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ABSTRACT 

This paper proposes a remote operation method for a robot arm in a complex environment by using the Virtual Force (VF) 

based approach. A virtual robot arm is manipulated by a steering force, at the end-effecter, which is generated according to 

the movement of a feedback haptic. A three-dimensional force field (3D-F2) is employed in collision detection and 

avoidance. Repulsive forces from the 3D-F2 are produced and feedback to the haptic device that enables the operator to 

have a sense of touch on the encountered obstacle and then steer the arm to avoid it. As a result, collision-free poses of the 

virtual robot arm can then be used to command the real robot. Experiments are conducted in a mock up bridge environment 

where the real robot arm is steered to target points by the operator. Experiment results have shown successful collision 

avoidance and emulation of the actual command force and the virtual forces in remote operations. 
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1. INTRODUCTION  

This paper presents a remote operation method, in 

the context of Human Robot Interaction (HRI), to 

manipulate a robot arm in a complex environment 

by using the Virtual Force (VF) based approach. 

Remote operations of robotic systems are invaluable 

to release human operators from hazardous in 

working environments. For example, in steel bridge 

maintenance, the grit blasting process often produces 

stripped dust containing lead, asbestos and other 

toxic materials that are harmful to workers. Within a 

complex environment commonly found in bridge 

structures, it still remains challenging to control a 

robot arm remotely while avoiding collision with 

obstacles. Although object-detecting sensors are 

available, their performances may be hindered in a 

dusty enclosure for grit blasting. A virtual sense of 

touch of the obstacles, therefore, would be very 

valuable to the operator at a remote location. In 

order to obtain the environmental perception, a force 

feedback haptic device may be used to render a 

physical contact between any parts of the robot arm 

and obstacles. 
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The force feedback joystick is a kind of haptic 

devices, In order to render the contact force, the 

movement of the haptic’s handle is resisted by 

forces which are generated by a virtual or physical 

contact. F. Nagata et al. [5] presented a joystick 

teaching system for industrial robots using fuzzy 

compliance control. A force sensor, which is 

attached at the end-effecter of a robot arm, sends the 

force signals back to the controlling joystick. Their 

control loop gives the operator the sense of touch 

when teaching the robot. In typical assembly 

process, a single force sensor on the end-effecter is 

used to return a scaled signal to a haptic input 

device. The scale factor can magnify the sense of 

touch from a delicate or a micro/nano-scale work 

[7][6]. Beyond the micro-scale, a physical-contact 

force sensor can sometime make a huge impact to a 

tiny work piece. On the other hand, for large-scale 

work, which is operated by heavy machines such as 

those found in construction, can also be shrunk to 

meet the range of human perception.  

Virtual reality is frequently used to simulate a virtual 

robot arm in performing its assigned task. Liao et al. 

[1] presented a Virtual Force Field, which is defined 

by a spring model, to shield around an obstacle for 

collision avoidance purpose. They return a repulsive 

force on the virtual tool at the end-effecter of the 

robot arm to the remote control haptic. Motion 

resistance or payload weight [8], which is measured 

by a sensor at an actuator such as load cell, 

force/torque sensor, etc, can be used as a feedback 

signal to represent the load exerted on the end-

effecter. However, these work have addressed cases 

of only a single force reflection at an operating 

point. On the other hand, other external forces 

should be taken into account in the grit blasting 

operation. Constantinescu et al. [2][3] calculated 

collision impulses from a passive collision in the 

virtual world and it was applied to the operator’s 

hand according to the haptic handle’s position and 

the impulse strength. In addition, they presented a 

force rendering method for a three-link planar 

manipulator by using repulsive forces and a penalty 

function [4].  

In this work, the interface between a human operator 

and the robot arm is done in the virtual world, which 

simulates the real environment by an exploration’s 

method. A steering force, which is derived from an 

attractive force generation algorithm [9], drives the 

robot arm’s end-effecter on an adjustable controlling 

plane, in accordance to the coordinate plane of a 

force feedback joystick. Virtual repulsive forces are 

created by the three-dimensional force field [10], 

when the robot arm is moving close to obstacles. 

The repulsive forces will command, through a 

sequence of joint angles, the robot arm to avoid any 

collision and they will be transformed to a force 

effect of the joystick. After the position controller 

receives the joint angles and then activates the robot 

arm, the real robot will travel to the desired pose. 

The rest of the paper is arranged as follows. Section 

2 describes the grit blasting operation. Section 3 

presents the virtual forces, the steering attractive 

force and the definition of 3D force field. The 

dynamic model for the virtual force based approach 

is given in Section 4. The generation of the sense of 

touch is described in Section 5. Section 6 presents 

the experiment results and a conclusion is drawn in 

Section 7. 

2. GRIT BLASTING OPERATION 

Nowadays, many industrial processes that are 

dangerous and repetitive have been changed from 

manual to the autonomous robotic operations. For 

example, assembling, constructing, fabricating, 

machining, striping, cleaning and coating. In this 

paper, the autonomous steel bridge maintenance 

system, which uses an industrial robot performing 

grit blasting to remove old paint of a steel bridge 

(Fig. 1), will be used as an application example.  

