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ABSTRACT. Virtual robots used in virtual environments are normally modeled with kinematic behavior. The use of dynamic 

behavior in virtual environments allows the simulation of more realistic virtual worlds. In this paper we present an interaction 

technique to manipulate a robot in virtual environment considering the physically based modeling. The virtual robot is constituted 

by two models. The first model has a kinematic behavior and it’s called the Kinematic Virtual Robot (KVR). The second one has 

the dynamic behavior and it’s called the Dynamic Virtual Robot (DVR). The robot modeled in this research is based on the 

architecture of the Scara Unimate S-103 manipulator, with 3.5 degrees of freedom. The interaction technique used is based on the 

application of spring-dampers connecting the KVR joints with the DVR joints. In this research we made a comparative study of 

the application of torsional spring-dampers and linear spring-dampers in order to establish the convenience of the spring-damper 

for the robot stabilization during its manipulation and during the tasks execution. We observed that the technique based on linear 

spring-damper keeps more stabilized the virtual robot than the torsional spring-damper technique. The virtual robot manipulation 

is performed by the user with a Phantom Omni™ haptic device. 

KEYWORDS: Virtual robot, dynamic behavior, spring-damper model, dynamic stabilization. 

RESUMEN. Los robots virtuales utilizados en ambientes virtuales tienen generalmente comportamiento cinemático. La integración 

del comportamiento dinámico en ambientes virtuales permite simular mundos virtuales más realistas. En este trabajo se presenta 

una técnica de interacción para manipular un robot en un ambiente virtual considerando el modelado basado en física. El robot 

virtual está compuesto de dos modelos. El primero con comportamiento cinemático, llamado Kinematic Virtual Robot (KVR) y el 

segundo con comportamiento dinámico, llamado Dynamic Virtual Robot (DVR). El modelo del robot tomado como base es el 

manipulador Scara Unimate S-103, con 3.5 grados de libertad. La técnica de interacción utilizada se basa en la aplicación de 

resortes-amortiguadores que conectan las articulaciones del KVR con las del DVR. Se presenta un estudio comparativo de la 

aplicación de resortes-amortiguadores torsionales y lineales, con el fin de determinar el más adecuado para lograr la estabilización 

del robot virtual durante su manipulación y durante la ejecución de una tarea. Se concluyó que la técnica basada en resortes 

lineares mantiene más estabilizado al robot que la basada en resortes torsionales. La manipulación del robot es realizada por 

medio de la interfaz Phantom OMNI™. 

Palabras clave: Robot virtual, comportamiento dinámico, modelo resorte-amortiguador, estabilización dinámica 
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Introduction  
Virtual robotics laboratories are used in order to support research or undergraduate and graduate programs 
in the robotics area as well as to realize robots teleoperation by computer simulation [1-7]. Most of the 
virtual robotics laboratories simulate virtual robots (VR) with a kinematic behavior, where the robots 
perform offline or online movements by user manipulation [5, 7-8]. This kinematic behavior doesn’t allow a 
realistic simulation in a virtual environment (VE) [9], so it is not recommended for dynamic virtual worlds, 
where objects may exist with a dynamic behavior. Virtual worlds with dynamic behavior of objects allow 
the creation of very realistic virtual worlds, and robots in VE must be improved with this behavior in order 
to reproduce the dynamic movements of real robots. As a way to obtain realistic dynamic behavior, while 
the contact between virtual objects is taking place, a spring-damper model was adopted based on using an 
artificial coupling between a tracker device and the dynamic virtual object. This technique [10] has been 
used in other research works [11-16]. Borst and Indugula [12-13] applied the technique of a spring-damper 
model to a virtual hand in order to produce virtual realistic grasping. Our approach is mainly based on the 
spring-damper model [14-16], but focuses on the manipulation of a VR in order to avoid its penetration with 
other objects in the scene. Each joint of the VR is represented in the VE by two 3D models coupled by a 
spring-damper. These models are called Kinematic Virtual Robot (KVR) and Dynamic Virtual Robot (DVR) 
(analogous to the tracked part and the visual part [14-15]). During the manipulation of the VR, the KVR 
follows the DVR’s position and orientation. The DVR is the rendered 3D model of the robot in the virtual 
scene. It mimics real robot dynamic behavior during its operation. The KVR is an off-screen rendered model 
used to compute the springs. 

