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Sammanfattning 
Avsikten med denna rapport är att beskriva utvecklingen av en virtuell miljö för att med hjälp av 
en haptisk utrustning (Omega 7) studera och analysera kraftåterkoppling under varierande 
dynamiska förhållanden. Haptisk återkoppling från virtuella objekt har utvecklats för detta 
ändamål. Målet med projektet är att med hjälp av utvecklat system genomföra experiment för att 
studera hur försökspersoner kan hantera bristande överensstämmelse mellan visuell och 
proprioceptiv återkoppling. Studien avser också kognitiv karaktärisering av mänsklig interaktion 
med ett virtuellt objekt, speciellt med fokus på objektets styvhet. Detta bedöms vara relevant 
inom rehabiliteringsområdet eftersom en virtuell verklighet i kombination med haptisk 
återkoppling möjliggör full kontroll över, och registrering av, hur interaktionen sker. Av speciellt 
intresse är att studera hur rörelse i, och kraftåterkoppling från den virtuella miljön påverkar vår 
upplevelse av densamma. För utveckling av den virtuella miljön har CHAI 3D använts. CHAI 
3D är ett C++ bibliotek med öppen källkod avsedd för realtidssimulering av haptisk återkoppling 
och visualisering. 
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Abstract 
This report is aimed at setting up a virtual environment to study and analyze the force feedback 
during varying dynamic conditions of the virtual environment with the help of a Haptic Device 
(Omega.7). Adequate Haptic feedback with the virtual object is also implemented. The objective  
of the project is to perform experiments to study how the subject tries to elude a visio-
proprioceptive mismatch during robotically arbitrated manipulations in virtual reality when 
he/she instigates an action, and then to assess the results. The study is also aimed at cognitively 
characterizing interaction with a virtual object, focusing particularly on stiffness. This might be 
of relevance for the rehabilitation field, as Virtual Reality and Haptic feedback allows fully 
controlled interactions and monitoring of subjects’ performances and also to specifically 
scrutinize how movement and force feedback influence our perception of the virtual 
environment. In order to set up the virtual environment, CHAI 3D is used, which is an open 
source set of C++ libraries for computer haptics, visualization and interactive real-time 
simulation [2]. 
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1 INTRODUCTION 

1.1 Background 
Virtual reality (VR) is a term that applies to computer-simulated environments that can simulate 
physical presence in places in the real world, as well as in imaginary worlds [1]. The concept of 
experiencing a virtual world has drawn a vast amount of publicity over the past few years. The 
interaction with the virtual world, previously, used to be done with representation of 3D models 
and sounds. But over the recent past, technology has so developed that interaction can be studied 
with the help of sense of touch and force feedback. 
 

1.1.1 Feedback in Human-Computer Interaction 
 
Evolution allowed people to survive on Earth by providing five senses to pick up information 
about the internal and external environment they interact with. Each action directly changes a 
person's relation with the surroundings. This also meant that people needed to receive direct 
feedback pertaining to their actions. For example, when you park a car you pick up visual 
feedback about the occurrence of obstacles, the remaining distance, and the appropriateness of 
your direction. And receive acoustic feedback from other objects in your vicinity (e.g. other 
vehicles, dogs, people, etc). Not only that, but you also get proprioceptive feedback about the 
movements of your body and whether it is in balance or not.  
 
Technology gave people computers. This technological environment of Human-Computer 
Interaction (HCI) is developing to take in more and more of the five human senses to give 
information about the system's state, both quantitatively and qualitatively. The initial computers 
were just driven by commands and displayed only text on a simple background. A command, 
representing an action was run and after a while, feedback was available through text. So, there 
was no one-to-one mapping of action and feedback. Only specialist users who knew the internal 
working of the apparatus could understand how to work with them. When the production of 
computers became faster and cheaper, and the general public started to use them for daily work, 
ease of usability became an imperative issue. The introduction of Graphical User Interfaces 
(GUIs), simultaneously with the mouse made computers available to everyone. What happens 
inside the computer is not of utmost importance to a user. All that matters is that an action 
directly leads to feedback, preferably the feedback that the user is anticipating. The latter means 
that it should be clear to the user what action will lead to what state of the system. This is related 
to the distance between the cognitive model of the world of action that the user uses and the 
actual world of action during the interaction with the computer. Diminution of this distance 
makes the interface feel direct by reducing the effort required of the user to achieve his/her goals 
[9].  
 
The feeling of directness concerns the input and output of information and this is twofold: 
semantic and articulatory. Semantic directness on the input side requires that it is clear what 
action has to be performed to reach a goal. On the output side it requires that it should be clear 
whether or not, or to what extent, a goal has been reached. Articulatory directness, on the other 
arm, has to do with how an action is to be performed and how a system communicates its state. 
These requirements have been worked out by representing icons and objects, which can be 
maneuvered by controlling a cursor with a mouse. This was phrased as 'direct manipulation' [18]. 
For example, double clicking when the cursor is on an icon representing an application, starts the  
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application. The articulatory directness enhances when the visual feedback is extended with 
other kinds of feedback. For example, a sound can be given when a program cannot be started. 
Another sense that is of increasing interest in HCI is the sense of touch. Incorporating touch in a 
computer interface can be achieved by applying forces to the arm and fingers via an input device. 
Input or pointing devices that can stimulate the sense of touch are also called force-feedback, 
haptic, tactile or tactual devices. Haptic feedback is now available for limited applications like 
games, medical training, several virtual reality systems and computer use for the blind. But 
haptic feedback could also be used in everyday computer use not only to feel objects that are 
already visible on the screen, but also to point at objects more resourcefully. 
 
