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ABSTRACT 
 
This paper introduces a unique type of mixed reality system based 
on passive-haptic feedback, which enables its user to manipulate 
real objects with bare hands while seeing its counterpart in the 
HMD with more information attached. The system provides users 
in MR systems with a more realistic sense of touch and costs less 
money comparing to the active force feedback devices. In this 
paper, accuracy of tactile and visual perception in user interaction 
with real objects in close range MR environment is studied. A 
calibration method of the user’s head and hands is proposed and 
the calibration accuracy of head and hands tracking has been 
evaluated respectively with different experiments. An application 
of chemical experiment is also implemented to prove the 
reliability of the proposed system. 

Keywords: Mixed reality, Augmented Reality, Human-computer 
interaction, Passive haptics, User Interfaces. 

1 INTRODUCTION 
The idea of this study is to enable user to interact with real objects 
or real environment with their bare hands, with the help of 
passive-haptic feedback, user can touch and grab objects in the 
real world and see the virtual counterpart in the HMD at the same 
time. By introducing passive haptics into MR, we can use simple 
and cheap objects as a proxy for objects containing much more 
information like texture information or display function, or use 
one real object stands for several different virtual objects under 
different application scenarios. We can even use objects with 
basic shape and texture information to represent an intelligent 
object or a person, so user can not only see their expression on 
their faces and hear their voices, but also shake their hands. 
Similar topics were discussed and studied in both AR and VR 
communities: 
VR system allows users to feel object’s properties, including its 
weight, shape, temperature and texture. One way to accomplish 
this goal is by using active tactile / force feedback hardware 
devices (such as Phantom [1] [2], force feedback gloves, etc.) to 
generate a sense of power or tactile feedback for user in the VEs. 
These approaches have following disadvantages: (a) the types of 
the tactile feedback is limited and the workspace is constrained. (b) 
the way of interaction is unnatural and user should always be 
attached to the device even when there is no force feedback 
rendered [3] (c) user’s sense of immersion is decreased. 
Compared with active tactile feedback hardware, passive haptic 
"device" doesn’t rely on the computer control, but by a real object 
[4]. Users can manipulate the objects directly, this type of 

interaction not only in line with people's logic, but also makes 
human-computer interaction (HCI) more directly and efficiently. 
After the introduction of real objects, tactile feedback system can 
effectively eliminate the penetration phenomenon in the VE, thus 
create an environment with higher immersion. 
In AR and MR community, visuo-haptic mixed reality (VHMR) 
systems [5] were also investigated to allow users to see and touch 
virtual objects in the same space, some of which use conventional 
screen-based display [6] [7], while others use optical see-through 
HMDs or video see-through HMDs [5] [8]. Active haptic devices 
such as Phantom were widely used to provide haptic feedback [5] 
[9] and the device itself can be removed from user’s view by 
adopting image based methods to create an unobstructed tool-
hand integration [8]. 
This paper designs and realizes a MR system based on passive 
haptics and focus on the perception consistency of visual and 
tactile information. In this paper, we firstly describe the vision 
based tracking methods for user’s head and heads in the system. 
Then we discuss the setting of stereo rendering parameters for 
providing user with correct spatial distance perception. Next, we 
present a few experiments set to evaluate our system. The results 
verified the feasibility and effectiveness of the proposed system. 
Last, we design and implemented a virtual chemical experiment 
teaching system based on passive haptics, the educational 
capability of our system is promising. 