 
System architecture 
The hardware used for this research is constituted by a PC-based system with AMD Athlon™ Dual Core 
processor, 2.29 GHz, 768 MB of RAM memory and ATI Radeon 3100 Graphic Card, 384 MB of video 
RAM. For user interaction, the Phantom Omni™ haptic interface is used. Software architecture is made by 
C++ programming language, using OpenGL libraries for visualization, AGEIA PhysX for the dynamic 
behavior and collision detection, OpenHaptics libraries for controlling the haptic interface and Solidworks™ 
2001 CAD system for robot joints and objects design (Figure 1).   

 
 
 
 
 
 
 
 
 
The virtual environment is developed in C++, where several libraries are integrated. OpenGL is used for 3D 
geometrical objects visualization, and the use of textures enhances the visual realism for the scene. Virtual 
robot design is made in Solidworks™ CAD system, and the files are converted to polygonal meshes 
imported from the virtual environment. Each polygonal mesh is used to create the corresponding objects for 
the DVR and the KVR. PhysX software receives the polygonal meshes and creates both models (the DVR 
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Figure 1. Software architecture 
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and the KVR) of the VR. PhysX characteristics allow us to create the kinematic behavior and the dynamic 
behavior. OpenHaptics is used to manipulate the KVR and receives the calculated force which is sent to the 
haptic device.  

 
Manipulation of the Kinematic Virtual Robot 
 
The Phantom Omni™ haptic interface allows the manipulation of the VR by the application of geometrical 
transformations to the KVR. The configuration of this device is constituted by 3 joints with 6 degrees of 
freedom (DOF). As the Unimate S-103 manipulator is constituted by 3.5 DOF, we need to make a 
correlation with some articular coordinates from the Phantom to the virtual Unimate. In Figure 2 and Figure 
3 are represented the kinematic diagrams for the Unimate manipulator and the Phantom device respectively. 
The relation between both is established by linking the values of θ1, θ2 and θ3 in the Unimate manipulator 
with the configuration of θ1, θ4 and θ6 in the Phantom Omni™ respectively. 

 

 

 

 

 

 

 

 

Once the coordinate values of the Phantom Omni™ (θ1, θ4 and θ6) are read, they are passed to the values of 
the KVR joints orientation (θ1, θ2 and θ3). Then the localization for each KVR joint is obtained considering 
the length and height of each joint. The next equations present the calculation of the geometrical 
transformation for each joint: 
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1
W

JM  is the transformation matrix for Joint 1 in the KVR. This matrix is composed by the rotation matrix 

1JR  and the translation vector 1JT
r

. 1JR  is obtained by the angle-axis rotation ( )1( ), (0,1,0)R Ang Axisθ  using 

1θ  as angle. 1JT
r

 is obtained by the initial position of Joint 1. The vector ( )0,10,0Pos  represents the initial 
translation of the joint.  Following the same formulation we obtain the transformation matrix for Joint 2, 
with some changes in the calculation of the translation vector 2JT

r
. It is obtained with the transformation of 
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Figure 3. Kinematics of the Phantom Omni™  
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Figure 2. Kinematics of the Unimate S-103 
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the relative position, with respect to Joint 1, ( )10,14.6,0Pos  multiplied by the Rotation of Joint 1. Finally 

we must to add the translation of the vector 1JT
r

. In the calculation of the transformation matrix 3
W

JM  of 
Joint 3, we must consider the translation of the two previous joints, the relative position of Joint 3, and a 
possible offset if the gripper is in movement. 