As mentioned before, we have two different types of haptic sensing; namely force feedback (also 
called as kinaesthetic feedback) and touch feedback (also called the tactile feedback). These 
interactions can be done in a variety of ways. They can be between a human hand and a real 
object; a robot end-effector and a real object; a human hand and a simulated object (via haptic 
interface devices), as done in this project; or a variety of combinations of human and machine 
interactions with real, remote, or virtual objects [4]. 
 
This Master Thesis focuses on the force feedback and the perception of varying stiffness 
experienced by the user. On the other hand, tactile feedback deals with what humans can feel. 
This can be done by inserting nerve receptors in the skin (mostly in the hands and the fingers) 
and information such as the irregularity and contours can be got. 
 
The Haptic device (or the haptic interface) helps to create a closed loop between the user and the 
virtual environment (or the simulation algorithms). This is shown in Fig. 1 below: 
 

       

 
 

Figure 1: How Haptics works 

 
 

1.1.2  Input devices 
 
Input devices differ in the way in which cursor movement can be manipulated. This can be 
accomplished by moving the hand (mouse), rotating the wrist (joystick) or moving one or more 
fingers (trackball). In addition, movement of the cursor can be related to the position of the 
device or to the force applied to the device.  
 
There are various state of the art haptic devices so as to render the user to interact with the virtual 
environment. Some of these are the Falcon from Novint Technologies Inc., which has removable 
handles, or grips, that the user can hold on to so as to control the Falcon. As the user moves the 
grip in three dimensions (right-left and forwards-backwards and also up-down), the Falcon's 
software keeps track of where the grip is moved and creates forces that a user can feel. 
 
Another one is the Phantom Omni developed by SensAble Technologies. This has six degree of 
freedom positional sensing. Applications are in selected types of Haptic Research, FreeForm® 
Modeling™ system, and ClayTools™ system. The Phantom Omni is one of the most cost-
effective haptic devices available in the world today. 
 

Human Subject Haptic 
Interface

Virtual 
Environment
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The Omega.7 (which is used in the experiment done in this project), on the other hand, is the 
most versatile haptic device available with its active grasping extension. The Omega.7 [5] 
provides 3D active force feedback, rotation sensing and active grasping for a wide range of 
applications such as: 
 

 medical and space robotics 
 micro and nano manipulators 
 tele-operation consoles 
 virtual simulations 
 training systems 
    research 

 
 

 
 

Figure 2: Various haptic devices: Falcon (Left), Omega.7 (Centre) and Phantom (Right) 

 
CHAI 3D, the open source set of C++ libraries for computer haptics and real-time simulation 
works well with all of the above mentioned devices. 

1.2 Purpose 
The main aim of this thesis is to cognitively characterize interaction with a virtual object, 
focusing particularly on stiffness. In other words the goal of this thesis is to differentiate between 
what you see and what you do when immersed in a Virtual Environment. This might be of 
relevance for the rehabilitation field as VR and Haptic feedback allows fully controlled 
interactions and monitoring of subjects’ performances. One such is the stroke rehabilitation. A 
stroke is a sudden interruption in the blood supply of the brain. A stroke occurs rapidly and 
requires immediate treatment. Hence, it is also called a Brain Attack. Each year, about 795,000 
people suffer a stroke. About 600,000 of these are first attacks, and 185,000 are recurrent attacks 
[3]. Stroke may cause sudden weakness, changes in the ability to think or reason, poor judgment, 
and can also lead to muscle, joint and nerve problems. In case of situations like the ones 
mentioned above, people will have to be rehabilitated after the occurrence of stroke. Stroke 
Rehabilitation should be quickly started and can last anywhere from within a few days to over a 
year. One such scheme to do it is by having a Haptic force Feedback, upon which this Thesis is 
based. People undergo rehabilitation so as to regain motor functionality. 
 
In the context of perceiving the stiffness of virtual object, it has been shown that changing the 
visual [Lécuyer, “Simulating haptic feedback using vision: A survey of research and applications 
of pseudo-haptic feedback,” Presence, vol. 18, pp. 39-53, 2009.] or auditory cues [F. Biocca, J. 
Kim, and Y. Choi, “Visual touch in virtual environments: An exploratory study of presence, 
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multi-modal interfaces, and cross-modal sensory illusions,” Presence, vol. 10, pp. 247-265, 
2001.] presented concurrently with haptic cues regarding the object’s stiffness can result in 
compelling haptic illusions. Less is known about whether and how the sense of ownership of 
one’s own body part and agency of one’s own movement affect stiffness perception. Less is 
known about stiffness perception due to visio-proprioceptive mismatch, in the sense as to 
cognitively characterize the discernment of stiffness of a virtual object. This thesis project is 
aimed at studying the role of visio-proprioceptive mismatch in stiffness perception. 
 

Since hand use is a key part of communication with a person’s environment, the loss of hand 
functionality is a major apprehension following stroke. Rehabilitations have been developed to 
help individuals to recuperate some functionality although this generally does not help revival of 
the sense of touch.  Reduced or missing sense of touch will make it complex for a person to 
know if they are using the adequate amount of force when gripping and maneuvering objects. As 
a result, we see that most of the simulations based on virtual reality provide hand-based user 
interactions. A wide variety of interfaces, like the mouse, joysticks, sensing gloves are being 
used to facilitate the hands in Virtual Reality simulations. 

Proprioception plays a fundamental part in facilitating humans to move intentionally and interact 
with their physical environment. If one is to artificially generate a sensation, which could be used 
to study the role of Proprioception, for example, it is important in understanding these 
interactions. 

This Master Thesis project is aimed at studying the impact of visually presented spatial cues on 
the human perception of mechanical stiffness in a virtual environment. 

1.3 Delimitations 
The experiments dealt with in this project are performed by subjects in the age group of 24-30, 
and all of them were males. Due to time constraints, the number of subjects called to perform the 
experiments was limited to just 10. Also, the subjects performing this experiment were all right-
handed. Each of these subjects’ responses are also studied and analysed, as explained in Section 
4 – Results. The subjects carry out the experiment by wearing a Head Mounted Display (HMD) 
and operating an Omega.7 haptic device. All the steps concerned in this research project were 
completed within a 6 month period (May – October 2011). 