2 RELATED WORK 
A realistic haptic feedback in human-computer interaction is 
indispensable and vital to immersive virtual reality systems. 
Hoffman has conducted a tactile augmentation experiment [10]. In 
his experiment, subjects were divided into two groups: one group 
of subjects would grab a virtual plate with a magic wand, which 
represents the hand of subjects in the virtual world. Another group 
with their real hands would to grab the real dish. Tracker was 
fitted on the real plate, when subjects moved the plate, the visual 
and tactile information provided by the dish is matched. The 
results showed that the use of real plate significantly enhanced the 
fidelity, subjects believe that not only the objects they touched 
were true, but also that of other objects. 
Compared to an identical real object with the virtual object, a less 
realistic real object for passive haptics system is adequate [11]. 
Although this would cause sensory conflict due to the mismatch 
of botchy tactile information with sophisticated visual information, 
the visual information plays a leading role in most cases as long as 
the gap between visual and tactile information is not huge [12]. 
This phenomenon is called visual capture. 
Insko et al [13] have used foam boards to build a real maze same 
as a virtual maze, and compared the time they took between 
subjects completing the task with or without passive haptics 
feedback. Subjects were required to wear a HMD to complete the 
first round of experiment. Subjects would make it out of the maze 
of virtual world. Subjects were divided into two groups, one group 
walk in the real maze, they can touch the walls; another group 
walk on the ground, and they cannot touch the walls. When the 
two groups of subjects have completed this experiment, they need 
to take off the HMD and get out of the real maze. The results 
showed that the group with passive haptics feedback use less time 
at the second round of experiments. 
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Figure 2: Coordinate transform relationships 

 
Figure 1: Schematic diagram 

Augmented reality technology has been taking place of 3D CAD 
systems in interactive production design, physical foam serves as 
a tangible entity which is overlaid with a 3D virtual object in AR 
design environment [14], designers with such tools are able to 
inspect and evaluate the design alternatives with higher efficiency. 
Virtual visual servoing was studied to accomplish real-time 3D 
model-based markerless tracking for AR system with robust 
performance to occlusion and changes in illumination [15], and 
3D model-dree augmented reality problem was also discussed. 
Sandor et al presented a simple registration method for VHMR 
systems and created a painting application with a bi-manual 
interaction technique, they also turned an active haptic device into 
a tangible, actuated object [8]. 
Through the above findings, the head pose tracking mode for VR 
system based on passive haptics feedback is being transformed 
from non-optical tracking to the optical tracking. But most of the 
hand pose tracking methods still requires the user to wear gloves 
or paste landmarks on their hand while manipulating real objects 
or haptic devices, which affects the effect of passive haptics 
feedback and the user experience. If we use markerless visual 
tracking technology to track a user's finger, fidelity and tactile 
interaction efficiency will be greatly improved. 

3 METHODS 

3.1 System architecture 
To allow users to touch the object as they see in the VE, VR 
system needs to provide correct visual stimulation, which requires 
accurate tracking and registration for the real objects, user's head 
and hands. Relative pose between a real object and user’s hands or 
eye should be calculated, then reproduce this relationship in a VE, 
which is to make the pose relationships in the virtual world stay 
consistent with the real world. 
In this paper, a tracking camera is fixed on the HMD, and real 
objects are tagged with natural markers, Vuforia has been used to 
calculate the pose relationship between tracking camera and 
markers to achieve the registration of real objects; Leap Motion is 
adopted to obtain the pose of user’s hands. The relationship 
between the hand tracking device and the tracking camera has 
been calibrated by stereo camera calibration method. At last, we 
set the rendering parameters according to the pose relationship 
between the tracking cameras and eyes of the user whose pose has 
been estimated in advance, then the HMD parameters has been set 
as well. Figure 1 shows the schematic diagram of this system.  
Figure 2 shows the component transforms of the system. Each 
entity has a coordinate system, each conversion path which 
connects any two coordinate systems determines the relationship 
between the two coordinates. Apply all the dots on the object with 
this relationship, the object can be correctly mapped from object 

coordinate system to screen coordinate system, then the user can 
see the virtual image of the real object.  
For example, to render the object to the left of the screen, 
connection between the object and the left display through 
markers, tracking camera, the user's head, the left eye of the user 
(left virtual camera) and the left screen. Therefore, the conversion 
relation of point P on the object to the left screen is: 

