was the 
easiest one for task execution, and mode NC-NV most difficult. They also reported that 
the virtual tools were quite helpful for them to place the hex key into the screw socket 
and also to turn the screw, while the virtual bumper and spring kept them from worrying 
about collision. 

 

nctu
螢光標示
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(a)                                    (b) 

 
(c) 

Fig. 11. Box plots for the screw-fastening task: (a) completion time, (b) traveling path, and (c) 
average contact force. 
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(a) Mode NC-NV                         (b) Mode NC-V 

 
(c) Mode C-NV                         (d) Mode C-V 

Fig. 12. Robot trajectories for user D in (a) mode NC-NV, (b) mode NC-V, (c) mode C-NV, and (d) 
mode C-V. 
 
 
 

  
(a) Mode NC-NV vs. C-NV                 (b) Mode NC-V vs. C-V 

Fig. 13. Trajectories of position deviation, contact force, and spring force for user D (Z-axis) in (a) 
mode NC-NV vs. C-NV and (b) mode NC-V vs. C-V. 

 

nctu
螢光標示
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5. DISSCUSION AND CONCLUSION 

In this paper, we have proposed an effective manipulation system to assist the user 
for governing multi-DOF position-controlled robot manipulators. We have thus designed 
a set of virtual tools, spring, and bumper. During the experiments, the proposed 
manipulation system has been used to assist the execution of the contour following and 
screw fastening tasks. Satisfactory experimental results have demonstrated its 
effectiveness. Compared with previous researches on robot manipulation, those intuitive 
manipulative devices, which recognize user’s gestures with cameras [21] or Wiimotes 
[22] for robot manipulation, do not provide intuitive force feedback. Meanwhile, the 
virtual tools in the proposed system are selected according to the users’ decision to help 
her/him to deal with unstructured environments, but not in a predefined environment 
[12,13] or predefined way [14,15]. In addition, under the constraint of no torque 
feedback, which is often not provided, we develop a novel torque-free method for 
orientation assistance. In future works, we will apply it to deal with various kinds of 
tasks, especially those involving both position/force and orientation/torque constraints. 
Another goal is to make this manipulation system more natural and intuitive to the user. 
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