1.4 Method 
In this Master Thesis project, the aim is to track the arm movements and this is done with the 
help of a Haptic Device Omega.7. To ascertain an enhanced knowledge as to how the visio-
proprioceptive mismatch is studied with respect to the motion of the hand, I briefly describe the 
method that has been done in this project. Bigger force feedback plays an indispensable role in 
stroke rehabilitation therapy. 
 
In order to study as to how to cognitively characterize stiffness in a virtual world, a VE is first 
designed. The approach to this (designing the Virtual Environment) is being done with the help 
of CHAI 3D and Microsoft Visual Studio 2008 Professional edition. Hence the language chosen 
is C++, as mentioned earlier. The virtual object chosen could be anything (a virtual wall, ball, 
cube, etc.), but I chose to have a cube at the centre of the environment.  
 
Hence we have the virtual environment consisting of a cube, with certain stiffness along with the 
3D model of a hand holding a ball (Fig. 2). In order to do that, the 3D model of the arm has to be 
integrated first with the virtual world. A mesh is created using CHAI 3D for that and then the 
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model of the hand is added as a child to the world. A step-by-step procedure as to how the virtual 
environment has been prepared is illustrated in the flowchart below: 
 

 
Figure 1: Flowchart 

 
As can be seen from the above flowchart, the idea is to create a virtual world and then create and 
add a virtual object (a cube, for this experiment) to the virtual environment. The arm is then 
added to the VE and is attached to the haptic tool (which is represented as a ball in this study).  
 



 17 

 
The experiment and the parameters considered are dealt with in detail in the chapter on 
‘Implementation’. The user is made to wear a Head Mounted Display (HMD) and made to sit in 
front of the computer in order to perform the experiment. He/she corresponds to the virtual 
environment with the help of a haptic device held by his/her right hand. The description of the 
experiment follows in the next paragraph.  
 
The subject is first asked to ‘reach’ towards the cube (aiming at the front face of the cube) with 
the help of the haptic device. When the virtual arm touches the cube, the human operator (user) 
receives a force feedback. And the subject is asked to come back to the initial position. This is 
taken as the frame of reference (baseline) for the next interaction. Once back to the starting 
position, a random ‘interaction’ (arm disappeared / arm rotated by 90o with the cube having 
either the same stiffness as the baseline or a bigger stiffness) starts and the user is again asked to 
touch the cube and bring the arm back to the starting position. In a similar manner, numerous 
trials (80 in total) are done (which will be explained in the following chapter) so as to study as to 
how each human being perceives different kinds of stiffness. A paradigm of a single trial is 
shown below so as to give a clearer picture: 
 
 
 
 

 
Figure 2: Paradigm 
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Results obtained from the experiment are then analysed using the t-test and the cases of presence 
or absence of the arm are investigated and the visuo-motor (proprioceptive) mismatch 
experienced by the subject are studied. A t-test is done so as to assess whether the means of two 
groups are statistically different. Theoretically, a t-test is done when the sample sizes are small 
(10 subjects in this study). The idea behind the whole experimental setup will be dealt with in 
detail in Chapter 3. A screenshot of the virtual environment is shown below: 
 
 

 

 

Figure 3: Hand holding the ball 
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2 FRAMES OF REFERENCE 

Virtual environments caught the attention of both the public and the researchers during the 
1990s. VEs allow for action, movement and sometimes speech on the part of users. Today, 
sophisticated software allows for the creation and storage of VEs, or ‘worlds’, as three 
dimensional databases. A user can interact with the virtual environment with the help of 
hardware designed specifically for these interactions. The rendering of these interactions are fast 
enough these days so that the user does not feel a lag between the real and the virtual world. 
Rendering of these virtual environments serves as a tool for psychological research [8]. 

Virtual Reality (VR) offers humans the likelihood to manipulate artificial and remote 
environments. Examples are in areas like space robotics (Mars Pathfinder mission), tele-
manipulator systems for minimally invasive surgery (da Vinci system), surgical VR training 
systems, and the perceptive and immersive examination of virtual prototypes. In majority of 
these systems, only visual and audio feedback is used to present information to the operator.  

The interaction with the virtual or remote environment is done via input devices such as 
joysticks, mice, keyboards, and body or limb trackers. In recent years the additional use of haptic 
interfaces has received growing interest. These devices provide controlled force and torque 
feedback to the user. The generated forces and torques are usually measurements from remote 
tele-operator environments or are computed in virtual reality haptic rendering engines as the 
result of virtual objects interacting with each other. This allows the operator to touch virtual and 
remote objects and to feel their weight and/or stiffness. The ability to physically interact with the 
environment significantly increases the pragmatism and immersivity of the simulation. As haptic 
devices are used to read the operator’s motion/force input and to react with a corresponding 
force/motion output they provide a bidirectional human-machine interface. 

Another technology is the Immersive Virtual Environment Technology (IVET) wherein the user 
experiences even more convincing, immersive virtual reality. Hardware devices such as the head 
mounted displays (shown in the figure below) theoretically portray the IVE. 

 

Figure 4: Conceptual depiction of an immersive virtual environment 
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As described earlier, Haptics generally portrays touch feedback, which includes force and tactile 
feedback. As far as the research that has been performed with respect to force feedback is 
concerned, robot assisted surgery; also called RMIS (Robot-assisted Minimal Invasive Surgery) 
is one of the main areas being studied. The force feedback systems typically measure or estimate 
the forces applied to the patient by the surgical instrument, and proved resolved forces to the 
hand via a force feedback device [6]. 