 

Manipulation by spring-damper model 
 
In order to perform the dynamic behavior, we control the KVR by the use of the OpenHaptics library, which 
provides functions to communicate the C++ language with the Phantom device. When the user moves the 
Phantom articulations, a callback function in the system reads the values and calculates the geometrical 
transformation for each joint of the KVR. During this manipulation phase, the virtual robot must have a 
dynamic behavior that represents the robot movement in the real world. In order to provide the user with 
this sensation of realism, we adopt the approach of coupling the DVR and the KVR by a spring-damper. 
This technique is inspired from the use of virtual springs to couple a tracked part to a visual dynamic part in 
order to perform realistic virtual assembly with physically based simulation [14-16].  

 

 

 

 

 

 

 

 

 

 

 

 

By coupling the DVR and the KVR with spring-damper, we allow realistic behavior for the virtual robot by 
avoiding 3D models to pass through each other. Contact force rendering is computed using the difference of 
positions and orientations of the KVR and the DVR. When the user moves the virtual robot, the DVR 
(visual model) tends to follow the KVR (tracked model). Collision detection and response prevent the visual 
model to penetrate into other objects in the scene. As the DOF of Joint 1 and Joint 2 in the Unimate S-103 
manipulator have cylindrical movement, we considered, in first instance, to use two torsional spring-
dampers to perform this dynamical-cylindrical movement (Figure 4). We observed, with this 
implementation, some instability in the virtual robot (presented in the Results section), then we considered 
the implementation of two linear spring-dampers (Figure 5), instead of the torsionals, to eliminate this 
instability. The values of spring constant and damping constant were obtained by performing manipulation 
trials of the virtual robot. These values were adjusted until the most stable movement of the robot was 

Figure 5. Linear spring-dampers 
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Figure 4. Torsional spring-dampers 
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obtained. 

Torsional spring-damper 
 
The torsional spring-damper produces a torque (rotational force) that is applied to the correspondent joint.  

First, we calculate the rotational difference between Joint 1 in the DVR and the KVR ( , 1 , 1D J K Jθ → ): 
1

, 1 , 1 , 1 , 1
W t W t W t

D J K J D J K JR R R−
→ = × ,  ( ), 1 , 1 , 1 , 1

W t
D J K J D J K JAng Rθ → →=  

1
, 1

W t
D JR−  is the inverse of the rotation matrix of Joint 1 in the DVR at time t, , 1

W t
K JR  is the rotation matrix of 

Joint 1 in the KVR at time t, , 1 , 1
W t

D J K JR →  is the rotation matrix which represents the rotation of , 1
W t

D JR with 

respect to , 1
W t

K JR  and , 1 , 1D J K Jθ → is the angle extracted from the matrix , 1 , 1
W t

D J K JR → . 
Then we obtain the restoring torque RT with the multiplication of the torque constant Tk  and the angle 

, 1 , 1D J K Jθ → : , 1 , 1T D J K JRT k θ →= × . This torque is applied around the axis , 1 , 1D J K JAxis → , extracted from 

, 1 , 1
W t

D J K JR → : ( ), 1 , 1 , 1 , 1
W t

D J K J D J K JAxis Axis R→ →=  
Then we must compute the damping torque separately, because the torque is applied in the opposite 
direction of the restoring torque. For the damping, it is necessary to compute the angular velocity for each 
joint in both models (the DVR and the KVR). The angular velocity of Joint 1 in the DVR ( , 1Dw JR ) is 

obtained by: 
( ) ( )1
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where 1, 1 , 1t t
W

D J D J
R −−>

 is the rotation matrix that represents the existent rotation of Joint 1 in the DVR at time t 

with respect to its previous rotation (its rotation at time t-1), obtained by: 1
1 1
, 1 , 1, 1 , 1t t

