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Abstract 

Passive haptics in an alternative way to provide the user with 
realistic haptic feedback with a low cost comparing to device-
based active haptics. This paper presents a mixed reality system 
with passive haptics integration that supports bare-hand 
interaction for users to see and touch virtual objects in immersive 
virtual environment (IVE). With the educational potential, the 
purposed system is applied to geography teaching. The prototype 
combines feature-based visual tracking for user’s head and objects 
in the real environment with free-hand motion detection via a 
depth camera, thus user can see both their hands and objects in the 
virtual environment. A study of virtual teaching of geography of 
Germany was conducted, 18 subjects participated in the formal 
experiments which include three different learning environments. 
The results showed that the participants learning in the virtual 
environment with passive haptics consume more time than the 
virtual environment with free-hand gesture in finishing geography 
teaching tasks which is contrary to the expected result. The 
reasons are discussed in detail. Furthermore, quality of 
memorizing geographical knowledge in the group with passive 
haptic feedback exceeds that in the group without. 

Keywords: mixed reality, passive haptics, human-computer 
interaction, interactive learning environments, geography teaching. 

Concepts: • Human-centered computing ~Mixed / augmented 
reality; • Human-centered computing~ User studies; • Human-
centered computing ~Haptic devices; 

1   Introduction 

One of the biggest limitations of current virtual reality (VR) 
technology is the inability to convey a realistic and complete 
sense of touch. So far, the most you would feel from a modern 
consumer VR system, like the HTC Vive, is vibration through a 
controller. However, haptic feedback is an indispensable part in 
realistic virtual environments and crucial to learning process. 
Most VR or augmented reality (AR) systems provide users with 
specific haptic sensation using haptic devices such as the 
PHANToM [Çavuşoğlu et al., 2002], these kind of devices require 
user persistently attached to the haptic device to sense the 
generated forces. The user typically grasps a stylus or places a 

fingertip in a thimble. Additionally, most haptic devices have very 
limited workspace. User’s perception of the virtual environment 
and human-computer interaction (HCI) are impaired by the 
continuous contact with a physical tool in many aspects. One 
primary reason is that it prevents the user from feeling new tactile 
sensations upon contact with virtual objects [Ye et al., 2003]. 
Generally, haptics includes both kinesthetic (force) and cutaneous 
(tactile) information. Most off-the-shelf devices only apply force 
feedback. Recently years, researchers adopt kinds of active haptic 
devices assisted by the passive haptic objects to provide both 
force and tactile feedback. AR systems like VisHap [Ye et al., 
2003] use visual tracking to seamlessly integrate force feedback 
and tactile feedback to generate a “complete” haptic experience. 
In surgical training VR systems, besides algorithms which 
simulate various force feedback, lightweight palpation pad is 
added to the haptic device to support a more realistic finger grip 
configuration for palpation tasks [Ullrich and Kuhlen, 2012].  
In this paper, we are interested in providing users with realistic 
haptic feedback at a minimum cost in IVEs and focus on the 
virtual teaching effectiveness of such systems. Since we would 
not want users to be attached to the haptic devices at all times 
even when there is no force feedback rendered or be restricted to a 
limited workspace, we adopt passive haptics as a solution. A 
hybrid reality (HR) [Milgram and Kishino., 1994] or specifically 
visual virtuality haptic reality system (vV-hR) [Jeon and Choi., 
2009) is implemented. The idea is similar to visuo-haptic mixed 
reality [Inami et al., 2000; Cosco el at., 2013] our system doesn’t 
require the use of see-through display since the visual stimuli is 
pure virtual. The purposed system can provide a general haptic 
feedback in a broader space while most visuo-haptic mixed reality 
systems try to supply haptic feedback which dealing with specific 
tasks conducted in a restricted area. For example, teleoperation of 
mobile robot exploration tasks [Mitsou et al., 2006], collaborative 
ping pong game [Knoerlein et al., 2007], or medical training 
simulation [Eck et al., 2015]. 
In the rest of the paper we first review the researches related with 
passive haptics or MR systems with haptics integration. Next, we 
explain the design and implementation of our system and present 
our experiments of geography teaching. Then we report on user 
feedback from a formal user study, and discuss the advantages of 
system with passive haptics integration in teaching system. 
Finally, we summarize the technical issues and propose future 
research directions. 