A certain study has also shown that for simple tasks like drawing and tracing, performance with 
force feedback alone can approximate the performance with force and torque feedback [7]. 
Previous research efforts indicated that a haptic interface, using force feedback via a haptic 
control device, can be used to complement the visual interface. Haptic feedback provides 
information about the environment through the sense of touch (Lam et al., 2004; Lam et al., 
2007).  

Haptics has mostly been used for motor skill training in the field of surgical robotics, virtual 
prototyping, etc. In motor ability training, force feedback is used to replicate user’s skill in the 
form of tactile and kinesthetic perceptions using user’s sequential position, velocity and force 
information. Although substantial amount of research has been done on how force feedback 
improves human motor skills, to date, however, little research has been done on how force 
feedback influences the learning of abstract scientific theories.  

On the other hand, numerous studies have characterized various aspects of human 
Proprioception. Proprioception is the sense of the relative position of neighboring parts of the 
body and strength of effort being employed in movement [10]. It also plays a role in dynamic 
stability and modulation of muscle functions. Certain studies have shown that there exists a 
relationship between pain and proprioception [11]. 

In the context of perceiving the stiffness of virtual objects, it has been shown that changing the 
visual [14] or auditory [15] cues presented concurrently with haptic cues regarding the object’s 
stiffness can result in compelling haptic illusions. Pseudo haptic feedback is another interesting 
topic that arouses many questions. The perception of stiffness of a virtual object without any 
haptic interface is known as Pseudo haptic feedback. An experiment that was done to illustrate 
pseudo haptic feedback is described in the next paragraph. 

To simulate the different degrees of stiffness of virtual objects using a Spaceball 2003C, 
researchers came up with the idea [16] of combining the visual deformation of the object on 
which pressure is exerted (e.g. a  virtual piston) with pressure exerted on the Spaceball (see 
Figure). When a given pressure is exerted on the Spaceball, the object represented on the 
computer screen is deformed to a greater or lesser degree. The resulting hypothesis is that the 
greater the visual deformation of the object (the piston’s displacement), the more this object will 
appear to be soft. Conversely, if there is only a slight visual deformation, the object will appear 
to be hard. 

 
Figure 5: Pseudo haptic feedback 
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3 IMPLEMENTATION  

 
 
In the hand reaching experiment described below, a trial-by-trial adaptation to a randomly 
changing visual disturbance is being done with an intention to study the proprioceptive 
mismatch. In order to study this, the Virtual Environment (VE), or the 3D world as it is called, is 
manipulated during different instances of the trials. In order to interact with the virtual world, the 
haptic device Omega.7 is used in this project. 

3.1 Virtual Environment 
The VE is set up using CHAI3D, which is an open source set of C++ libraries for computer 
haptics, visualization and interactive real-time simulation [1]. The world consists of a 3D object 
such as a cube placed at the center (shown in the figure below). The cube has certain stiffness. 
Mechanical behavior of most solid objects in a virtual world is modeled with stiffness.  

Perceived rigidity depends on both the stiffness of the interface hardware and whether the 
comparison is done among a set of virtual object simulations or between a simulation and a real 
object. For example, users can consistently judge the relative stiffness of different virtual walls 
even though they are never as rigid as the real walls due to hardware limitations. The stiffness of 
the cube used for the experiment was set to an arbitrary value of 10. 

 

 

 
Figure 6: Virtual Environment with the cube 
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Next, a virtual arm is added to the 3D world (so as to replicate the arm movements made by the 
user while moving the Omega.7). The arm is attached to a virtual 3D ’tool’ (a ball in this case). 
This virtual ‘tool’ represents the haptic device in the scene, as shown in Figure 6.  
 

 

 

 
Figure 7: Virtual Environment 

 

3.2 Experimental Setup 
 
The experiment is done with the subject wearing a head mounted display and operating the 
Omega.7 with one hand and the other hand on the keyboard so as to answer the questions. The 
figure below shows a subject wearing the head mounted display and controlling the motion of 
his/her hand through the haptic device. The HMD used in this experiment is the Z800 3DVisor 
(shown in the next page).  
 
The HMD includes a camera that enables the blending of the physical world with the virtual 
objects. There are certain technical limitations in using a HMD such as limited resolution, 
physical size, viewing size and weight. Some of the subjects complained as it being 
uncomfortable to wear one. It should also be taken into account that these devices often restrict 
the user’s body movements. Moreover, the head mounted displays obscure the eyes of the 
subjects so that they are not visible to their colleagues. 
 
 
 
 



 
Figure 8: Z800 3DVisor HMD 

 
 

3.3 The Experiment 
 
Now, once the virtual environment is ready, the next stage is to conduct experiments. Initially, 
there was a thought to include delays in the experiment. A delay of 60 ms was to be integrated in 
the VE. This meant that the movement of the arm on the virtual world was delayed by a duration 
of 60 ms. Delays were incorporated in the code by creating a wait function which included 
parameters from the clocks in the Windows header files in Microsoft Visual Studio. Later, the 
idea was scrapped as it did not have much to do with visio-proprioceptive mismatch (i.e. what 
you see and what you do). It was then decided to rotate the arm (90o in this experiment) by a 
certain amount so as to create confusion for the subject as to what he actually sees and what he 
does. The idea of the experiment is described below. For conducting the experiment, we have 
different interactions with the intention to study the proprioceptive error arising due to this. The 
different interactions are: 
 
1. Self and Rotated (90o) 
2. Arm and without arm 
3. Normal stiffness and bigger stiffness 
 
 
Based on the above three, we have 2 x 2 x 2 interactions: 
 
 
Arm + Self + Normal stiffness   Arm + Rotated + Normal stiffness 
 
Arm + Self + Bigger stiffness    Arm + Rotated + Bigger stiffness 
 
        
Without arm + Self + Normal stiffness  Without arm + Rotated + Normal stiffness 
 
Without arm + Self + Bigger stiffness  Without arm + Rotated + Bigger stiffness 
 
   



 26 

 
 
   

 
 

 

Figure 9: Subject doing the experiment 

 
These interactions were programmed in a separate thread in the code. The experiment thread was 
given a lower priority when compared to the haptic thread, as the haptic thread had to run all the 
time, because the device is active at all points of time during the experiment. In the experiment 
thread, a function called readExperimenOrder was used. A switch-case statement in the function 
brought about the randomization in the interactions. Boolean values from 000 to 111 (0 to 7 in 
binary) was used to represent each of these interactions. The order of the interactions was read 
from a .txt file. The following paragraph describes as to how the whole experiment went about. 
 