W W t W t
D J D JD J D J

R R R−
− −

−>
= ×  

tΔ  is the time interval between t-1 and t situations. 
The same formulation is used to obtain the angular velocity of Joint 1 in the KVR ( , 1Kw JR ). 
Then we obtain the relative velocity , 1 , 1Kw J Dw Jθ →  of Joint 1 in the KVR with respect to Joint 1 in the DVR:  

( )1
, 1 , 1 , 1 , 1

W W
Kw J Dw J Dw J Kw JAng R Rθ −

→ = ×  

And the magnitude of the damping torque is obtained by , 1 , 1T Kw J Dw JDT b θ →= × , where Tb  is the damping 

constant. The damping torque is applied around the axis 1, 1 , 1t tK J K J
Axis −−>

 extracted from 1, 1 , 1t t
W

K J K J
R −−>

: 

( )1 1, 1 , 1 , 1 , 1t t t t
W

K J K J K J K J
Axis Axis R− −−> −>

=  

The same method is used to calculate the spring-dampers in Joint 2 and Joint 3 of the virtual robot. 

 
Linear spring-damper 
 
The linear spring-damper produces a force (linear force) that is applied to the correspondent joint. For the 
linear spring-damper, we introduced an attached one mass for each joint (in the KVR and in the DVR) 
(Figure 5). The masses in the KVR (KVR masses) are transformed cinematically, whereas the masses in the 
DVR (DVR masses) have a dynamic behavior. When the KVR model changes its orientation, the KVR 
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masses change theirs positions. These positions are used to calculate the linear spring-dampers that attach 
the DVR with the KVR. For this calculation, we must know the positions of each mass in the KVR and in 
the DVR. The positions for the masses in the KVR are represented by , 1

W
K JT  for the mass in Joint 1, and 

, 2
W

K JT  for the mass in Joint 2. The positions for the masses in the DVR are represented by , 1
W

D JT  for the 

mass in Joint 1, and , 2
W

D JT  for the mass in Joint 2. The linear spring-damper for Joint 1 is calculated by: 

( ) ( ), 1 , 1 , 1 , 1
W t W t

L K J D J L Dw J Kw JF k T T b T T= − − −
r r r r r

. 

, 1
W t

K JT
r

 and , 1
W t

D JT
r

are the positions of the KVR mass and the DVR mass at time t, respectively. , 1Dw JT
r

 is the 

linear velocity for the DVR mass and , 1Kw JT
r

 is the linear velocity for the KVR mass. Lk  and Lb  are the 
spring and damper constants respectively. The linear velocity for the masses is calculated with the 
difference of current positions for each mass with their precedent position, divided by the time interval tΔ : 

( )1
, 1 , 1

, 1

W t W t
D J D J

Dw J

T T
T

t

−−
=

Δ

r r
r

 and 
( )1

, 1 , 1
, 1

W t W t
T J T J

Tw J

T T
T

t

−−
=

Δ

r r
r

 

 

Similar formulation is used to calculate the spring-damper for Joint 2. 

The force F
r

is applied to the mass in the DVR, and this mass follows the position of the KVR mass. As the 
DVR masses are linked to the DVR, the joints of this robot tend to follow the KVR with rotational 
movements. Some cylindrical constraints assure the position of the axis for each joint. 

 
Experiments 
 
For the torsional approach, we manipulated the Phantom device with the hand, performing random 
movements, and recorded the angular value for the KVR and the DVR in each time instant. The expected 
behavior was that the DVR followed the KVR as close as possible. We made a comparison between the 
angular values of the KVR with the DVR on Joint 1 and Joint 2. Then we programmed automatic 
movements for both joints in the KVR, and recorded the same values (of KVR and DVR). In this last case, 
we established preset values for the joints. Joint 1 moves from 90 degrees to -90 degrees, and Joint 2 moves 
from -45 degrees to 45 degrees. We made an interpolation of these values in an interval of 1 second, and 
then interpolate back the values. We repeated immediately the first interpolation process. The angles for 
both joints where interpolated in the same time. For the linear approach we made the same experiments 
realized for the torsional approach. In Table 1 are presented the experiments configurations. 