_ _ _ _ _s sLeft vcLeft vcLeft h h c c m m o oP M M M M M P 
Wherein Po is the coordinate of point P in the object coordinate 

system, Mm_o is a transformation matrix from object coordinates 
to the marker coordinates, this value is a constant which we can 
get by measuring the location marker pasted on the object. Mc_m is 
a transformation matrix from the marker coordinates to the 
tracking camera coordinates, the system updates the value in real 
time by tracking algorithms. Mh_c is a transformation matrix from 
the tracking camera coordinates to user's head coordinates, it is a 
constant which can be determined by estimating the installation 
position of tracking camera on the HMD. MvcLeft_h is a 
transformation matrix from user's head coordinates to user’s left 
eye coordinates, this value which can be obtained by measuring 
the user’s IPD. MsLeft_vcLeft_h is a transformation matrix from left 
virtual camera coordinates to the left screen coordinates, which 
determined by the parameters of HMD. The device can be set 
according to the parameters provided by the manufacturer. Ps is 
the coordinate of the point P’s image point on the left screen. 

Apply this relationship on every dot on the object, the object 
would be correctly rendered on the screen. 
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(a)                                          (b) 

Figure 3: Pose estimation for binocular center. (a)tracking camera 
position (b) measurement results 

 
(a)                                             (b) 

Figure 4: Reprojection error statistics. (a)a single frame shows the 
reprojection error (b) reprojection error in pixels 

 
(a)                                                  (b) 

Figure 5: Actual measurement error analysis methods. 
(a)measurement schematic (b) measurement flow chart 

3.2 Key technologies and implementations 

3.2.1 Tracking of head 

With the Inside-Looking-Out optical tracking mode, small 
movements of the user's head can lead to big changes in the image, 
which can be used to accurately calculate the movement of the 
head. Vuforia is adopted in this paper for tracking user’s head for 
its stability and accuracy.  

3.2.2 Tracking of hands  
Computer Vision-based 3D positioning technology doesn’t 
require placing the position sensor on user’s hands and rotation 
sensors on user’s finger joints, so it would not cause any 
interference to the user. At present, many companies have 
developed related hardware devices, such as Leap Motion, Kinect, 
Nimble Sense. Since Leap Motion has small size, high precision 
and low price, the system uses Leap Motion as hand tracking 
device. 
Since Leap Motion is composed of two cameras, by making use of 
stereo camera calibration, we can get the pose relation between 
the Leap Motion left camera and the tracking camera, then use the 
relationship between Leap Motion coordinate system and its left 
camera coordinate system to calculate pose relation between Leap 
Motion and the tracking camera, once this pose relation has been 
obtained, we can register the detected hands to the VE by using 
the components transforms discussed earlier. This paper uses 
camera calibration kit "Camera Calibration Toolbox for Matlab" 
provided by Jean-Yves Bouguet [16] to do stereo camera 
calibration. 

3.3 Stereo rendering parameters 

3.3.1 External parameters setting 

In this paper, the tracking camera is mounted in the middle of the 
front of the HMD, as shown in Figure 3 (a), there is a large gap in 
the longitudinal and lateral direction between the tracking camera 
and user’s binocular center, the gap in other direction is negligible. 
The distance measured in the longitudinal direction is 8cm. The 
distance measured in the lateral direction is 5mm, as shown in 
Figure 3 (b). 

Due to the limited laboratory conditions, a ruler is used to 
measure the user’s IPD. There are three main types of 
measurement methods with a ruler: the limbus method, the pupil 
edge method and the pupil center method. The limbus method is 
easier to observe. So this paper adopts cornea edge method for 
user’s IPD measurement. The value of MvcLeft_hMh_c and 
MvcRight_hMh_c are determined after the completion of the 
external parameters setting. 
 

