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Abstract: Virtual reality system provides probability and methods for efficient flexible human machine 
interaction. Since motion capture technology can obtain the motion state in real environment, an interaction 
system based on optical motion capture system is introduced in this paper. The models of human body are 
constructed by commercial CAD software. It analyzes movement characteristics of human arm and hand and 
builds layered structure model for the movement of them. The motion parameter of hand model is also 
determined. Moreover, motion control is applied to geometric model of human body as well as mapping image 
from human body’s motion to virtual environment is established. Considering on detection precision and 
efficiency analysis of collision detection algorithm, suitable collision detection methods for this research is 
selected, and real-time collision detection by means of bounding volume hierarchies is achieved. Furthermore, it 
studies human hands grasp motion and defines grasp rules of virtual hands for grasp motion of objects in VR 
Environment. Finally, development and test of virtual interaction system are accomplished. Various motions, 
such as grasping, moving and releasing operations are demonstrated in the virtual interaction system for the 
aiming tasks. Copyright © 2013 IFSA. 
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1. Introduction 
 

Virtual Reality (VR) has significance on 
manufacturing field by applying in conceptual 
design, design verification, production training and 
maintenance. In product design, VR technology can 
minimize the problems by all around design analysis 
and evaluation in virtual environment so as to shorten 
the production cycle and cut the cost. In complex 
products assembly [1], manipulation and 

maintenance [2], VR technology also plays an 
important role. 

In actual world, people are accustomed to achieve 
various operations by hands, and hand operation is 
also easily accepted in virtual environment. As a type 
of direct operation, hand interaction leads more 
natural and efficient operation especially for the 
complex operation. For virtual assembly, virtual 
hands are required to verify the feasibility and 
reasonableness of assembly process [3]. 
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To provide a human-machine interaction system 
with more reality and flexibility, motion capture 
method is introduced to study the hand operation in 
virtual environment. Utilizing optical motion capture 
system as hardware, the real-time interaction is 
implemented though driving virtual hand and arm 
models by the data captured.  
 
 
2. System Design 
 

Optical motion capture system has been applied 
widely for its flexibility, reliability and real-time 
performance. For the function of capturing human 
body motion data, motion capture technology can 
serve for virtual reality and ergonomics. Princeton 
University and Caterpillar conducted the research on 
human factors of the production line [4], and Beijing 
Jiaotong University studied human machine 
interaction in high speed train driving [5]. 
Additionally, a series of commercial software also 
provide support to motion capture system [6]. 

In this paper, Vicon MX is selected as the motion 
capture equipment, and C++ and OpenGL are used 
for software development. To construct the 
interaction platform in virtual environment, the data 
captured by hardware equipment and the displayed 
scene with certain immersion are needed, and the 
data captured should drive the model in virtual 
environment. According to the functions above, the 
functions structure of the system is shown as Fig. 1. 
 
 

 
 

Fig. 1. System function. 
 
 

According to the function analysis and object-
oriented programming thoughts, the software system 
designed in this paper is divided into four parts as 
shown in Fig. 2. 

1) Foundation layer. It includes the basic 
geometric bodies and operations classes. The 
geometric bodies are point, line, plane, vector, 
triangle and coordinate frame, and the operations are 
matrix operation, file reading and writing and data 
base operation. All kinds of system functions are 
implemented by calling these basic elements in 
foundation layer. 

2) Objects layer. It describes the counterparts and 
operation in the real world by objects. Based on 
foundation layer, the objects are combination of basic 
geometric bodies, and the operations are composed 
by basic operation. In addition, the bounding box 

class and layered bounding box objects are used to 
collision detection by mapping real word behavior to 
the system. 
 
 

 
 

Fig. 2. Layered structure of the system. 
 
 

3) Management layer. It manages and controls the 
data from objects layer and the motion data. The 
models data include parts model, human body model, 
scene model and data in the data base. It makes the 
calling from the display layer more convenient and 
efficient. For the data from interface to motion 
capture, the layer can also process the data and 
control the models motion by it. 

4) Display layer. It implements the display 
function of the system including model display, 
rendering and light. It accesses the management layer 
and obtain the modes data, and displays the whole 
virtual scene and motions by the functions of 
OpenGL in display and rendering. 
 