Table 1. Realized experiments 
 Exp 1 (E1) Exp 2 (E2) Exp 3 (E3) Exp 4 (E4) 

Spring-damper type Torsional Linear Torsional Linear 
Manipulation type By user  By user Automatic  Automatic  

  
 

Results and discussion 
In order to evaluate the virtual robot stabilization for the torsional spring-damper and the linear spring-
damper, the data collected from the experiments 1 and 2 were compared, as well as the data collected from 
the experiments 3 and 4. The results show a significant improvement with the use of the linear spring-
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damper compared with the use of the torsional spring-damper in the two cases: user manipulation and 
automatic movement (Table 2). 

 
In E1, the results show a difference in the orientation of the joints principally when their direction is 
changed (Figure 6.a). The maximum angle error for Joint 1 is 10.2°, and for Joint 2 is 26.3°. The average of 
errors is 1.6° and 4.1° for Joint 1 and Joint 2 respectively. The results collected in E2 show a minimal 
difference for the orientation of the DVR joints compared with the KVR joints. Just when direction is 
changing, there is a small angular error (Figure 6.b). The maximum angle error for Joint 1, in E2, is 1.7°, 
and for Joint 2 is 4.0°. The average of errors is 0.5° for both joints. 

 

Table 2. Angular difference between the KVR joints and the DVR joints 
 E1 E2 E3 E4 

Max. angular difference (Joint 1) 10.2 1.7 16.6 3.4
Max. angular difference (Joint 2) 26.3 4.0 23.5 6.0 
Average angular difference (Joint 1) 1.6 0.5 8.6 0.3 
Average angular difference (Joint 2) 4.1 0.5 5.2 0.6 

 

 

In E3, when the virtual robot is performing the automatic movement (without user interaction), the results 
show a difference in the orientation of the joints, principally for Joint 1. Joint 2 presents principally some 
angular offset of the DVR with respect to the KVR (Figure 7.c). The maximum angle error for Joint 1 is 
16.6°, and for Joint 2 is 23.5°. The average of errors is 8.6° and 5.2° for Joint 1 and Joint 2 respectively.  

 

 

 

 

 

 

 

 

 

 

 

The results collected in E4 show a minimal angular error. We observed that the lines representing the DVR 
angles and the KVR angles are almost overlapped in comparisons for Joint 1 and comparisons for Joint 2.  
Just when direction is changing, there is a small angular error (Figure 7.d). The maximum angle error for 
Joint 1, is 3.4°, and for Joint 2 is 4.0°. The average of errors is 0.34° for Joint 1, and 0.6° for Joint 2. 

 

Figure 6. Results for E1 (a) and E2 (b) 

(a)

(b)

Figure 7. Results for E1 (c) and E2 (d) 

(c) 

(d) 
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Conclusions and future work  
 
This paper presented a spring-damper model to achieve dynamic behavior of a virtual robot. We made a 
comparative study for two types of springs: the torsional one and the linear one. Experimental results 
showed that the use of the linear springs instead of the torsional ones, in this approach, keeps the dynamic 
virtual robot more stabilized. For the linear spring, we attach virtual masses in particular coordinates of the 
robot joints. This work presented only a stabilization study for the VR, but different experiments may be 
interesting to carry out, as the user performance evaluation and/or communication evaluation in 
teleoperation (compared with VR where its behavior is kinematic). The user interface used for the manual 
manipulation is the Phantom Omni™ which supports haptic feedback, but in this approach has been used 
only to track 3 of its joints.  

The immediate future work for this approach will be the calculation of the contact force between the robot 
and other objects in the scene, and the application of this force in the haptic device for user contact 
sensation. The next future approach is the implementation of this spring-damper technique in more complex 
virtual robots (for example in PUMA architecture). 
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