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 Abstract - This paper presents a wearable haptic system 
to interact with virtual environment. The proposed haptic 
system makes a user interact intuitively with virtual 
environment, while the user moves freely around the 
environment. To make wearable system, the light-weight 
and compactness are emphasized during the design process. 
MR(Magneto-Rheological) brakes are adopted as actuators 
for the device, because a brake(passive actuator) has much 
larger value of a relative torque/weight ratio than a 
motor(active actuator). As a result a new wearable haptic 
system, which is folded to compact size and has large 
workspace, is developed. To evaluate the proposed system, 
tangible studio is implemented to experience a virtual 
heritage alive.  
 
 Index Terms - haptics, wearable system, wave variable, 
intelligent environment. 
 

I.  Introduction 

 Recent development in computers, sensors, and robots 
makes environment humans live in more intelligent. Digital 
instruments are distributed and networked together inside 
our home and office, and finally they make a new digital 
infrastructure, which is called an intelligent environment or 
ubiquitous environment [1-4].  

In order to utilize the intelligent environment, it is 
crucial for humans to interact intuitively. Various researches 
on methods for HCI(human-computer interface), 
HRI(human-robot interface) have been conducted, but the 
space for interaction of the researches is limited around the 
computer or the robot. In the intelligent environment, the 
user wants to interact with it, while the user freely walks 
around the environment. In this paper, wearable haptic 
system is proposed to overcome these limitations. 

Various potable haptic devices have been developed in 
the past decades to provide a mobile interface [5-8]. 
However, there are limitations on the movement of the user 
since the controller and the power supply of most devices 
were not designed to be portable. It is necessary for the 
controller and power supply to be designed such that the 
whole system can be carried. 

A lightweight and wearable haptic system, which has 
been newly developed in this work, is shown in Fig. 1. The 
system consists of wearable mechanism and wearable 
controller, which have been designed to ensure portability 
of the system. To achieve a compact size and reduce its 
weight, a tendon driven mechanism is installed at each joint 
of the mechanism. Passive actuators are used for the device, 
because active actuators are too heavy to provide enough 
force. To evaluate the system, it is applied to “virtual 
heritage alive,” which is a virtual environment to enable the 
user to experience cultural heritage. 

 

  
Fig. 1 Picture of wearable haptic system. 

 
The paper is organized as follows. In Section II, the 

design and controller of the system to ensure portability are 
introduced. Section III deals with the control method and 
software architecture. We then describe practical 
application to tangible studio for experience of a virtual 
heritage alive in Section IV. Finally our paper is 
summarized in Section V. 
 

II. DESIGN METHOD FOR WEARABLE HAPTIC SYSTEM 

A. Wearable haptic mechanism 
 
 The proposed haptic device is a waist belt-type device, 
as shown in Fig. 2. The device is composed of an arm and a 
wrist. The arm has two rotational joints and one prismatic 
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joint(RRP), which are connected in serial, to measure 
translational movement of the center of wrist. The wrist 
consists of three rotational joints, which form RRR z-y-z 
rotation. The wrist is attached to the end of the arm and 
measures rotation of the hand of the user. 
 

 
 

Fig. 2 Lightweight haptic device which is designed as a belt type.  
 
 Each joint is designed in order to avoid interference 
with each other and maximize the workspace. The first 
rotational joint of the arm is placed on the belt and is 
supported by a wheel instead of an axel, so that the next 
joint can be located inside of the wheel. Since an actuator 
and a sensor for the second rotational joint are located 
inside of the wheel, the center of gravity is lowered. The 
axes of two rotational joints intersect at one point without 
interference. The prismatic joint, the third joint in the arm, 
is connected to the second rotational joint. The joint has 
three links that slide in parallel as shown in Fig. 3. The 
design of sliding links makes the device compact at folded 
configuration and makes larger workspace when it extends. 
For compactness and reduced weight, a tendon driven 
mechanism is designed at each joint. Particularly, the 
sliding links has a pulley on each end and two tendon loops 
are built in the prismatic joint, as shown in Fig. 3. One of 
the pulleys imposes a constraint for coupling the links and 
the other is used for actuation. The sliding links are 
kinematically coupled by the cable loop for the constraint so 
that the three links has only one degree of freedom in 
translational direction.  
 Due to weight constraint, only 3 passive actuators are 
installed for force feedback, and each actuator is specially 
designed to fit in the joint. Because a passive actuator is 
better than an active actuator with respect to power density 
(power per unit volume or weight), small MR (Magneto-
rheological) brakes have been specially developed to fit in 
the joints of the proposed device. They are installed at each 
joint of the arm for force feedback. Note that the force 
feedback can only be applied in the opposite direction of the 
wrist motion since the brake is passive. 
 