 
3. System Modeling and Interactive 

Control 
 
3.1. Modeling of Human Body 
 

The geometric models in virtual environment are 
human body model, scene models and parts models, 
in which the human body models are the most 
complex ones. Specially, the upper limb model has 
great impact on the interaction and realism. Thus, the 
modeling of human upper limb is studied in this 
section. 

Human body modeling relies on the anatomical 
structure of human body. Human upper limb is 
composed by 30*2 bones that are humerus, radius, 
ulna and hand bones as shown in Fig. 3. 

The wrist and palm bones are so complex that it is 
difficult to model. However, it is not necessary to 
construct the model completely same as anatomical 
structure. In this paper, the bones structure of human 
upper limb is simplified. The wrist with 8 bones is 
regarded as a joint, and the palm bones excluding 
thumb bone is also a whole part paper because there 
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is only minimal relative motion from the second to 
the fifth palm bone. The palm bone of thumb is 
separated as a section, so the five fingers have the 
same structure as shown in Fig. 4. 
 
 

 
 

Fig. 3. Upper limb bones. 
 
 

 
 

Fig. 4. Hand model. 
 
 

With the frame of geometric model, the upper 
limb model is constructed by the commercial CAD 
software UG NX as shown in Fig. 5. Because other 
parts of the body do not participate the interaction 
frequently in this system, these parts are simplified  
as Fig. 6. 
 
 

 
 

Fig. 5. Upper limb model. 

 
 

Fig. 6. Human body model and the skeleton. 

 

 
3.2. Motion Control of the Models 
 

Motion control of the models is the reconstruction 
of upper limb motion by marker position information 
from motion data interface. Human body motion is 
realized by rotation transform to arbitrary axis and 
translation between coordinate frames. For the 
layered structure of human body motion model, the 
motion control of the models also organized  
by layers. 

Because the coordinate frame of Vicon motion 
capture system is decided by static calibration, it does 
not coincide with the frame of virtual environment. 
The data obtained from the motion data interface is in 
the coordinate of Vicon while the motion control 
occurs in the virtual environment, so the two 
coordinate frames should be unified through the 
transform as formula (1). 
 

 ' 11 1 viP P M    (1) 

 
In the formula, '1P is the coordinate after 

calibration, and 1P  is the coordinate before 

calibration. 1
viM   is the reverse matrix of Vicon 

system coordinate frame in the virtual environment. 
Because there are three rotation degrees in upper 

limb, it is difficult to decide the direction of rotation 
axis. Therefore, the transform of upper limb is from 
one coordinate to another. To construct the upper 
limb coordinate, two markers are attached on the 
upper limb. 

For the first, the position of shoulder joint could 
be determined by the marker “shoulder”, and then the 

local coordinate frame of upper limb mC is 

constructed by the points of shoulder, ArmR and 

ArmL. In the coordinate frame, Z axis of mC  is the 

vector from shoulder joint to ArmL while X axis is 
the cross product by Z axis and the vector from 
ArmR to ArmL as shown in Fig. 7. As a result, P0 
and P0' on upper limb can construct two coordinate 

frames through the transform 0mC to '0m
C . 0M  is 

described as formula 2. 
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 1
0 0'0  Cm CmM M M

 
(2) 

 

In the formula, 1
0 CmM   0mC is the reverse matrix 

of coordinate frame 0mC , and 0'CmM '0m
C  is the 

matrix of coordinate frame '0m
C  

 
 

Cm0 

Cm0' 

 

 
Fig. 7. Local coordinate of the upper limb. 

 
 

For the layered structure of human limb, the joints 
and marker information has to be updated before the 
top layer model transform. For the top layered joint 
point or maker P , the 0M  transform of it has to be 

conducted, and then the updated 'P is assigned to P  
as formula 3. 
 

 ' 0P P M   (3) 
 

Similar as upper limb, the forearm elbow joints 
transform is also from one coordinates to another. In 

the coordinate frame, Z axis of mC  is the vector from 

shoulder joint to ForeArmR while X axis is the cross 
product by Z axis and the vector from ForeArmR to 
ForeArmL as shown in Fig. 8. With two positions of 
forearms, the transform from forearm to upper limb is 
determined by local coordinates.  
 