2   Background and Related Work 

An alternative way to provide haptic feedback is using passive 
haptics (also known as tactile augmentation), passive-haptic 
“devices” are actually physical objects whose haptic and tactile 
properties can be used to convey high-fidelity, special-purpose 
feedback [Lindeman, 2003]. Passive haptics can be effective for 
users to learn general navigation skills and reinforces the visual 
aspects of the scene. Even low-fidelity physical objects can 
augment a high-fidelity visual virtual environment (VE), avoid 
user form pass through objects in VE thus markedly improve both 
sense of presence and spatial knowledge training transfer [Insko, 
2001]. Passive haptics is a much more cost-effective way to 
provide haptic feedback because the proxy objects can be 
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(a)                                      (b) 
Figure 2: Puzzle pieces used in formal experiments (a), 
pieces with colored paper were used in the real environment 
and pieces with markers were used in the virtual environment 
with passive haptics; and Puzzle piece used in the pre-test (b)

Figure 1: Conceptual graph of virtual teaching 
environment with passive haptics

constructed form cheap, easy-to-assemble materials such as 
Styrofoam etc. Furthermore, adding physical qualities to virtual 
objects enhance the realism of a VE. When subjects “see and 
touch” virtual objects using a mixed reality force feedback 
technique make predictions about the properties of other objects 
they saw but did not interact with in the VE, they predicted these 
objects would be more solid, heavier, and more likely to obey 
gravity than the “no touch” comparison group [Hoffman, 1998]. 
Manipulating real objects in a VE brings task performance closer 
to that of in the real space, compared to manipulating virtual 
objects [Lok et al., 2003]. 
In recent years, some researchers tried to determine face validity 
and construct validity of a VR-based simulator for diagnostic and 
therapeutic knee arthroscopy [Fucentese et al., 2015]. Physical 
toys are integrated into learn and play virtual reality experiences 
for children, users can walk around freely and interact with 
physical objects co-exist in the virtual worlds [Amores et al., 
2016]. 
Passive-haptic objects are also adopted in AR area, Lee and Park 
[Lee and Park, 2005] proposed augmented foam which applies 
AR technology to physical blue foams, the CNC-produced blue 
foam is overlaid with a 3D virtual object, which is rendered with 
the same CAD model used for mock-up production, this work 
enables designers to physically interact with test products in early 
stages of design process. Haptic AR is studied to monitor human 
arm’s stiffness in rehabilitation, Khademi et al [Khademi et al., 
2012] studied a haptic, hand-held device to measure the human 
arm's impedance. A computer vision system tracks and records 
the position of the hand, a computer screen displays the 
impedance diagrams superimposed on the hand in a real-time 
video feed. The visual augmentation is also performed using a 
video projector that project's the diagrams on the hand as it moves. 
Since these kinds of systems are more or less different in 
realization and purposes with our own study, so we don’t discuss 
in detail here. 

3   Passive haptics based geography 
teaching 

Our main purpose is to develop an experiment of geography 
teaching to testify the educational ability and effectiveness of our 
system. With the realistic virtual environment, we can add 
materials which are much more lively and intuitive to the puzzle 

game, like annotation, animation, sounds and video clips, thus 
keeps the learning process interesting. In addition, we can add 
visualization guidance to make it easier for younger people. 
Besides, human perception is multi-modal: the senses of touch 
and vision do not operate in isolation, but are rather closely 
coupled [Sandor et al., 2007]. With the haptic cues from grabbing 
and placing the real puzzle pieces, users would have a better 
memorization of the shapes and locations of states [Kalenine et al., 
2011]. We suppose the time spent in finishing the puzzle in the 
group with passive haptics will be less than that in the group using 
free-hand gestures. Also, we suppose that group with passive 
haptics will have a better memorization results than group using 
free-hand gestures. 