The robot arm carries a hose and a grit blasting 

nozzle to blast abrasive media to clean metal 

structure surfaces. In order to operate a robot arm, a 

force feedback joystick or other haptic devices will 

be used that could increase human perception. 

Different from the teaching pendent, the use of 

joystick could release the demand for operators with 

robot control skills. However, the control algorithm 

designed for a joystick is complicated by un-equal 

degrees of freedom between the joystick and 

manipulability of robot arm. Moreover, the 

operating under complex environment imposes 

added difficulties to the control algorithm that must 

include the pre-collision detection and convey this 
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information to the operator. To tackle these 

constrains, a steering attractive force is set up to 

manipulate a robot arm and the three-dimensional 

force field is used to sense the arm’s surrounding 

environments.  

 

Figure 1. Grit blasting by manual operation (a), the 

proposed remote robotic system for grit blasting (b) 

3. VIRTUAL FORCE BASED ROBOT ARM 

MANIPULATION 

3.1. Steering Attractive Force 

In grit blasting process, the operation is focused on 

the blasting stream and its blasting spot (target 

point). The nozzle movement has to be controlled on 

a configuration plane and the blasting stream will be 

considered as an orienting vector on the 

configuration plane. A force feedback joystick is 

incorporated to control the blasting spot and the 

joystick X-Y plane is matched to the blasting spot’s 

configuration plane (see Fig. 2). 

Given an instant target point of the blasting spot 

( tp ) and the position of the robot arm’s end-effecter 

( ep ), a virtual attractive force that “pulls” the end-

effecter to the target point will be generated. This 

attractive force can be defined by the distance ( tS ) 

between the current position of the manipulator’s 

end-effecter and the target position.  

ettS pp −=  (1) 

The amplitude of the attractive force is limited by a 

force factor (Katt) and given by a sigmoid function  
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where Kz > 0 and Ks are constants, which will 

determine how the attractive force varies with the 

distance between the end-effecter and the target 

point. The amplitude of the attractive force increases 

with the distance and its direction is from the current 

position of end-effecter to the target. 
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Figure 2. Definition of control and joystick coordinate 

plane parameters 

3.2. Definition of 3-dimensional Force Field 

This section introduces the 3D force field (3D-F
2
) 

defined in[10][9]. The transformations from the 

robot’s coordinate system to the global system are 

given by transfer function (
i
Tj) and rotation-

translation metrics (
i
Aj). Pi(u,v,w) and Pi(x,y,z) are points 

on the robot’s coordinate system and the global 

system. Here 
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To design the ellipsoid, Dmin and Dmax to cover a 

manipulator link, two points on a link are selected as 

the foci ( 1p  and 2p  in Fig. 3). To ensure that this 
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ellipsoid will cover the whole body of the link, the 

length of major axis is set to LKp, where L is the 

distance between foci and Kp > 1 is a constant. We 

define: 

L
Cx

21 RR +
=  (6) 

where 21,RR  are the circles extended from the 

ellipsoid from the foci. To enlarge the ellipsoid, 

Kp+Er is defined for Dmax, where Er>0 is an 

allowance variable. Thus, the length of major axis of 

Dmax will be L(Kp+Er). For a point in 3D space 

( obp  in Fig. 3), if obp  is on surface of Dmin, Cx will 

equal to Kp. Moreover, if obp  is on surface of Dmax, 

Cx will equal to Kp+Er as well. This can be defined 

regions on domain of Cx such that 

Er Kp Cx Kp +<<  (7) 

By these regions, the sigmoid function is used to 

define the amplitude of repulsive force as 
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where Kf is the maximum repulsive force. The 

repulsive force direction is defined as the unit vector 

that points from obp  to 1p . 
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Figure 3. Parameters of Dmin and Dmax ellipsoid (left) and a 

robot arm covered by Dmin (right) 

4. DYNAMIC MODEL  

This section introduces how the attractive force and 

the 3D-F
2
 method generate the robot arm’s trajectory 

with real time collision avoidance. Since, the 

manipulator is driven by the torque at the joints, all 

forces will be converted to the torques by Jacobian 

matrices. In this paper, the virtual drive forces are 

calculated in two stages; the first to third joint J3 

(arm motion) and the fourth to sixth joint rotation 

matrix (wrist motion).  

For arm motion: 
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The dynamics are 
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where, Km is a motion-selecting matrix, which has 

three motion types; 1) arm motion, 2) wrist motion 

and 3) wrist-arm motion. β and I are a damping 

factor metric and an inertia metric of the robot arm, 

respectively. 

Furthermore, the blasting tools; a hose and a nozzle 

are installed on the robot arm. The pressurized hose 

is rigid and difficult to be twisted. Thus, the sixth 

joint will stabilize the hose position, where it is 

always on the top position of robot arm, by rotating 

itself against the fourth joint. In order to hold the 

nozzle to a setting pose, the rotating speed of the 

sixth joint is set to opposite the rotating speed of the 

fourth joint. 