 1 0 01M M M   (4) 
 
 

 

 
Fig. 8. Local coordinates of the forearm. 

 
 

For the motion of palm, the rotation transform to 
arbitrary axis can be applied because there is no 
rotation to the axis of itself besides the waving 

freedom of the hand. It is also the reason for 
attaching only on marker on the palm. 

As the top structure, palm and finger coordinates 
information has to be updated before the forearm 
transform. The 2P  coordinate for wrist is unified, 
and the two positions of the palm are Palm and Palm'. 

2P  and Palm define the vector 1V , and 2P and 

Palm' define the vector 2V . The rotation transform 

V of the palm is the cross product of 1V  and 2V . 

The angle between 1V and 2V is shown as Fig. 9. 
 
 

 

 
Fig. 9. Rotation Transform of the palm. 

 
 

Regard V as the rotation axis and   as the 
rotation angle, the rotation matrix from palm to 
forearm is 12M . The transform from palm to world 
coordinate is formula 5. 
 

 2 1 12 0 01 12M M M M M M     (5) 
 

The transform of palm also influence the fingers 
position for the layered structure. Similarly, the 
proximal phalanx transform is based on the updated 
finger sections information. For the same structure of 
the five fingers, the finger root is defined as 3P , and 
the marker on the finger is defined as Finger1. The 
two different positions of makers are Finger1 and 
Finger1', so 3P  and Finger1 forms 1V  and 3P  and 

Finger1' forms 2V . The rotation transform V of the 

palm is the cross product of 1V  and 2V  with the 

rotation angle . The transform from the proximal 

phalanx of thumb  23M  can be regarded as the 
rotation to arbitrary axis, and the transform from the 
root of thumb 3M  is as formula 6. 
 

3 2 23 0 01 12 23M M M M M M M      (6) 
 

With transform of proximal phalanx, the position 
of middle phalanx would be determined. However, 
there is no marker on the middle phalanx, so the 
motion of middle phalanx is derived by the length of 
finger sections and the maker on the distal phalanx as 
shown in Fig. 10. 

The position of middle phalanx is 4P , and the 

two position of distal phalanx are 5P  and 5P with 
markers of Finger3 and Finger3'. The vectors are 
constructed as following: 1V = 5P - 4P , 
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2V =Finger3- 4P , 1V = 5P - 4P , 

2V =Finger3'- 4P . 
 
 

 

 
Fig. 10. Parameters of the middle and distal phalanxes. 

 
 

The angle   between 2V  and 2V can be 

obtained, and the length of 1V is known. The angle 

  between 1V and 1V is as formula 7. 
 

 

1 2
1

s
scos L
L

 
 

(7) 

 
Similarly, the angle   between 1V   and 2V  

can be deducted. For the feature of human fingers 
motion, the angle   between 1V  and 1V   is 
calculated by formula 8. 
 

        (8) 

 
 
3.3. Collision Detection of Human  

Body Model 
 

To achieve the interaction in virtual environment, 
the intersection among models should be detected 
firstly. The contact of models is the basic 
intersection, so collision detection is the base of 
virtual interaction. The bounding volume is a general 
method for collision detection for both real-time 
performance and precision. There are a series of 
bounding volume according to their shapes such as 
sphere, AABB, OBB and K-Dops etc. [7]. In this 
paper, OBB method is adopted for the arm model as 
Fig. 11 and the bounding box is described by its 
center point, coordinate and 1/2 length of sides  
as Fig. 12. 

The OBB collision detection is testified by 15 
separated axes, including the three axis direction of 
each bonding box and the axis vertical to the two 
bounding boxes. The principle of OBB collision 
detection is shown as Fig. 13. If OBB is in the 

separating state, S L Ra Rb   . 

 
 

Fig. 11 Bonding box of upper limb. 
 
 

 
 

Fig. 12. Description of OBB bounding box. 
 
 

 
 

Fig. 13. Detection of OBB bounding box. 
 