Subjects sat in front of the computer wearing a HMD. They held the Omega.7 with their right 
hand. The position of their forearm was adjusted so as to coincide with the direction of the 
virtual forearm seen in the screen. Subjects were instructed to restrict their movements to the 
wrist joint and to touch the frontal face of the cube with the help of the Omega. At first, we have 
(Arm + Self+ Normal Stiffness) interaction. The stiffness felt by the subject when they touched 
the cube with the help of the haptic device is taken as a baseline (reference). The subject is then 
made to bring the haptic device back to the initial (starting) position.  
 
A random condition from the above mentioned 8 interactions arises next. The user manipulates 
the haptic device again so as to touch the cube and then the screen goes blank. The subject is 
then made to answer the question which appears on the screen: “Did you feel the same stiffness 
when compared to the stiffness experienced in the baseline condition?” The subject answers this 
Yes/No question by pressing left or right arrow key on the keyboard accordingly. Left arrow 
meant that he felt the same stiffness, while the right arrow meant that he felt a bigger stiffness. 
The answer given by them is saved in a log file. This accounts for a single trial. 
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In order for the subject to perceive the forces displayed by the device as smoothly varying, the 
force display resolution of the device should match or exceed human sensing resolution. The 
threshold for human force sensing is around 15%. The Just Noticeable Difference (JND) for 
contact force is shown to be 5-15% of the reference force [17]. But in this study, the controlling 
of the force is not taken into consideration. Also the subjects were asked to touch only the front 
of the cube only, and not to penetrate more deeply into the cube as this might lead to a 
misconception while perceiving the stiffness of the cube, hence not considering displacement. 
Taking that into account, the stiffness of the cube set in this experiment is 20% more than the 
normal stiffness. 
 
 
Once the question is answered by the user with the help of the arrow key, the baseline condition 
is made to appear again and the subject is asked to feel the cube (with normal stiffness). Another 
random instance from the remaining 7 other cases is made to appear and the subject is made to 
feel the cube. The subject is made to answer a Yes/No if they felt the same force. In the same 
way, 16 trials (1 block) are done in one sitting. The subject is then made to wait for 2 minutes 
and made to do the next set of 16 trials, with random interactions appearing after the baseline 
condition (2nd block of trials). This is done for 5 times (5 blocks), hence making it a total of 16*5 
blocks= 80 trials. The answers given by the user is saved in a log file, as mentioned before.  
 
The mistakes done by the subject are stored as ‘1’ in the log file. If no mistakes are done for the 
different cases, then it is saved as a ‘0’ in the log file. This check for the ‘error’ gives an idea as 
to how different people perceive varying force feedback in a dynamic virtual environment. A 
sequence for one trial is shown in the next page. 
 
As can be seen from the paradigm in the next page, the baseline condition appears first. The 
subject reaches towards the cube and touches the front face, and he feels a certain (normal) 
stiffness. He comes back to the starting position. The random interaction shown in the paradigm 
is that the arm has disappeared (in other instances, the arm was rotated by 900). The user touches 
the cube. The stiffness felt by the user could either be the same or a bigger stiffness. He comes 
back to the initial position, and is asked a question on the screen. He answers by pressing the 
left/right arrow keys, as explained earlier. Once the question is answered, one trial is complete. 
The baseline appears again, followed by another random interaction.  
 
For the experiment, because of time constraints, arrangement was only made for 10 people to 
come and try it out. Although the results presented in the next section are only of 10 people, it is 
fascinating to see how different people actually perceived the minute change in stiffness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
  
 

 
         

 
 

 
           

            
    

 
        
   

 
 
 

Figure 10: Experiment setup 

(A random condition 
from amongst the 8 
interactions mentioned 
above. In the case shown 
adjacent, there is no arm) 

 
(Question is asked and 
the trial is done after the 
user answers it. 1 trial 
complete) 

 
(Back to initial position) 

(User touches the cube 
with the help of the 
haptic device) 

(Experiment starts. First, 
we have the baseline 
condition) 
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4 RESULTS  

As stated earlier, due to time constraints in the project, only 10 people’s results were studied and 
analyzed.  But it is interesting to study the results of different people. In order to analyze the 
results, MATLAB was used and the cases were grouped as follows: 

 Arm present 
 Arm absent 
 Arm normal direction and 
 Arm rotated 

The following table shows the percentage of errors per condition done by the subject: 

 

Name of the 
Subject 

% of error (Hand 
Present) 

% of error 
(Hand Absent) 

% of error 
(Hand Normal) 

% of error 
(Hand Rotated) 

Subject-
wise means 

Subject 1 3.13 5.94 2.5 3.75 3.83 

Subject 2 4.06 4.69 3.13 5 4.22 

Subject 3 4.69 2.19 5.63 3.75 4.065 

Subject 4 5.94 3.75 5.63 6.25 5.3925 

Subject 5 6.25 6.88 5.63 6.88 6.41 

Subject 6 2.81 4.38 2.5 3.13 3.205 

Subject 7 6.88 6.25 6.25 7.5 6.72 

Subject 8 5.63 4.38 5 6.25 5.315 

Subject 9 5.31 5.63 5 5.63 5.3925 

Subject 10 5.94 5.31 5.63 6.25 5.7825 

Case wise 
means 

5.064 4.94 4.69 5.439  
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Figure 11: Bar plot for Arm present and Arm absent conditions 