46 θθ && −=  (17) 

In every control cycle, the dynamic equations (16-

17) will give a set of joint’s angles (θθθθ) and send 
them to the robot controller. 

In Fig 4, the joystick gives displacement outputs. 

Mcp is a controlling plan’s orientation matrix that 

will transfer the displacement signals from the 
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joystick coordinate system to the desired controlling 

plan at the end-effecter of the robot arm. The 

transformed displacements are defined as the 

steering force obtained from the attractioon point, 

see Section 3.1. This force is applied into the robot 

arm dynamic to work out a instant pose of the robot 

arm. The pose is then fed back to determine the 

repulsive forces in 3D-F
2
. The repulsive forces will 

push agaist the steering force and brake the robot 

arm before colliding onto an obstacle. After that, the 

collision-free pose will be transmitted to the robot 

arm’s position controller. Besides, the repulsive 

forces are also sent back to the force feedback 

joystick to render the potential field arroud 

obstacles. 

 

Figure 4. The system diagram and the robot arm system 

configuration 

5. SENSE OF TOUCH 

For the force feedback joystick, each axis of force 

input node needs two parameters: impulse force 

amplitude (fimp) and duration of zero order hold (zoh; 

Td). Functionalizing these parameters can contribute 

to the sense of touch. Product of the force amplitude 

and Td is assumed as an impulse. The impulses will 

convey to operator’s hand that the robot arm is 

approaching to an obstacle. Otherwise, the effect 

will decline when the robot arm has detracted from 

the obstacle. Thus, the impulse will be effective only 

when the direction of the force-field shielded link 

and its repulsive force direction are opposite. There 

are three repulsive forces (impulses), which could 

arise from the selected links, are generated 

separately. For the reason that the robot arm is 

manipulated on a controlling plane, all impulses 

should be transferred its coordinate system to the 

controlling plane coordinate. However, the joystick 

has only two axes of force feedback. Simple rules 

will be used to manage these force signals. 







<⋅−

≥⋅
=

0,

0,0

i

i

i
repattattc

repatt
imp K fff

ff
f  (18) 

where i =1,2,3 ( 3 for the stream, 2 for the lower-

arm and 1 for the upper-arm ellipsoid force field) 

and Kc is a constant for scale the fatt to be a joystick 

force variable. 
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The Td  will create the different feelings to operator’s 

hand; short period of Td makes the operator feel a 

vibration. Otherwise, for longer Td, the operator will 

feel a low magnitude ripple. The stiffness of 

joystick’s handling depends on the amplitude of fimp. 

6. EXPERIMENTS 

6.1. System Implementation 

To prototype the remote operated robot arm system, 

a Virtual Robot for Grit Blasting Program has been 

written with algorithms of virtual force based 

approach. The program contains force feedback 

joystick interface, virtual reality (VR), a simulated 

robot arm, and a robot arm’s position controller 

interface. The DirectX9 is used to interface the force 

feedback joystick. VR is programmed by using the 

OpenGL library.  

 

Figure 5. The prototype grit blasting robot (a), screenshot 

of the program under test (b) 
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Figure 6. Test result of the first trial Figure 7. Test result of the second trial 

The real-time thread cycle time is 10ms. The 

program runs on a 1.5GHz Pentium M PC and is 

connected to the robot arm’s controller through the 

serial port at 115,200 bps baud rate.  

6.2. Result 

The experiment is conducted to perform manual 

remote operations. An operator controls the robot 

arm approach to the I-beam of a bridge and directs 

the blasting stream on a surface of the I-beam (see 

path in Fig. 5). In the first trial, the speed of the robot 

arm (Denso VM6083) is set at 10% of its maximum 

speed and the second trial sets the speed at 30%. The 

results in Fig. 6 and Fig. 7 compare the joint angles 

of robot arm for the virtual robot and the actual robot 

and the impulsive forces used for the operator’s 

perception. The joint angle commands (dotted lines) 

send to the arm followed closely the derived angles 

(solid lines) from the actual arm. Force feedbacks 

reasonably represent the sense of touch conveyed to 

the operator. 
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6.3. Discussion 

In both tests, the arm follows almost the same path. 

Their start points are equal but the end of paths are 

just about the same because of manual control. Time 

delay increased when robot arm speed is set to the 

low speed. The fast motion caused the joystick to 

oscillate around the set point because the nearest 

obstacle is sorted from the group of closed points 

around the arm. Finally, the experiments showed that 

the collision avoidance are performed effectively. 

7. CONCLUSION 

This paper has presented a virtual force based 

approach for remote robot arm manipulation in the 

example grit blasting process. A force feedback 

joystick is used to issue controls to the arm and 

provides the sense of touch, on the obstacles, to the 

operator. This is achieved by using a virtual steering 

force to drive a virtual robot arm and reflection 

forces from obstacles generated from a 3-dimen-

sional force field algorithm. Experimental results 

have indicated that the proposed technique is 

effective in performing remote robotic manipu-

lations. 
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