 

The probability of the results that the nine vertical 
axes do not intersect is 15 %. To improve the 
efficiency of OBB collision detection, the detection 
of coordinate axes is conducted firstly, and then the 
collisions of vertical axes are detected. The flowchart 
of the OBB collision detection is shown as Fig 14. 

The probability of the results that the nine vertical 
axes do not intersect is 15 %. To improve the 
efficiency of OBB collision detection, the detection 
of coordinate axes is conducted firstly, and then the 
collisions of vertical axes are detected. The flowchart 
of the OBB collision detection is shown as Fig 14. 

 
 

3.4. Definition of Grasp 
 

When human grasps, the judgment occurs for the 
first and there is a stage of pre-grasp before. In pre-
grasp stage, only partial fingers contact with the 
objects but no force is applied while the force is 
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applied in the formal grasp stage to finish the grasp. 
To achieve simple and efficient grasp, the application 
of force condition is conversed to contact condition. 
The rule of grasp is as following. 

1) When the finger contacts with the objects, it 
can only extend without bending. 

2) When the thumb and index finger contact the 
objects at the same time, the grasp is finished. 

3) When the hand grasp the objects, the objects 
will move with the palm until the constrains are 
removed. 

 

 

 
 

Fig. 14. Collision detection flowchart. 
 

4. Development of the System  
and the Virtual Interaction 

 
There a four Vicon MX-3 infrared cameras and 

PC for motion capture and data process. The four 
cameras are connected to MX Net of Vicon, and the 
MX Net and PC communicate with each other by the 
network.  

The four Vicon cameras are arranged in a space 
for real-time motion capture. The position of the four 
cameras should ensure all the markers visible to the 
cameras. In addition, arbitrary makers must be visible 
to at least two cameras at the same moment. Without 
constraining the movement of hands, the volume of 
the space should be smaller as possible. The 
arrangement of the cameras of this system is shown 
as Fig. 15. 
 
 

 
 

Fig. 15. Vicon motion capture system. 
 
 

The real-time virtual interaction test is for the 
verification of the system performance. It mainly 
tests the real-time performance, the flexibility of 
grasp and the stability of the system. The real-time 
performance relates to the motion transform and 
collision detection, and the flexibility of grasp is 
limited by the grasp rules. In this paper, the virtual 
hand conducted grasping, moving and releasing 
operations in the system developed. The operations 
are shown is Fig. 16. 

 
 
 

    
 

Fig. 16 (a). Operation test: start action. 
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Fig. 16 (b) Operation test: pre-grasp action. 
 
 

    
 

Fig. 16 (c). Operation test: grasp action. 
 
 

    
 

Fig. 16 (d). Operation test: moving action. 
 
 

    
 

Fig. 16 (e). Operation test: moving to the aiming position. 
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Fig. 16 (f). Operation test: releasing action. 
 
 

The interaction test demonstrate the operation in 
the system is concurrent with the actual operation of 
the user though the grasping, moving and releasing 
operation. The refresh frequency of the system is 
shown in Fig. 17. The computation time of the 
system increases during the grasping operation 
because of the collision detection. However, the 
refresh frequency maintains more than 20 frames/s 
that satisfies the real-time performance requirements. 
On the whole, the system can accomplished the 
interaction functions for the aiming interaction 
operation. 
 
 

 
 

Fig. 17. Frequency of system refreshment. 
 
 
5. Conclusion 
 

Utilizing the commercial CAD software, the 
models of human body are constructed. It analyzes 
movement characteristics of human arm and hand 
and builds layered structure model for the movement 
of them. The motion parameter of hand model is also 
determined. Moreover, motion control is applied to 
geometric model of human body as well as mapping 
image from human body’s motion to virtual 
environment is established. Considering on detection 
precision and efficiency analysis of collision 
detection algorithm, suitable collision detection 
methods for this research is selected, and real-time 
collision detection by means of bounding volume 
hierarchies is achieved. Furthermore, it studies 
human hands grasp motion and defines grasp rules of 
virtual hands for grasp motion of objects in VR 

Environment. Finally, development and test of virtual 
interaction system are accomplished. Various 
motions, such as grasping, moving and releasing 
operations are demonstrated in the virtual interaction 
system for the aiming tasks. 
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