 

 

Figure 12: Bar plot for Arm normal and Arm rotated conditions 

 

Following the calculation of the percentage of error for each case, a t-test was done for the 2 data 
sets of the hand in normal condition and the hand in a rotated condition. A t-test is any statistical 
hypothesis test in which the test statistic follows a Student's t distribution if the null hypothesis is 
supported [13]. A 2-Tailed t-test for the matched groups (paired) resulted in a probability value 
of 0.044, which meant that the null hypothesis is not rejected at the 4.4% level. The paired t-test 
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was used to account for the correlation between the pairs because they shared the same 
environment. Moreover, a t-test is done if there is considerable difference between the 2 
conditions. In the case of ‘Arm Present’ and ‘Arm absent’, the percentage of error is almost the 
same, while in the other 2 cases, there is a considerable difference. The t-test is appropriate when 
we want to compare means. In addition, a t-test is only appropriate when the mean is an 
appropriate when the means (or proportions) are good measures. The threshold (α) in this study 
was chosen to be 0.05, which meant that my confidence interval was chosen to be 95%. A p-
value of 0.044 meant that my analysis is ‘statistically significant’. 

From the above table it can be seen that the percentage of errors for the case with the arm rotated 
is higher than the other cases. This gives an idea as to how changes in the virtual environment 
can lead to visual-proprioceptive mismatch. Although most subjects reported that they were 
comfortable in ‘moving’ the virtual arm and touching the cube, we see the mistakes committed 
by them due to visual proprioceptive mismatch. The figures in the Appendix A show the bar 
graphs for the percentage of errors per condition concerning all the 10 subjects. 

The results established visual governance over the kinesthetic sense of hand position. The 
subjects effectively ignored all kinesthetic hand position information, and based their decisions 
on the relationship between the visual position information and the stiffness sensed. This caused 
a growing misperception of stiffness, resulting in incorrect judgments when stiffness of the cubes 
was interchanged. 

 

 
  



 33 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 



 34 

 

5 DISCUSSIONS AND CONCLUSIONS 

 

5.1 Discussions 
As mentioned earlier, the concept of Delay could have been implemented along with the 
interactions of the arm being rotated or being made to disappear. This would have made the 
study more interesting, along with the measurement of reaction times of each trial by each 
subject. Another aspect that could be done so as to enhance the interaction between the user and 
the virtual world is to implement the aspect of grasping in the hand. This makes it more real 
where the subject can actually grasp (hold) a cube and feels the stiffness, as in real life.  

As discussed in the chapter on Introduction, earlier research with regards to stiffness perception 
was based on visual cues (or auditory cues) coupled with haptic cues which lead to haptic 
illusions. Not much of research has actually been done on the aspect of visio-proprioceptive 
mismatch for the perception of stiffness of a virtual object. This Master Thesis dealt with such a 
study, and could definitely be improved upon if the above mentioned aspects are also 
incorporated.  

EEG (Electro Encephalography) Processing could also be performed to study the brain signals 
and the spectral modulations in the brain when the subject performs the movements of reaching, 
and if possible, grasping. This is definitely useful if this setup is thought of being used for the 
rehabilitation of people who have suffered from stroke. 

 

5.2 Conclusions 
 

This chapter concludes the thesis, by mentioning the main accomplishments of my work, and 
mentioning a number of future lines that have not been addressed so far. Haptic devices are used 
to widen a human being’s sense of touch into a virtual world, wherein the user can feel the 
geometry and other properties of virtual objects. Virtual hand haptic interactions play key roles 
in virtual environments, particularly when skillful handling of virtual objects is concerned. 

In virtual environments, it is not unusual for the felt and visual location of the hand to be askew 
and discrepant. Several studies show that, when visual and proprioceptive cues of the location of 
the hand are discrepant, the apparent location of the hand or a haptic stimulus to the hand will be 
strongly influenced by visual cues [12].  

The aim of this thesis was to design a virtual environment for tracking arm movements and to 
study the effect of visio-proprioceptive mismatch in stiffness perception during robotically 
manipulated conditions of the virtual environment. This has been addressed in this thesis with 
the VE having a virtual arm and a cube, as discussed in the previous sections. Stiffness of the 
cube is also varied during the experiment. The conditions of the arm being present, absent and/or 
rotated are embedded so as to confuse the subjects and study how a subject tries to avoid Visio-
proprioceptive mismatch arising due to change in the angle of the arm and stiffness changes in 
the cube. 



 35 

 

After performing 80 trials on each of the 10 subjects, the results were analyzed so as to find the 
percentage of error for each case (arm present, absent, normal direction and rotated arm). The 
results showed that for the case of the arm rotated the percentage of error committed was more 
than that in the case when the arm was in the normal direction in 9 of the 10 subjects. This study 
shows that although people tried to evade the Visio-proprioceptive mismatch, they still managed 
to commit a higher percentage of errors when the arm was rotated. Results indicate that the 
perception of stiffness is greatly influenced by visual information. 