3.3.2 Internal parameters setting  
The internal parameters are closely related to the HMD’s device 
parameters. This paper uses the Oculus Rift DK 2, so the 

horizontal FOV of virtual camera is set to 98°, vertical FOV is set 
to 106°. After completing the internal parameters setting, the 
system has determined the value of MsLeft_vcLeft and 
MsRight_vcRight, then the mapping of objects to the HMD’s 
screen is complete. 

4 EXPERIMENT AND ANALYSIS 

4.1 Registration 

4.1.1 Pose estimation of the tracking camera 

To be able to easily describe the accuracy of the tracking 
algorithm, this paper uses reprojection error to evaluate the pose 
measurement error. 
The experiment uses a continuous video clip of 160 frames, 
reprojects the coordinates of the virtual checkerboard corners onto 
the real camera image, then uses the Euclidean distance between 
reprojection points and the actual checkerboard corners as the 
value of the reprojection error (unit: pixels). One frame of the 
reprojection in this experiment is shown in Figure 4. (a), the 
actual 2D coordinates of checkerboard corners are represented by 
red crosses, and the 2D coordinates of reprojection are represented 
by the blue crosses. Figure 4. (b) shows the reprojection error of 
each frame. The average reprojection error of 160 frames is 1.3 
pixels. Standard deviation is 0.14 pixels. 

Actual measurement error analysis method uses a scale plate, as 
shown in Figure 5. (a), the measuring process is shown in Figure 5. 
(b). The tracking camera is placed in the circle on the scale plate, 
the scale plate has a 5×5 circle array. The distance between the 
centers of circles is 42.5mm. The radius of a circle is 43.3mm, the 
same as the camera base. The camera is always looking at the 
marker on the screen. Use the marker coordinate system as the 
world coordinate system, the marker size is 19cm×14.79cm. Each 
step, move the camera to the next round, then record the 
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Figure 6: Displacement errors distribution of the camera 

 
Figure 7: Virtual hand overlapped with real hand 

  
(a)                                             (b) 

Figure 8: coordinate. (a) measuring in 
the real world(b) measured position of pen points are marked with 

red dots 

 
Figure 9: Coordinates of the penpoint 

Table 1. Penpoint detection error 

 avera
ge error 

X 
direction 
error 

Y 
direction 
error 

Z 
direction 
error 

Nib 1 
coordinate 

1.3cm 0.711c
m 

0.586c
m 

0.875c
m 

Nib 2 
coordinate 

1.0cm 0.654c
m 

0.382c
m 

0.435c
m 

 

displacement of the virtual tracking camera in the world 
coordinate system calculated by system. The displacement of the 
real camera in the real world is 42.5mm, in theory, the 
displacement of virtual tracking cameras should also be 42.5mm. 
The distances (unit: millimeters) between measured displacement 
and actual displacement are shown in Figure 6. Due to the 
limitation of experimental conditions, only the accuracy of 
positions has been analyzed, the three degrees of freedom of 
rotational accuracy analysis is not involved. The average error of 
displacement is 2.2 mm. The smallest error is 1.23mm and the 
maximum error is 6.1mm. As can be seen from the figure that the 
error is getting larger because the tracking camera cannot fully 
capture the chessboard due to the undesirable shooting angle and 
it is too close to the marker. In other cases, there is a very good 
tracking. 
 

4.1.2 Registration of hand 

The 3D coordinates of hands recognized by Leap Motion can be 
converted to the tracking camera coordinate system, then user’s 
hand detected by Leap Motion can be seen from the view of 
virtual tracking camera, and virtual hand is overlapped on the real 
hand as shown in Figure 7. 
In order to evaluate the accuracy of hand registration, the 
coordinates of virtual and real hands should be compared. Since 
the real hand cannot be easily fixed in space and the actual value 
is not readily measured, we measure the 3D coordinates of 
penpoint instead. Specific methods as follow: first, we use the 
tracking camera to shoot the marker as shown in Figure 8. (a) to 
determine the pose of tracking camera and Leap Motion in the 
world coordinate system, then calculate the position of penpoint 
which detected by Leap Motion in the world coordinate system, 