  
 

Fig. 3 Prismatic joint with coupled 3 pieces of links and tendon loops. 
 
 A compact brake drive with current feedback capability has 
been designed to reduce the response time of the MR brake. 
To interact with the networked environment, the user can 
use 6 degrees of freedom as an input device, while 3 
degree-of-freedom force feedback is performed. The 
specification of the haptic master is summarized as shown 
table I.  

 
TABLE I 

SPECIFICATION OF THE WEARABLE  HAPTIC DEVICE  
Degree of freedom  6  (3) a 
Max continuous feedback force  10 N 
Workspace 550mm hemisphere  
Weight 2.2 kg  (3.8 Kg ) b 
Operation time 1.5 hour  

 a for force feed back 
 b Including standalone controller and battery 

 
B. Wearable haptic controller 
   
To provide a wearable haptic system, controller also needs 
to be compact enough to wear, as it is shown with a scale in 
Fig. 4. The controller of the proposed haptic system is based 



on a compact industrial pc, thus it is easy to construct 
developmental environment and to use other convenient 
peripheral and extension tools, such as wireless LAN, USB 
and PC104 interfaces. The computing power is adequate to 
calculate complex algorithm within one millisecond.  
 

   
Fig. 4 Controller for wearable haptic system.  

 
 Small brake driver is specially developed to control MR 
brake at each joint of the haptic mechanism. It is designed 
to regulate the current on the MR brake so that the brake 
exerts constant reaction torque. The driver is tuned to 
minimize the hysteretic characteristics of the developed MR 
brakes. High performance of the PC and the bake driver 
endow the controller with sufficient bandwidth for the 
device. Compact size of the PC and the driver makes the 
controller small enough to be attached on the user's body.  
 Lithium polymer battery supplies the necessary power 
and sustains the controller more than an hour. The data is 
transmitted using wireless communication so the system 
operates without any external line. The controller is packed 
into a sack which is attached on back side of waist. 
 

III. CONTROL METHOD FOR WEARABLE HAPTIC SYSTEM 
 
 A. Software architecture for networked environment 
    
 An intelligent environment or virtual studio composed 
of various components such as several PCs, sensor, robots, 
and input/output devices, which form a network. Each 
component becomes a node in the network and 
communicates with other component of the network. A 
haptic device, interfacing with the nodes in the networked 
environment, should carry out two functions. One is to 
transmit the position and the orientation of human body to 
the environment. The other is to exert forces on the user 
according to the requested command from other nodes in 
the networked environment. To satisfy the requirements, the 
control architecture for proposed haptic system is designed 
as shown in Fig. 5.  
 When the user grips and moves the handle of the haptic 
device, the linkage changes its configuration along the 
motion, and the attached sensor measures displacement of 
the angle of each joint. The hardware interface layer in Fig. 
5 detects the sensed signal. The signal is converted to values 

of angles, and the value is forwarded to haptic function 
layer. The position and the orientation of the handle are 
calculated with the analysis of the kinematics in the haptic 
function layer. The calculated information is locally updated 
and stored every one millisecond. If any node in the 
networked environment would request the information, the 
pose of the handle is forwarded to the node via the 
communication layer in Fig. 5. During the communication 
between the haptic system and other node, delay is not 
avoidable. Wave variable in [10] is known to be robust with 
respect to passivity in the presence of time delay. The wave 
variables are used to increase haptic quality in the delayed 
communication. The position and the force of haptic system 
are transformed to the Wave variables in the communication 
layer. Details of communication with the Wave variable will 
be explained the next section. 
 

*
df

*
dx

  
Fig. 5 Software architecture for proposed haptic system. 

 
 While the user in conducting a task in the environment, 
various events occur (i.e. contact occurs with an object, or 
button is clicked in tangible space). When the events occur 
in the virtual environment, virtual reaction force is 
calculated. The calculated virtual reaction force is used for 
force feedback by the haptic controller to make the user feel 
the force. For force feedback, the virtual reaction force is 
forwarded to the haptic function layer through the 
communication layer. Analyzing the Jacobian of the device, 



the command generates the control references in the haptic 
function layer. The installed brake in each joint operates 
with respect to the reference, consequently the user feels the 
force on his or her hand. 
 