The sensation of presence in virtual environments may be related to the mind’s attempt to 
integrate incomplete sensory cues to form a complete spatial model of the virtual environment, 
especially when deriving an accurate model is needed to prepare the body for action in the 
environment. Virtual environments provide fewer sensory cues than most physical environments 
do, but the user must be able to use these cues to walk towards, reach out, and manipulate objects 
in the environment. During the process of integrating and augmenting impoverished sensory 
cues, information from one sensory channel may be used to augment and help disambiguate 
information from another sensory channel. In some cases, as in this study, the process of 
intermodal integration may produce perceptual illusions that enhance the perception of 
information in one sensory channel (that is, cross-modal enhancement) or arouse reports of 
sensations in senses that have not been stimulated by the interface (that is, cross-modal illusions 
or synesthesia). 
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6 RECOMMENDATIONS AND FUTURE WORK 

6.1 Recommendations 
Now that the virtual environment is ready, the platform developed can be used for grasping of a 
virtual object. Also, it would have been good to measure the reaction times of each of the 
subjects so as to analyze as to which subject would react faster/slower and to which of these 4 
conditions. This would have given a better idea and a more accurate conclusion after the results 
are analyzed. There are various factors that influence reaction time such as psychological state, 
health, anticipation, state of alertness etc. Taking all these factors into consideration would have 
made the study more interesting.  
 
Subjects could also be made to answer a questionnaire would have made it interesting to 
investigate about the Sense of Ownership and Sense of Agency. The Sense of Ownership is 
nothing but the fact that the user actually knows that he is the owner of the movement. While on 
the other hand, Sense of Agency is the sense that user feels that he is the one controlling the 
movements, i.e. , the user is the agent of the movement.  
 

6.2 Future work 
The work that has been presented throughout this document leads to a large number of 
interesting issues that should be addressed in the future. Some of these are discussed below: 

I. EEG Processing 
 
Recording and analysis of 16 channel scalp activity to look at the spectral modulations of the mu 
frequency band while participants move their arm. 
 
 

 
Figure 13: EEG Processing 

 
 
 



 38 

 
II. Investigating other properties of the experience 

 
The task examined in this thesis was that of rating stiffness of virtual objects. Future work could 
adopt a similar approach to that used in this thesis to explore other haptic percepts, such as 
roughness and rigidity, the simulation of which is affected by physical limitations of force 
feedback hardware. Although some work has been done on the addition of auditory cues to 
haptic percepts of rigidity or hardness, none have focused primarily on the multimodal 
augmentation approach. 
 
 
III. Other issues 
 
These experiments did not collect measurements of confidence or time taken to make judgments, 
i.e. the response time. This might be an important factor to include in future work. 
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APPENDIX A: GRAPHICAL RESULTS 

This section depicts the graphs for the percentage of errors per condition for every subject 

 
Figure 14: Bar graph for Subject 1 

 

Figure 15: Bar graph for Subject 2 
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Figure 16: Bar graph for Subject 3 

 
 
 

 
Figure 17: Bar graph for Subject 4 
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Figure 18: Bar graph for Subject 5 

 
Figure 19: Bar graph for Subject 6 
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Figure 20: Bar graph for Subject 7 

 
 
 

 
Figure 21: Bar graph for Subject 8 
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Figure 22: Bar graph for Subject 9 

 

 
Figure 23: Bar graph for Subject 10 
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APPENDIX B: FUNCTIONS AND CODE 

This section of the report describes the functions used and the code implemented in the Project. 
At first we have the creation of the virtual world, and adding camera parameters. This is done by 
the following code (comments describe what the code actually does): 
 
// a world that contains all objects of the virtual environment 
cWorld* world; 
 
// a camera that renders the world in a window display 
cCamera* camera; 
 
// a light source to illuminate the objects in the virtual scene 
cLight* light; 
 
// create a new world. 
world = new cWorld(); 
 
// set the background color of the environment 
// the color is defined by its (R,G,B) components. 
world->setBackgroundColor(0.0, 0.0, 0.0); 
 
// create a camera and insert it into the virtual world 
camera = new cCamera(world); 
world->addChild(camera); 
 
// define a default position of the camera (described in spherical 
coordinates) 
cameraAngleH = 10; 
cameraAngleV = 0; 
cameraDistance = 3.0; 
updateCameraPosition(); 
camera->setClippingPlanes(0.01, 20.0); 
 
// create a light source and attach it to the camera 
light = new cLight(world); 
camera->addChild(light);                   // attach light to camera 
light->setEnabled(true);                   // enable light source 
light->setPos(cVector3d( 2.0, 0.5, 1.0));  // position the light source 
light->setDir(cVector3d(-2.0, 0.5, 1.0));  // define the direction of the 
light beam 
 
 
 
 
Next, is the creation of the cube and adding it to the virtual world. This is done using a creating a 
function createCube as shown below: 
 

    // a virtual object 
    cMesh* object1; 
 
    // create a virtual mesh 
    object1 = new cMesh(world); 
 
 // create a cube mesh 
    double boxSize = 1.6; 
    createCube(object1, boxSize); 
 
    // set the position of the object at the center of the world 
    object1->setPos(-7, 0.0, -1.5); 
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 //set the material properties 
 mat1.m_ambient.set(0.2, 0.6, 0.0); 
    mat1.m_diffuse.set(0.2, 0.8, 0.0); 
    mat1.m_specular.set(0.2, 1.0, 0.0); 
    //mat1.setStiffness(stiffnessMax); 
    mat1.setDynamicFriction(0.8); 
    mat1.setStaticFriction(0.8); 
 mat1.setStiffness(15); 
 object1->setMaterial(mat1); 
 
 // add object to world 
 world->addChild(object1); 
 

void createCube(cMesh* a_mesh, double a_size) 
 { 
    const double SIZE = a_size / 2.0; 
   // int vertices [6][6]; 
 
    // face -x 
    vertices[0][0] = a_mesh->newVertex(-SIZE,  SIZE, -SIZE); 
    vertices[0][1] = a_mesh->newVertex(-SIZE, -SIZE, -SIZE); 
    vertices[0][2] = a_mesh->newVertex(-SIZE, -SIZE,  SIZE); 
    vertices[0][3] = a_mesh->newVertex(-SIZE,  SIZE,  SIZE); 
 