and compare it with the real value. Figure 8. (b) shows the 
measured pen points, marked by red dots. The real coordinate 
value of pen points can be obtained manually, the penpoint in the 
middle of the marker denoted as nib 1, the penpoint at the edge 
denoted as nib 2. 
In this experiment, 120 frames of data are intercepted. Figure 9 
shows the real and measured values of penpoint coordinates 
respectively in three directions. Red lines represent the real value; 
blue lines represent the measured value. The top row is the 
coordinates of the nib1.The bottom row is the coordinates of nib 2. 
As can be seen from Table: 1, the error of nib 1 is larger than the 
nib 2, especially errors in Z direction. The reason is that during 
the experiment nib 1 is closer to the Leap Motion controller than 
nib 2. This leads to Leap Motion’s detection data inaccurate. But 
the measured value is close to the real value in general. The 
average error is about 1.2cm. This indicates that the system has 
successfully converted the Leap Motion data into the world 
coordinate system, and completed the registration of user’s hand. 
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Figure 10: Coordinates of the penpoint 

Positions of virtual coins 

  
(a)                                 (b) 

Figure 11: Distance replication experiment (a) subjects placing 
the coins (b) virtual room and virtual scene seen by users 

 

 
Figure 12: Distance replication results 

Table 2. Replication error statistics 

 No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 

Average error 2.18 2.74 3.89 2.99 3.42 4.47 3.35 3.41 5.21 

Standard 
deviation 0.76 1.27 1.73 1.66 1.69 2.34 1.89 2.14 2.89 

4.2 Distance Replication 

4.2.1 Purpose and tasks 

Many VR applications require users to make the same distance 
judgment in a VE as they make in the corresponding real 
environment [17]. In order to make users able to grab an object 
quickly and accurately when using VR system, VR system needs 
to ensure that users make correct distance judgment in a VE. 
However, when users wear the HMD, they often complain that the 
spatial distance they perceived is unnatural and the existence of 
range compression phenomenon [18]. Many scholars have studied 
the deviation of distance judgment in their own systems. Their 
experiments focused on a range of 5 to 15 meters. The purpose of 
this study is to analyses and evaluate the variation of distance 
judgment within arm’s length. 

Literature [19] states that users in a familiar environment 
making distance judgment would be more accurate. Therefore, 
this paper adopts a virtual model of our conference room. 
Participants would complete the distance replication tasks in the 
virtual conference room. Participants need to estimate the distance 
between themselves and the virtual coins on the desk in a VE, 
then put the real coins on the position of virtual coins based on the 
distance they perceived. During this procedure, subjects were 
asked to wear HMD all the time, so they cannot see the real coins 
and their hands, they complete the tasks solely rely on the visual 
stimulation which is provided by the virtual coins. In this study, 
distance replication experiments are done respectively in three 
directions. Three directions are: right in front of the subjects, the 
left front 30° and left front 60°. Three distances are 30cm, 45cm 
and 60cm. 9 coins’ positions on the virtual table are shown in 
Figure 10, the intersection of three directions is just at the edge of 
virtual desk. 

The building of experimental environment including scene 
modelling, marker placing, model adjustment and users’ IPD 
measurement. Scene modelling is modelling the conference room 
and coins at the ratio of 1: 1. After modelling, place a marker on 
the real desktop, and use the object coordinate system of this 
marker as the world coordinate system. After that, adjust the 

position of virtual room in the VE to make its pose consistent with 
the real room. Meanwhile, adjust the positions of 9 coins to make 
the connection between the 1st and the 2nd virtual coin parallel 
with the Z-axis of the world coordinate system. Before each 
subject does their experiment, their IPD should be measured, then 
set the pitch of the virtual cameras. The scene seen by the subjects 
is shown in Figure 11 (b). 