3.1   Design 

Figure 1 shows the design of our system. Users can see the map 
puzzle in the HMD (head-mounted display) with geography 
information of each state while manipulate the real map puzzle 
parts in the real environment. We adopt real map puzzles made of 
Acrylic which tagged with markers to provide realistic haptic 
feedback to the user, user can see the counterparts of real map 
puzzles and their hands at the same time in the virtual world. In 
addition to those things mentioned above, there is also a white 
board served as a background to support the real puzzles, its 
counterpart in the virtual environment is a wooden board which 
can be found in Figure 4(a). 

3.2   Implementation 

The mixed reality teaching setup with passive haptics consists of 
two main parts: one is the tracking and display devices, another 
part is the Interactive module (map puzzles tagged with frame 
marker). The interactive module is shown in Figure 2 (a) while 
tracking and display devices are shown in Figure 3. Image target 
from Vuforia2 is used for tacking the positon of user’s head so 
that the virtual scene can be rendered with the correct pose, the 
image marker is placed on the top of the operation white board 
facing the user. Oculus Rift DK2 is adopted as HMD, a Leap 
Motion1 (Depth camera) is mounted on front of the HMD for 
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(a)                                            (b) 
Figure 4: Virtual environment with passive haptics 
integration (a) and virtual environment with free-hand 
gesture (b)

1 https://www.leapmotion.com/ 
2 http://www.vuforia.com/ 
3 http://www.vision.caltech.edu/bouguetj/calib_doc/index.html Figure 5: Participants conducting experiment in the virtual 

environment with passive haptics

Figure 3: The HMD with Logitech C920 camera and Leap 
Motion mounted on front of it 

tracking the user’s hands, a Logitech C920 web camera is also 
mounted on front of the HMD above the Leap Motion for feature-
based object tracking. Puzzle pieces are tracked by Vuforia2 
Frame marker tracking technique. To ensure the relation between 
virtual hands and virtual objects in the VE stays the same with the 
relation between user’s real hands and real objects in the real 
environment, we run a stereo camera calibration between the left 
camera of Leap Motion1 and Logitech camera by using the 
Camera Calibration Toolbox for Matlab3. The physical modals of 
map puzzles are made of Acrylic using laser cutting with the same 
CAD model used in the virtual environment. For the formal 
experiment which requires participants doing tasks in the real 
environment, the Acrylic puzzle pieces with chromo paper affixed 
are used, every piece has a name of its representing state on it (the 
picture does not show the names). For the formal experiment 
which requires participants doing tasks in a virtual environment 
with passive haptics integration, the Acrylic puzzle pieces with 
frame markers are used, each one of these pieces has a unique 
frame marker attached on it. All models and SDKs are integrated 
in Unity3D engine; test programs are also finished in the engine. 

3.3   Performance 

We run the software on a desktop computer (Intel Core i7-4790K 
processor, at 4.00GHz, 16GB RAM, graphics card is NVIDIA 
GeForce GTX960, 2GB memory, Windows 10 OS). The hand 
tracking (Leap Motion) runs at 120Hz on the desktop computer 
with a fingertip accuracy within 1mm, and the AR tracking runs 
with 1280 by 720 pixel camera resolution on the Logitech C920 
web camera. The overall graphic rendering runs at around 68 FPS. 

4   User Study 

To explore the usability of our prototype system we conducted a 
formal user study. We used the purposed MR system with passive 
haptics integration and interaction method described previously. 
To reveal the benefits of our system, we compared our interface to 

a free-hand gesture based virtual teaching environment and a 
traditional real teaching environment. 