B. Control for passive device and wave transform 
 

Controlling a passive haptic device is similar to 
controlling an active device. The only difference is that a 
brake can generate its braking torque only in the passive 
region in which 0≤⋅ qτ is satisfied, where q  and τ are the 
joint velocity and joint torque, respectively. Let J be the 
Jacobian matrix and Ji be the ith column vector of J-T = [J1 
… Jn]. From F=J(q)-Tτ, we can obtain available forces 
corresponding to joint conditions (e.g., iq ) by adopting the 
Karnopp’s stick-slip model [9] as follows: 

 
0,)sgn( ≠−= iiii θθ JR  (Slip mode) (1) 

0,)sgn( =−= iihii θτ JR  (Stick mode) (2) 
 

where the subscript i denotes the joint number and τhi 
represents the hand torque input. Ri represents the reference 
force. This implies that the passive haptic device may not 
generate all direction of force with respect to its 
configuration. The configuration that cannot produce all 
direction of force is revealed by the passive FME (Force 
Manipulability Ellipsoid) analysis. In this research, force 
approximation is performed in order to imitate the original 
force command [12]. 
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Fig. 6 Control method based on the wave transformation. 

 
 An intelligent environment is composed of lots of 
nodes, and the nodes have different sampling time. 
Consequently, the communication occurs at asynchronous 
time. It was reported that the passive haptic system becomes 

unstable [12], and the time delay makes worse the unstable 
behaviour. It is well known that the wave variables are 
robust to time delay of a system from the viewpoint of 
passivity [10-11, Appendix]. In this research, the wave 
transformation was implemented so that the haptic system  
 Figure 6 shows the schematic of the signal flows of the 
passive haptic interface through wave transformation. In 
figure 6, the passive haptic device offers its position xd to 
the virtual environment. For the process, the position xd is 
sampled with an interval T, and the velocity *

dx  is obtained 

by differentiating the position *
dx . The velocity is 

transmitted to right side through wave transform 
[Appendix], and finally the position *

vex  is reverted from the 

transmitted velocity *
vex . During haptic operation, the 

reference force *
vef  is generated by the virtual environment, 

and it is forwarded to the haptic device. In this process, the 
transmitted force *

df  should be adjusted as the 

approximated values *
3R −  by means of passive FME, that is 

different from the conventional active haptic device, 
because the passive device can not provide all direction of 
force. The approximated values *

3R −  are hold on brakes 
during control sample time, and consequently an actual 
force fd is exerted. The control method based on the wave 
transform as shown in Fig. 6 increases the quality of the 
haptic display [11]. 
  

IV. APPLICATION TO TANGIBLE STUDIO 

 To verify the proposed haptic system, the system is 
implemented to the tangible studio which has integrated to 
produce an immersive virtual space for edutainment. The 
tangible studio is composed of a 3D visualizing system, a 
head tracking system, a sound displaying system, a tactile 
displaying system and the wearable haptic system. All the 
systems make a network and communicate one another. The 
head motion and the hand position are captured by the 
haptic and head tacking system, are shared through the 
network, and finally are reflected to graphic which is 
generated by the 3D visualizing system. When an 
interaction among virtual objects on the 3D graphics is 
detected by collision detection analysis, the interaction is 
forwarded to appropriate node. For example, when the 
virtual hand contacts to a wall, it is notified to haptic system 
to produce reaction force, and it is also forwarded to the 
tactile displaying system to generate surface texture. In the 
case of bumping between objects, it is informed to the 
sound displaying system to make adequate sound.  
 



  
(a) Oriental antique temple in tangible space. 

 

  
 (b) Opening gate of the temple.     (c) Touching stone pagoda. 
 

  
(d) Hitting oriental cultural belfry.  (e) Touching ancient patterns on bell. 

 
Fig. 7 Virtual heritage on tangible studio and a man who operates wearable 

haptic system. 
 
