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Abstract 

This paper explores the use of a new type of 3-D parallel 

robot manipulator interface in virtual reality (VR). A 

parallel motion control of a platform manipulator 

actuated by three AC servomotors is presented in this 

paper. A primary stabilizing controller is used to operate 

the haptic interface device where a realistic simulation of 

the dynamic interaction forces between a human operator 

and the simulated virtual object/mechanism is required. 

Experiments on cutting virtual clay are used to validate 

the theoretical developments. It was shown that the 

experimental and theoretical results are in good 

agreement.  
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1. Introduction   
VR applications are increasingly spreading and that is due 

to many factors the most important of which are the 

evolvement of speed and decreasing cost of computer 

systems [1]. For example, in the aviation industry, VR is 

used to train pilots without having to use real planes or 

risking their lives [2,3]. In almost all VR applications, the 

human interface plays a crucial role in the success of the 

system. While using a haptic VR system, the user is 

immersed and interacting with a simulated environment 

[4,5,6]. The interaction between the operator and 

machines is achieved through an intermediary device 

known as "haptic device". These haptic devices come in 

many sizes and shapes. Small interface arrangements 

have been used to simulate surgical tools [7]. Other haptic 

devices use specialized robot manipulators to apply force 

feedback between the user and the VR environment [8].  

Kazerooni and Her [9] used a haptic interface device for a 

manpower amplifier. Other realized a tele -operation for a 

VR system with haptic characteristics allowing the 

operator to probe and feel a remote virtual environment 

[10,11]. Kanai and Takahashi [12] developed a model for 

a haptic interface device which can give the operator a 

feel that s/he is maneuvering a mass, or pushing onto a 

spring or a damper. This paper deals with the design, 

modeling, and control of a virtual reality system with a 

haptic interface device. The system, which includes the 

operator arm dynamics, is used to perform a cutting 

procedure on a virtual clay enabling the operator to feel 

the interaction force from the virtual environment just as 

s/he would from a real environment.  
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2. Kinematics and Inverse Kinematics  
First, let us define two coordinate systems: a fixed 

reference frame O-XYZ attached to the base of the 

mechanism, and a moving coordinate system O′-X′Y′Z′ 

attached to the platform (see Figures 1 and 2). Point O is 

located at the center of the base. The points of attachment 

of the actuated arms to the base are defined as Oj, with 

j=1,2,3 and the points of attachment of all follower rods 

to the platform are defined as Pi, with i=1,..,6. To derive 

the inverse kinematics of the parallel mechanism, a 

geometric vector is used. Let the coordinates of point Pi 

in the moving frame, O′-X′Y′Z′, be {ai,bi,ci} and the 

coordinates of point Oi in the fixed frame, O-XYZ, be {xi0, 

yi0, zi0) . Let, Pi be the position vector of point Pi 

expressed in the fixed coordinate frame;  be the 

position vector of point expressed in the moving 

coordinate frame O′- X′Y′Z′; and P be the position vector 

of point O′ expressed in the fixed frame O-XYZ (see 

Figures 1 and 2). Therefore, 
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Since two solutions are obtained for each ρi, it is clear that 

the inverse kinematics problem of this mechanism leads 

to 8 solutions, which can be distinguished by using 

branch indices Ki. The velocity equations of the 

mechanism are needed for the kinematic analysis. Indeed, 

since the velocity equations represent the linear mapping 

between the joint velocities and the cartesian velocities, 

they characterize the kinematic accuracy of a mechanism 

and they allow the determination of the singularities.  where Q is the rotation matrix corresponding to the 

orientation of the platform of the mechanism with respect 

to the base coordinate frame. The point Oi
’ is defined as 

the center of the universal joint connecting the two 

moving links of the ith actuated rod. Moreover, the 

Cartesian coordinates of point Oi
’ expressed in the fixed 

coordinate frame are noted as {xi1, yi1, zi1} (see Figures 1 

and 2). Therefore, one can write: 

iiiii lxx γρ coscos101 ××+=             (2)                               

Equation (13) defines the velocities of the parallel 
mechanism. The corresponding Jacobian matrix is given 
by:  

iiiii lyy γρ sincos101 ××+=             (3) 

iiii lzz ρsin101 ×+=                    (4) 

where γi is the angle between the x-axis of the base 

coordinate frame and the axis of ith actuated joint, ρi is the 

joint variable associated with the ith actuated arm, and li1 

is the length of the first link of the ith actuated arm.  From 

the geometry of the mechanism, one can write,                          
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Substituting  (1)-(4) into (5), leads to: 
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Further manipulation of  (6)-(9) results in  
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Differentiating (6)-(9) and expanding leads to 

XKB rr
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where 
      and                                      [ ]T
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3. The haptic VR Simulation System 
A parallel mechanism shown in Fig. 3 was developed to 

simulate the tele-presence of the clay cutting system with 

haptic property and its control block diagrams are shown 

in Figures 4 and 5. The tele-presence with haptic 



properties consists of a two-degree-of-freedom x-y type 

active handle and the computer interface which simulates 

the dynamics of the cutting clay system and the 

environment. The corresponding transfer functions are 

given by 

                                       ,                     (16) hhhh yTuf −=

  ,                 (17) hhhhh fSvGy +=

where , , and  are the handle position, the force 

imposed on the force sensor supplied by the operator arm, 

the force imposed on the handle actuator and fed forward 

to the virtual side of the system, respectively. Moreover, 

 is the transfer function of the active handle actuator, 

and  is the transfer function from  to . From Fig. 