4.1   Experimental Procedure 

We investigated three different approaches: (1) virtual geography 
teaching with passive haptics or (2) with free-hand gestures and (3) 
real environment geography teaching with real objects. The 
experiment was a within-subject design with the type of interface 
as an independent variable. 
Before the three formal experiments, 36 subjects (25 males, 11 
females) were recruited for the pre-tests. Their ages range from 20 
to 31 years old (M=22.5, SD= 1.8). They took 2 pre-tests for 
evaluation of their ability of geographical learning. The first pre-
test is about measuring subjects’ cognitive ability of random 
graphics, participants need to finish a random-shaped puzzle in 
the real world, the puzzle has 8 pieces, the pieces are made of 
wood and have no other texture or characters on them (see Figure 
2 (b)), participants need to put them together, the consumed time 
was recorded. The second pre-test is a test which evaluates the 
short-term memory concerning geographic knowledge of each 
participant. Participants were asked to learn a map with 11 states’ 
name on the corresponding area within 3 minutes by looking at a 
computer screen, then they would complete a map quiz about the 
geography knowledge they’ve just learned, the quiz is also on the 
computer. All the participants have no priori knowledge of the 
testing map. Participants can click the mouse as many time as 
they want to see the name of each state within the 3 minutes, the 
names will disappear in a few seconds until next click. The map is 
single colored in green and solely contains names of 11 states. 
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Table 1: Friedman Test Result 
Question p 

Q1 I was performing well 0.096 
The learning environment was: 
Q2 Easy to learn 0.009 
Q3 Easy to use <0.001 
Q4 Useful to complete the task 0.005 
Q5 Intuitive 0.002 
Q6 Natural <0.001 
Q7 Not mentally stressful 0.006 
Q8 Nor physically stressful <0.001 
Q9 With fun and engagement 0.010 

N = 18, df = 2. Figure 6: Completion Time of Each Task (s)
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After memorizing the map, participants were asked to click on the 
right place on the map given the name of each state, and their 
accuracies of the task were recorded.  
The average time of all 36 participants took in the random-shaped 
puzzle test was 419s (SD= 267.7, SE= 44.6), and the average 
accuracy of memorization map quiz was 94% (SD= 9.4%, SE= 
1.6%). Participants who took too much time in the map puzzle test 
or who has a bad accuracy in the map quiz test were eliminated 
from the formal experiment list. These two pre-tests ensure that 
all participants attend the formal experiments have sufficient 
capability to conduct geographical learning process including 
cognitive abilities of graphics and a good memory level. 
18 participants (13 males, 5 females) were selected according to 
their performance in the 2 pre-tests, their ages range from 20 to 24 
years old (M=22.7, SD=2.4). Ten of them had previous 
experience using VR interfaces, eight of them had no VR 
experience. Only one participant had experience of using gesture 
input devices, none of them had experience with mixed reality 
system with passive haptics integration. All the 18 participants are 
right handed and all of them have no color blindness or color 
weakness. Two virtual learning environments are shown in Figure 
4 and experimental photograph of participant conducting 
experiment in the virtual environment with passive haptics is 
showed in Figure 5. Participants would finish the map puzzle in 
three different learning environments respectively, each 
environment contains 6 states and states’ names on the top of the 
puzzle, the states are all from Germany which all participants 
have no prior knowledge of, there is at most 1 state shared by the 
different learning environments. Each puzzle piece has a unique 
color to help with the participants remember the location [Carlson 
et al., 2015] and the name of the state. During the learning process, 
there is no other assisted approach like visualization method for 
guidance, or 3D models of landmarks added on the state to deepen 
user’s memory in the HMD based learning environments, this is 
done to ensure the unity of the variable. We want to figure out the 
differences in interaction efficiency and learning result between 
participants learning in different learning environments.  
In each learning environment, participants need to observe all the 
puzzle pieces and then put them together. In the virtual learning 
environment with free-hand gesture interaction method, 
participants would use one hand (usually their right hand) to pinch 
the puzzle pieces to the right places in the air, once they confirm 
that the puzzle piece is at the place they want to put, they would 
simply release their fingers to set the piece, the piece will be 
automatically fixed if the position and angle were right. There is 
one piece stays stationary and serves as the reference position, 
other pieces could be placed according to this piece regardless of 
the order. Each piece can be rotated by turning the pinched hand 
to match with other pieces with the right angle. In the virtual 
environment with passive haptics integration, participants would 