    // face +x 
    vertices[1][0] = a_mesh->newVertex( SIZE, -SIZE, -SIZE); 
    vertices[1][1] = a_mesh->newVertex( SIZE,  SIZE, -SIZE); 
    vertices[1][2] = a_mesh->newVertex( SIZE,  SIZE,  SIZE); 
    vertices[1][3] = a_mesh->newVertex( SIZE, -SIZE,  SIZE); 
 
    // face -y 
    vertices[2][0] = a_mesh->newVertex(-SIZE,  -SIZE, -SIZE); 
    vertices[2][1] = a_mesh->newVertex( SIZE,  -SIZE, -SIZE); 
    vertices[2][2] = a_mesh->newVertex( SIZE,  -SIZE,  SIZE); 
    vertices[2][3] = a_mesh->newVertex(-SIZE,  -SIZE,  SIZE); 
 
    // face +y 
    vertices[3][0] = a_mesh->newVertex( SIZE,   SIZE, -SIZE); 
    vertices[3][1] = a_mesh->newVertex(-SIZE,   SIZE, -SIZE); 
    vertices[3][2] = a_mesh->newVertex(-SIZE,   SIZE,  SIZE); 
    vertices[3][3] = a_mesh->newVertex( SIZE,   SIZE,  SIZE); 
 
    // face -z 
    vertices[4][0] = a_mesh->newVertex(-SIZE,  -SIZE, -SIZE); 
    vertices[4][1] = a_mesh->newVertex(-SIZE,   SIZE, -SIZE); 
    vertices[4][2] = a_mesh->newVertex( SIZE,   SIZE, -SIZE); 
    vertices[4][3] = a_mesh->newVertex( SIZE,  -SIZE, -SIZE); 
 
    // face +z 
    vertices[5][0] = a_mesh->newVertex( SIZE,  -SIZE,  SIZE); 
    vertices[5][1] = a_mesh->newVertex( SIZE,   SIZE,  SIZE); 
    vertices[5][2] = a_mesh->newVertex(-SIZE,   SIZE,  SIZE); 
    vertices[5][3] = a_mesh->newVertex(-SIZE,  -SIZE,  SIZE); 
 
    // create triangles 
    for (int i=0; i<6; i++) 
    { 
    a_mesh->newTriangle(vertices[i][0], vertices[i][1], vertices[i][2]); 
    a_mesh->newTriangle(vertices[i][0], vertices[i][2], vertices[i][3]); 
    } 
 
    // set material properties to light gray 
  //  a_mesh->m_material.m_ambient.set(0.5f, 0.5f, 0.5f, 1.0f); 
  //  a_mesh->m_material.m_diffuse.set(0.7f, 0.7f, 0.7f, 1.0f); 
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  //  a_mesh->m_material.m_specular.set(1.0f, 1.0f, 1.0f, 1.0f); 
  //  a_mesh->m_material.m_emission.set(0.0f, 0.0f, 0.0f, 1.0f); 
 
    // compute normals 
 a_mesh->computeAllNormals(); 
 
 a_mesh->computeBoundaryBox(true); 
 
    // get dimensions of object 
    double size = cSub(a_mesh->getBoundaryMax(), a_mesh-> 
getBoundaryMin()).length(); 
 
 // define a default stiffness for the object 
    a_mesh->setStiffness(stiffnessMax, true); 
 
    // define some haptic friction properties 
    a_mesh->setFriction(0.1, 0.2, true); 
 
    a_mesh->setUseTransparency(true, true); 

} 
 
 
 
A virtual arm is added to the world to complete the virtual environment: 
 
//a virtual arm 
cMesh* rightHand; 

 
//Adding the right hand to the world 
 rightHand = new cMesh(world); 
 texture = "resources/models/hand/skin.bmp"; 
 shape = "resources/models/hand/right.3ds";  
 fileload = loadShapeMatTexture(rightHand,texture,shape); 
 if(!fileload) 
 return -1; 
 
 //world->addChild(rightHand); 
  
 // resize tool mesh model 
 rightHand->scale(0.5); 
 
 // rightHand->setPos(1, 1.5, 1.0); 
 rightHand->setPos(0.75, 6.0, 4.75); 
 
 // rightHand->translate(0, -9 ,0); 
 rightHand->translate(5, -9 ,0); 
 
 
 // remove the collision detector. we do not want to compute any 
 // force feedback rendering on the object itself. 
 
 rightHand->deleteCollisionDetector(true); 
 
 // attach hand to tool 
    tool->m_proxyMesh->addChild(rightHand); 
 
 // define a material property for the mesh 
    cMaterial mat; 
    mat.m_ambient.set(0.5, 0.5, 0.5); 
    mat.m_diffuse.set(0.8, 0.8, 0.8); 
    mat.m_specular.set(1.0, 1.0, 1.0); 
    rightHand->setMaterial(mat, true); 

      rightHand->computeAllNormals(true); 
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bool loadShapeMatTexture(cMesh* rightHand,const char* texture,const char* shape) 
{ 
 bool fileload; 
 
 cTexture2D* texture1 = new cTexture2D(); 
    fileload = texture1->loadFromFile(RESOURCE_PATH(texture)); 
    if (!fileload) 
    { 
        printf("Error - Texture image failed to load correctly.\n"); 
        close(); 
    } 
 
    texture1->setEnvironmentMode(GL_DECAL); 
    texture1->setSphericalMappingEnabled(true); 
 
    // load an object file 
    fileload = rightHand->loadFromFile(RESOURCE_PATH(shape)); 
  
    if (!fileload) 
    { 
        printf("Error - 3D Model failed to load correctly.\n"); 
        close(); 
    } 
 
    // resize tool mesh model 
    rightHand->scale(SCALE); 
 
 rightHand->setTexture(texture1, true); 
    rightHand->setUseTexture(true, true); 
 return fileload; 

} 
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