4.2.2 Results and discussion. 
9 subjects participated in the distance replication experiment, the 
results are shown in Figure 12. The reproduced value of each coin 
is marked with a different color. The true value of a coin is 
marked with black. 

As can be seen from the Figure 12, the reproduced value 
distributed around the true value, the error statistics are shown in 
Table: 2. 

It can be seen that when subjects do replication experiment at 
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Figure 13: Virtual hand clicking on the crosshair center 

 
(a)                                 (b) 

Figure 14: (a) record the position of the fingertip (b) 
coordinates of the fingertip 

the same distance, the average error reaches the minimum in the 
front direction, maximum in the left front 60° direction. Standard 
deviation error is also in line with this trend. In all directions, as 
the distance becomes farther, the average error and standard 
deviation also become larger. 
 
The overall average error is 3.3cm. This indicates that the system 
doesn’t have obvious range compression or range expansion 
phenomenon. The deviation occurs within the scope of the arms is 
acceptable. 

4.3 Perceptual consistency on visual and tactile 
feedback 

In order to measure the inconsistency between vision and haptics 
in the system, a clicking task has been designed.  
  Subjects were asked to tap at the center of a virtual crosshair 
with a HMD put on. There is a real crosshair fully consistent with 
the virtual one in size and position in the real environment. Ideally, 
the real crosshair will overlap with the virtual crosshair, when 
participants click on the center of the virtual crosshair in the VE, 
they would also click on the center of the crosshair in the real 
world. The degree of consistency of visual and tactile information 
of the system can be evaluated by looking at the distance from 
where the user clicks on to the true center of the crosshair. 

4.3.1 Experimental Procedure 
The steps of this experiment are similar with the distance 
replication experiment in the previous section, only the 
differences will be described below: 

First, set a marker on the glass wall, then paint a crosshair on 
the glass wall and register the crosshair to the VE according to its 
position with respect to the marker. 

Second, after putting on the HMD, subjects would see the 
virtual marker and the virtual crosshair. When subject’ hand is in 
the detectable range, they can see their virtual hands. Subjects 
need to keep their line of sight stays the same height with the 
center of the virtual crosshair, then click on the center as 
accurately as possible, as shown in Figure 13. 

Last, when subjects confirm that they have reached the center, 
they need to maintain the fingertip position, and the position is 
recorded by the tester on the other side of the glass wall. After the 
recording is completed, the subjects do the next clicking, each 

subject needs to click 10 times. When recording the fingertip’s 
position, the tester needs to face the fingertip squarely, then mark 
at the center of the fingertip with a mark pen as shown in Figure 
14(a). 

4.3.2 Results and discussion 

5 subjects participated in the clicking experiment. The coordinates 
of the fingertip recorded are shown in Figure 14 (b). X direction is 
the horizontal direction, i.e., the user's right and left direction, y 
direction is the vertical direction, i.e. the vertical direction of the 
user. 

The average error is 5.66mm. The maximum error is 12mm and 
the standard deviation is 6.19mm in the x direction. The average 
error is 6.79mm. The maximum error is 19mm and the standard 
deviation is 8.28mm in the Y direction. The average error is 
9.48mm, maximum error is 21.47mm and standard deviation is 
4.09mm in total. 
There are two main sources of error: one is the detection error of 
Leap Motion; another is the error of the virtual camera’s pose 
estimation, the estimated camera position is inconsistent with the 
user’s actual viewpoint, which result in the inconsistency between 
the vision and haptics. However, this deviation is only about 1cm, 
so long as the size of the object in more than 2cm, it can be 
ensured that users are able to touch the objects in most cases. 
 