 In the studio, a user can experience a virtual heritage. 
As Figure 7 shows, a realistic 3D image on a large screen 
makes the user feel as if the user were in the virtual place. 
The position and the orientation of the handle of haptic 
device are sent to visualizing system by the controller of the 
haptic system. The user belts on the wearable haptic system 
and wears polariscopic glasses for 3D showing as shown in 
Fig. 7 (a). The user would firstly confront the gate of the 
oriental antique temple in the immersive space in Fig. 7 (b).  
 When the user moves the handle with his or her hand, 
virtual hand on the screen moves along the motion. 
Extending his or her hand to open the door, the user feels 
the friction while opening it because of the reaction force 
that is exerted through the haptic device. When the user 
moves his or her head, the head tracking system detects the 
movement, and the system transmits the events to the 3D 
visual system via LAN communication. As a result of the 
procedure, the scene would be changed with respect to the 
line of sight, therefore the user peeps into the temple.  
 In the virtual temple, the user would see a pagoda, as 
shown in Fig. 7. (c). If the user tries to touch it, the user can 

feel hard surface by means of exerted force, furthermore the 
user can sense the tactile impression of stone on the 
fingertip by the tactile display system. The opposite side of 
the pagoda, there is a big bell in an oriental cultural belfry, 
as shown in Fig. 7 (d). Tolling the bell with a wood bell-
hammer, the user feels how heavy the wood-hammer is, and 
even he or she can notice when it bumps against the bell as 
a result of exerting forces by haptic device. When the 
hammer contact the bell, the collision is perceived in the 
visualizing system, and the event is forwarded to the sound 
display system. After the hammer strikes the bell, solemn 
sound reverberates in the studio. The bell is embossed with 
ancient patterns of flowers and dragons, and the embossed 
carving would be expressed by tactile display system. 
Practically the tactile display system only displays a 
roughness of the texture, stroking the surface. Figure 7 (e) 
illustrates that the user feels the surface texture of the bell.  
 The user can freely walk around the specified region in 
the studio, with wearing the proposed haptic system, and the 
user successfully interacts with an object in the virtual 
heritage. 
 

V.  CONCLUSION 

 A wearable haptic system, which was modularized to 
operate isolately in a networked environment, was 
developed. The weight and the compactness were mainly 
emphasized during design procedure, so that a user freely 
moves wearing it.  
 To achieve a compact size and reduce its weight, a 
tendon driven mechanism was installed at each joint of the 
mechanism. The prismatic joint in the mechanism was 
specially designed to have three links, which made the 
device compact at folded configuration and also made large 
workspace when it extends. MR brake was adopted as an 
actuator for the proposed device for light weight and larger 
forces. The controller of the proposed system was also 
designed to be small and light enough to wear, and thus all 
control modules are packed into a belt sack, including its 
battery.  
 As a result, wearable haptic system, which is composed 
of the wearable mechanism and the wearable controller, was 
integrated to be simply belted on the waist. Tangible studio 
was implemented to verify a validity of the wearable haptic 
system. The user walked freely around the studio, while the 
user intuitively interacted with objects in the virtual 
heritage. 
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APPENDIX  

Wave variables are designed on the basis of the passivity 
and scattering parameters in the network theory [10].  
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Fig. 8 Time-delayed transmission through the wave transformation. 

 
Figure 8 illustrates time delayed transmission of wave 
variables. The wave variables are defined as 
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where the wave impedance b is an arbitrary constant which 
determines the behavior of the transmission line, x and f  
are the velocity and force, u and v are the forward and 

backward waves, respectively. The subscripts l and r denote 
the left and right ports. Since the transformation is 
invertible, the inverse of (3) is uniquely determined as  
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From Fig.8, the time-delayed transmission can be 

represented in the input-output vector form as 
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where I(s), O(s), and H(s) are the input vector, output vector 
and hybrid transformation matrix, respectively. From linear 
system theory and network theory, the passivity condition 
of a system can be written as  

 
,0,0)()( * ≥∀≥+ ωsHsH  (6) 

.1))()()(( 1 ω∀≤+− −IsHIsH  (7) 

 
That is, a hermitian matrix needs to be positive semi-
definite in the right half of the s-plane and the norm of the 
scattering matrix is less than or equal to 1. From (5), the 
hermitian matrix of H(s) is positive semi-definite and the 
norm of the scattering matrix of H(s) is equal to 1, so the 
time-delayed transmission satisfies the passivity condition. 
Therefore the time-delayed transmission is not only passive 
but also lossless. 
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