put pieces together rely on the visual stimuli provided by the 
HMD. In each learning environment, participants also need to 
memorize the names and positons of 6 states at the same time they 
dealing with the puzzle. 
18 participants are randomly divided into 6 groups: each group 
share the same order of applied learning environment (there are 3 
different learning environments in total). Every time participants 
finish the map puzzle in a learning environment, they were asked 
to do a similar map quiz like which we used in the pre-test to 
measure the learning outcomes, then they would turn to the next 
environment, their completion time of each task in the different 
environments and accuracy in the quiz were recorded for analysis. 
In addition, we evaluated the preferences of participants with nine 
questions (see Table 1) with regard to user feedback and 
performance. A seven point Likert-scale (1 to 7 with 1 indicating 
strongly disagree while 7 indicating strongly agree) for each 
subjective questionnaire item. 

4.2   Results and Discussion 

To analyze the user performance records and the results of the 
user questionnaire, we conducted the Friedman test with alpha 
level of 0.05 to verify the significance of difference among the 
three interaction environments. 
The recorded completion time of each tasks and the rate of correct 
answers are showed in Figure 6 and Figure 7 respectively. From 
the data collected from the user performance measurements, we 
found a significant difference among the three learning 
environment in terms of task completion time (p <0.001). 
Different from our expectation, participants took the least time in 
the free-hand gesture learning environment (M= 350.3 sec., SD= 
117.2, SE= 27.6), and they took the longest time in the virtual 
learning environment with passive haptics integration (M= 769.4 
sec., SD= 210.9, SE=49.7), while they took second longest time in 
the real learning environment (M= 465.3 sec., SD=202.5, SE= 
47.7). On the other hand, we can also found a significant 
difference in terms of correct answer rate among three learning 
environment (see Figure 7). The correct answer rate of learning in 
virtual environment with passive haptics is highest among three 
environments (M= 95%., SD= 12.3%, SE= 2.9%), while the rest 
two correct answer rates in real environment and virtual 
environment with free-hand gesture are surprisingly close: the 
average correct answer rates in the real environment (M= 84%, 
SD= 20.7%, 4.9%) and in the virtual environment with free-hand 
gesture (M= 84%, SD= 20.2%, SE= 4.8%) are both 84%. 
There are a few explanations for the unexpected outcomes: The 
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Figure 7: Correct answer rates of each tasks
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Figure 8: User questionnaire results (Error bar: +/- SE) 
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Acrylic puzzle pieces are transparent and sometimes it could 
cause some trouble for participants to recognize the edges and put 
the pieces together in the real environment; another reason for 
lengthen the completion time in the real environment is that the 
pieces are finely cut such that it requires accurate manipulation to 
put the pieces together. On the contrary, the free-hand gesture 
interface only requires participants to use hand gestures to “grab 
and drop” the piece to the right place with a right angle, as long as 
the deviation is not too big, the piece would be placed by itself. 
Although it took some time for participants to learn and get used 
to the hand gestures, but the overall completion time is 
economical. As for virtual learning environment with passive 
haptics integration, the user experience is severely compromised 
due to the instability of the tracking system: the puzzle pieces 
often cannot be seen all in once because the FOV of the tracking 
camera is very limited and the tracking camera is placed on the 
front of the HMD so that the camera can only get a narrowed view 
of puzzle pieces at a closer distance than user’s eyes. Another 
factor responsible for diminishing the user performance is that 
puzzle pieces often get lost in the FOV of tracking camera when 
they are occluded by the user’s hands, this discontinuity greatly 
impairs the user experience. These interaction problems are 
aggravated when it comes to users with no VR experience.  
As for correct answer rates of three learning environments, it 
meets our expectation that the virtual environment with passive 
haptics possesses the higher correct answer rate than the virtual 
environment with free-hand gesture, this means that the learning 
result can benefit from the extra tactile information. Nevertheless, 
virtual environment with passive haptics also possesses higher 
correct answer rate than the real environment, we deem that this 
mainly because participants tend to pay much attention to the 
detail of edges of the real puzzle pieces in the process which leads 
to decrease of the attention to the names of the states. According 
to the collected user feedback, we noticed that the preference of 
the different interfaces among participants affect the learning 
result, this will be discussed in the analysis of the user 
questionnaire result.  
Results of the user questionnaire are showed in Figure 8. In 
questionnaire term of performing well, the Friedman test showed 
that there is no statistically significant difference (p >0.05), but 
there were some statistically significant differences in all the rest 
questionnaire terms (p < 0.02 for all) between different learning 
environments. Due to the technical glitches, the virtual 
environment with passive haptics had lowest rank among three 