5 APPLICATION IN CHEMISTRY EXPERIMENT TEACHING 

5.1 Hardware and Software Environment 

5.1.1 Hardware 

(1) HMD 
Oculus Rift DK2 was used in this paper. It contains an OLED 
display which resolution is 960×1080 (monocular) and refresh 
rate is 75Hz and weighs 0.97 pounds. It only has 2ms delay, 
which can effectively reduce the blur and the jitter and prevent 
motion sickness. 
(2) Tracking camera and Leap Motion Controller 
A Logitech HD Webcam C920 was used as the tracking camera, 
the resolution of 640×480, frame rate of 30 FPS was adopted in 

this paper. A fixing device was designed to fix the tracking 
camera and Leap Motion controller together. 
(3) Real chemical equipment and markers 
3D modelling of chemical equipment is designed through the 
SolidWorks. Paper marker was fixed on the physical apparatus to 
track and register the physical models. 
(4) Computer 
The computer processor used is the Intel Core i7-4790K processor, 
clocked at 4.00GHz, 8GB RAM, and the graphics card is NVIDIA 
GeForce GTX760, 2GB memory. 

5.1.2 Software 

The software platform is shown in Fig. 15, it includes the 
modelling module, calibration module, pose tracking module, 
guide module, registration module, and stereo rendering module. 
Each module’s data will be processed through the virtual reality 
engine, and finally output the image to the HMD. 

5.2 Design 
This passive haptics based MR system has a great potential for 
education, so we developed an application in chemistry 
experiment teaching. A typical senior high school chemical 
experiment of Thermite Reaction has been chosen. In the real 
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Figure 15: Software platform 

      
(a)                                                                  (b) 

 

 

 

 

 

      

(c)                                                                   (d) 

Figure 16: Virtual teaching environment (a) virtual chemical experiment environment (b) virtual scene seen by the user when he 
grabbing a beaker (c) system setup and user grabbing a beaker in the real environment (d) effect demonstration of thermite reaction 

teaching process, students can only watch their teacher doing the 
experiment, because conducting this chemical reaction is very 
dangerous due to its exothermicity. Our MR system provide an 
advantage of safety because it releases no heat and produce no 
real flame combustion, but users can still observe the 
experimental phenomenon and acquire knowledge. Also, this kind 
of experiments require a lot of Chemical materials which are often 
rare and expensive. On the other hand, the chemical residue is 
hard to process and harmful for environment. With the help of our 
MR system, these issue won’t be any problem. 
Here are the steps of MR teaching: Introduce the experiment itself 
and experimental facilities by pictures and videos; Guide the user 
to complete the experiment by UI or voice guidance (user can 
observe experimental apparatuses tagged with their names at the 
same time); User conduct the chemistry experiment and see the 
experimental phenomena; Show the chemical equation. 

6 DISCUSSION AND CONCLUSION 
Currently our system tracks user’s head by using several image 
targets provided by Vuforia, tracking of user’s head can be done 
only in a small range. When the marker which is used for building 
the world coordinate system is not in the tracking camera's FOV, 

this system cannot track user's head and render the correct image. 
Leap Motion controller is used as hand tracking device, the 
system can properly track and register both hands in the mixed 
environment when the user’s hands are in the air or not fully 
contact with other real objects, but when user’s hands are 
grabbing an object, Leap Motion cannot correctly identify the 
pose of the hands since the depth information of user's hands and 
the object do not have much difference. The pose relations 
between the virtual camera and tracking camera is only estimated, 
more sophisticated calibration method can be developed to 
accurately calibrate this pose relationship. The FOV of the virtual 
camera is set according to the manufacturer's device parameters, 
there may be a deviation from the actual FOV of the HMD. 

In this paper, the key techniques in MR system based on 
passive haptics feedback is studied: tracking and registration for 
user’s head and hands is realized by optical tracking methods; 
settings of stereo rendering parameters is studied to ensure the 
consistency of visual and tactile information; an application for 
MR chemistry experiment teaching has been built. 