4, and particularly, the virtual side, the following 

relationships are obtained: 

hy
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and 

  ,                   (19) ttttt fSvGy +=

where , , and  are the cutting tool position, the 

environment force, the force imposed on the cutting tool 

actuator and fed back to the physical side of the system, 

respectively. Further, G  denotes the transfer function of 

the virtual cutting tool actuator, and S  the transfer 

function from  to . The dynamics of the cutting tool 

actuator including the VR system environment can be 

taken as: 
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where ,  and  are the virtual cutting tool mass, 

the coefficient of viscous damping, and the stiffness of 

the spring, which is related to the modulus of elasticity of 

the material, respectively. The cutting tool actuator will 

drive the tool back and forth and finally towards the 

desired position where the human operator wants by way 

of maneuvering the handle.   

tM tB tK

4. Controller Design and Stability Analysis     
The control design block diagram is shown in Figs. 4 and 

5. Since there is cross-feedback positions and forces 

between the physical and virtual sides, the operator can 

feel the reaction force between the cutting tool and the 

virtual clay system. By properly selecting the 

compensators C , C ,  and C  the operator can feel 

the amount of necessary feedback force and move the 

handle appropriately towards the desired position during 

the cutting process. Next, a relationship between the 

output positions of the handle and the cutting tool of the 

VR system will be established. From Fig. 4, the control 

signals of the handle and the cutting tool actuators can be 

written as follows:  

1h 2h 1tC 2t
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  v ,               (22) tthht fCfC 22 +−=

Hence, the respective outputs of the positions for the 

handle and the cutting tool can be written as: 
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It can be shown that there exists a matrix  such that 

the following is true 
1hA
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From (23) and (24) 

  ,                       (27) hht yAy 1=

where the elements of the diagonal matrix  denote the 

ratios of the positions of the handle and the cutting tool in 

the x- and y-directions, respectively. Next, one can show 

that the net force imposed by the operator on the cutting 

tool is given by: 
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where the elements of the diagonal matrix  denote the 

respective ratios of the forces between the handle and the 

2hA



cutting tool in the x- and y-directions. If  and  are 

selected properly,  can be obtained as:  
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Hence, we should select the compensators C , ,  

and properly such that the closed-loop VR system is 

guaranteed to be stable. A sufficient stability condition 

will be derived using the Nyquist theorem for the closed-

loop system. 

1h C 1tC

2tC

It can be shown that for the haptic VR system to be stable 

1.  is analytic in RHP; RGCI ++

2.  has a proper stable inverse transfer 

function. 

RGCI ++

or  

  0),0[ >+∞∈ RSRGCIinfω .                                     (33) 

Since the motion of the x-y type active handle and the 

cutting tool are independent in the x-  

and y-directions, then, { }hxh Gdiag=G , 
{ tytxt GGdiagG ,= , { }hyhx SSdiag ,h = , 
{ tytxt SSdiagS ,= , { }hyhx TTdiag ,T , and =

{ }tytxt TTdiagT ,= . 
For simplicity and no loss of generality, only the motion 

in the x-direction is considered. Similar, conditions can be 

derived for the motion in the other direction. It can be 

shown that for achieving the stability of the closed-loop 

system in the x-direction, the following condition has to 

be met, 

( ) ,    (34) 

),0[ ∞∈∀ ω ,                      

By proper selection of C , the stability margin of the 

system can be obtained if , ,  and T  on the 

right side of inequality (34) are known a priori. 
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  4. Experimental Results 

The layout of the experimental setup of the VR system for 

simulating the cutting clay system, the environment, and 

the handle is shown in Figure 6. The VR system consists 

of four components: user interface, networking, 

simulation, and robot control scheme. The compounded 

handle actuator and the operator dynamics for the x- and 

y-directions are obtained and identified as: 
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and 
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Due to small lead angle of the lead-screw mechanism, the 

x-y type active handle used here is a non-back-drivable 

mechanism, that is, the mechanism has large transmission 

rate and  and  are selected as zero. The operator arm 

dynamics in the x-direction is identified as: 

hS tS

6225.0 2 ++= ssThx           (37) )/( mN

To show the validity of the proposed control design, an 

experiment cutting a varying volume virtual clay is 

performed. The results show that he velocity is constant 

in the ranges of 3 cm to 6 cm, 6 cm to 9 cm, and 9 cm to 

12 cm. However, the value of the velocity is not the same 

in the three mentioned ranges. The value of the velocity 

decreases as the operator cuts deeper into the workpiece. 

This is expected since the value of the viscous damping 

increases with depth.   

 

Concluding Remarks 

In this paper, we have presented a VR system with haptic 

property to simulate the cutting clay system. The main 

components of the system include user interface, 

networking system, a simulated environment, and robot 

control scheme. The control scheme incorporates the 



dynamics of the human arm, actuators, and the virtual 

environment in the closed-loop control system for 

stability analysis. An experiment for cutting variable oil 

clay using the designed VR system is performed. It was 

shown that the experimental and theoretical results are in 

good agreement.  
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Figure 1. The symbol mark of the actuated arm system. 
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setup. 

 

 

 

 

 

 

 

 

Figure 2. The symbol mark of the inverse kinematics. 

 

 



 

 

 

 

 

 

 

Figure 3. A haptic VR system with parallel active handle: experimental 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The diagram of the VR system with handle and tool sides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Control design block diagram for the haptic VR system 

 

 

 

 

 

Figure 6. Layout of the experimental setup. 
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