interfaces in questionnaire terms of easiness of learning the 
interface, easiness of using the interface, usefulness of using the 
interface for task completion, intuitiveness, naturalness and 
mental stress, as well as physical stress; the natural environment 
received highest rating in the above aspects. This could be 
explained with the fact that 17 out of 18 participants had no 
former experience with hand gesture input devices and all 
participants had no experience with MR system with passive 
haptics integration, the existence of learning cost indeed impair 
the user experience and lower the rating of virtual environment 
with free-hand gesture or passive haptics. Although there are 
some setbacks encountered by participants trying to master the 
interfaces they have no experience with, they thought that they 
had more fun and engagement in these two interfaces. 
Besides the nine questions on the questionnaire, we asked each 
participants how would they chose form the two virtual 
environments if the system is precision and reliable and have no 
other problems like occlusion, it turned out that 15 participants 
would choose virtual environment with passive haptics over 
virtual environment with free-hand gesture when it comes to 
learning, only 2 participants chose conversely, and 1 participants 
felt there is no big difference between the two environments. 
Participants who advocate virtual environment with passive 
haptics claimed that passive haptics can help them remember the 
shapes and interaction in the interface is closer to the user’s habits 
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than gesture based interaction. Participants who don’t like virtual 
environment with passive haptics stated that they prefer a pure 
virtual environment and it is the tactile feedback that pulls them 
back to reality, thus drive the freshness and fun away. From the 
reported subjective user feedback, we found that the occlusion 
and display problems of puzzle pieces in virtual environment with 
passive haptics and the problem of translation and rotation control 
with gestures in virtual environment with free-hand gesture are 
the most complained problems. Some participants demanded 
more easily controlled and more recognizable gestures, some 
requires accurate consistency between the perceived visual and 
tactile information. All participants look forward to study in the 
virtual environments in the future. 

5   Conclusion and Future Work 

In this paper we designed and implemented an MR system based 
on passive haptics, the purposed system architecture can be easily 
achieved with a relatively high interaction accuracy. It also has a 
promising flexibility and extensibility in that it allows further 
integration with other mixed reality subsystems like room-scale 
position tracking system to realize walkable and touchable virtual 
environments. The system was applied to geography teaching. 
The comparison virtual environment with free-hand gesture and 
real environment were also implemented and described. 
Experiments of participants learning geography in three different 
environments were conducted respectively and the effects of 
purposed system was investigated, both its merits and demerits 
has been discussed. The user evaluation revealed that the real 
environment has the best operability and it is the easiest for users 
to learn with minimum stress in both mental and physical aspects 
provided with the current systems, while the two virtual learning 
environments provide more fun and received high expectations. 
In the future, we consider replacing the marker-based optical 
tracking method with active light space tracking method or 
electromagnetic tracking method to deal with the occlusion 
problem, then realize a more accurate and robust MR system 
which can be applied to more application scenarios and can 
provide bigger working space. The tracking method for user’s 
hands in a more complicated background environment is planned 
to be studied to achieve reliable free-hand interaction in various 
situations. In order to ensure the consistency between the visual 
and tactile information perceived by the user, the calibration 
method of different tracking subsystems is about to be 
investigated. 
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