There are few aspects can be improved in the future: First, 
spatial optical tracking system can be used to enhance tracking 
range and increase the diversity of application scenarios. Second, 
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more stable visual hand tracking algorithm can be studied to 
achieve an accurate tracking of hands in various situations. Third, 
the real FOV of the HMD can be calibrated to set the value of the 
virtual camera’s FOV. 

 

ACKNOWLEDGMENT 
This work is supported by National Science-Technology Support 
Plan of China under grant No. 2012BAH64F01, No. 
2012BAH64F02, No. 2012BAH64F03 and No.2012BAH64F04, 
also by the National Natural Science Foundation of China under 
grant No. 61370134. 

REFERENCES 
[1] P. Carlson et al., “Virtual Training: Learning Transfer of Assembly 

Tasks,” IEEE transactions on visualization and computer graphics, 
vol. 21, no. 6, pp. 770-782, 2015. 

[2] Y. Vélaz et al., “Natural and hybrid bimanual interaction for virtual 
assembly tasks,” Virtual Reality, vol. 18, no. 3, pp. 161-171, 2014. 

[3] G. Ye et al., "Vishap: Augmented reality combining haptics and 
vision." pp. 3425-3431. 

[4] R. W. Lindeman, J. L. Sibert, and J. K. Hahn, "Hand-held windows: 
towards effective 2D interaction in immersive virtual environments." 
pp. 205-212. 

[5] C. Sandor et al., “Exploring Visuo-Haptic Mixed Reality,” Human 
Machine Perception Laboratory, Canon Inc, pp. 30-2, 2007. 

[6] B. Baxter et al., "DAB: interactive haptic painting with 3D virtual 
brushes." pp. 461-468. 

[7] Y. Yokokohji, R. L. Hollis, and T. Kanade, “WYSIWYF display: A 
visual/haptic interface to virtual environment,” Presence: 
Teleoperators and Virtual Environments, vol. 8, no. 4, pp. 412-434, 
1999. 

[8] C. Sandor et al., “Exploring Visuo-Haptic Mixed Reality,” Human 
Machine Perception Laboratory, Canon Inc, pp. 30-2, 2007. 

[9] F. Cosco et al., “Visuo-haptic mixed reality with unobstructed tool-
hand integration,” IEEE transactions on visualization and computer 
graphics, vol. 19, no. 1, pp. 159-172, 2013. 

[10] U. Eck et al., “Precise haptic device co-location for visuo-haptic 
augmented reality,” IEEE transactions on visualization and computer 
graphics, vol. 21, no. 12, pp. 1427-1441, 2015. 

[11] H. G. Hoffman, "Physically touching virtual objects using tactile 
augmentation enhances the realism of virtual environments." pp. 59-
63. 

[12] M. A. Heller, and W. Schiff, The psychology of touch: Psychology 
Press, 2013. 

[13] D. H. Warren, and W. T. Cleaves, “Visual-proprioceptive interaction 
under large amounts of conflict,” Journal of experimental 
psychology, vol. 90, no. 2, pp. 206, 1971.B. E. Insko, “Passive 
haptics significantly enhances virtual environments,” University of 
North Carolina at Chapel Hill, 2001. 

[14] W. Lee, and J. Park, "Augmented foam: a tangible augmented reality 
for product design." pp. 106-109. 

[15] A. I. Comport et al., “Real-time markerless tracking for augmented 
reality: the virtual visual servoing framework,” IEEE Transactions 
on visualization and computer graphics, vol. 12, no. 4, pp. 615-628, 
2006. 

[16] J.-Y. Bouguet, “Camera calibration toolbox for matlab,” 2004. 
[17] B. Li, R. Zhang, and S. Kuhl, "Minication affects action-based 

distance judgments in oculus rift HMDs." pp. 91-94. 
[18] Q. Lin et al., "Egocentric distance perception in HMD-based virtual 

environments." pp. 123-123. 
[19] V. Interrante, B. Ries, and L. Anderson, "Distance perception in 

immersive virtual environments, revisited." pp. 3-10. 

317


