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Abstract—Navigation in 3D virtual environment is a popular
task in modern 3D applications. The main information is visual,
which leads to an incomplete acknowledgement of the virtual
environment, since other senses are impaired, such as touch or
hearing. Haptic devices provides kinesthetic information which
may improve the navigation capabilities of humans in virtual
environments, however 3D haptic applications use intensive low
level programming languages. This paper presents a 3D maze
haptic navigation based on kinesthetic perception of the walls
of the maze, wherein the walls surface have different properties,
thus a learning haptic process enables better navigation skills
after few trials. Experimental results done with a test users group,
is realized with Novint as the haptic device and Panda3D as the
haptic rendering system. Results with and without haptic cues
indicates a successful learning curve to navigate with haptic cues.
The haptic cues used are surface texture, viscosity, elasticity,
shape recognition and external force. The results highlight the
importance of haptic cues as navigation reference to improve the
performance of the users.

Index Terms—Haptic applications, virtual navigation, 3D ap-
plications.

I. INTRODUCTION

The 3D virtual environments impact is growing in such di-
verse fields from psychology and neuroscience [2], to rehabil-
itation [3] to manufacturing [1], to medicine with perspective
on minimal invasive surgery [5] and games [4]. Some tasks,
such as navigation, are common to 3D applications, and are
essential part of the application even when they are not the
main goal of the application. Navigation can be defined [7] as
the process whereby people determine where they are, where
everything else is and how to get to particular objects or places.
Navigation tasks usually requires spatial knowledge of virtual
environments and the self location within the virtual world,
because the visual information alone is insufficient to integrate
a conceptual map of the 3D virtual world; for instance visual
navigation aids are compared in [8] while [2] explores how a
3D human actor guides the user through the 3D environment,
however better results are obtained [9] with haptic sound and
kinesthetic coupling using visual and haptic cues to enhance
the interaction and perception.

A. Motivation

The above paragraph indicates that to achieve a better
perception and interaction capabilities on 3D environments,
visual aids and the human kinesthetic channel blend into a
data fusion to improve the information the user receives to
achieve better abstraction of the 3D world so as to improve
the performance during navigation tasks. The question is, if
somehow a dynamical kinesthetic interaction is established, as
we humans do when navigate in a cluttered environment, can
we learn better patters to navigate effectively? This question
has been explored previously in a static rather than dynamic
kinesthetic coupling, the fundamental question is then, what
else can we obtain from dynamic kinesthetic coupling? At first
sight, it seems that an evident positive answer can be obtained,
however is there any theoretical framework that provides a
fundamental support for this intuitive positive question?

B. Contribution and organization

In this paper, we explore an experimental setup with the-
oretical support to provide a some insight. To this end, we
explore visual aids and guided cues of haptic sensations to
allow a learning process on user such that the user identifies
useful clues on line to achieve the goal. In this way, a learning
haptic process is implemented for better navigation skills after
few trials. Experimental results suggest that data fusion allows
the creation of mental maps to improve navigation skills on
the labyrinth.

II. HAPTIC MODEL AND HOW TO CONVEY RICH

DYNAMIC KINESTHETIC COUPLING

In order to provide the user with realistic force feedback,
the haptic engine must allow the haptic rendering of complex
virtual objects properties leading to the need of two kinds of
objects properties: dynamic properties (eg. stiffness, elasticity)
and surface properties (eg. texture, roughness). The most
important issues of a new paradigm [5] for haptic rendering
both object properties is presented in this document.
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A. Orthogonal decomposition haptic rendering algorithm

The first step in the orthogonal decomposition algorithm is
to obtain the dynamic equation of the haptic device. The haptic
device is modeled as a chained linked robot:

H(q)q̈ + C(q, q̇)q̇ + g(q) = τ + τh (1)

τh = JTFh (2)

where q, q̇ ∈ Rn are vectors that represents the joints positions
and velocities, n is the number of degrees of freedom (DOF),
H(q) ∈ Rn×n denotes a symmetric positive defined inertia
matrix of the haptic device with H(q) = H(q)T positive
defined, C(q, q̇) ∈ Rn×n is the Coriolis forces matrix with
1
2

˙H(q) − C(q, q̇) an antisymmetric matrix, g(q) ∈ Rn is the
gravitational force vector, τ ∈ Rn stands for the torque input,
J ∈ Rn is the haptic device’s analytic Jacobian, Fh ∈ R3 is
the human input force, τh ∈ Rn represents the torques input
due to Fh, this is presented in Fig. 1.

Fig. 1. Dynamic coupling of haptic device and human operator.

B. Joint manifolds

The virtual object’s dynamic properties are generated by
two manifolds defined as an implicit functions of the joint
variables or generalized coordinates q as follows:

Vo = {q ∈ Rn | ϕ(q) = 0} (3)

Vpsi = {q ∈ Rn | ψ(q) = 0} (4)

with ϕ(q) : Vo → R called object manifold and ψ(q) : Vpsi →
Rn called psi manifold.

It is possible to define ϕ(q), ψ(q) such that the matrices:

P =
JTϕ Jϕ

JϕJTϕ
(5)

Q =

⎡
⎢⎢⎢⎣
Jψ1

Jψ2

...
Jψn

⎤
⎥⎥⎥⎦ (6)

where

Jϕ =
[
∂

∂q1
ϕ(q), . . . ,

∂

∂q
ϕ(q)

]
(7)

Jψi
=

[
∂

∂q1
ψi(q), . . . ,

∂

∂q
ψi(q)

]
(8)

the following properties are fulfilled:

P1 : rang[P ] = 1
P2 : rang[Q] = n− 1
P3 : Q = I − P
P4 : PT = P
P5 : PP = P
P6 : QT = Q
P7 : QQ = Q
P8 : PQ = 0
P9 : JϕQ = 0
where I ∈ Rn×n is the identity matrix. This matrices

allows the orthogonal decomposition of a vector with respect
to manifold defined by ϕ(q) − a0 = 0 where a0 is a
constant scalar. The matrices P and Q allows the orthogonal
decomposition [6] of any vector in Rn as follows: given a
vector v ∈ Rn and given that P y Q expands all the space
Rn and projects v onto the normal and tangent spaces to
ϕ(q) − a0 = 0 respectively, the orthogonal decomposition of
v is done as follows:

v = Pv +Qv (9)

where Pv and Qv is the normal and tangent components of
v respectively.

The pseudoinverse of Jϕ is defined:

JTϕ∗ =
JTϕ
JϕJTϕ

(10)

C. Orthogonal decomposition of human torque

Given the properties (P1,...,P9) any given vector τh in Rn

applied over the end effector of a robot or haptic device could
be decomposed as follows:

τh = Pτh +Qτh = JTϕ λ+Qζ (11)

where λ = Jϕ

JϕJT
ϕ τh

represents the magnitude of τh in the

normal direction of ϕ(q) and ζ = Qτh represents the tangent
component of τh referenced to ϕ(q) as is shown in Fig. 2.
This principle is known as orthogonal decomposition and was
proposed by Arimoto [6], this principle was applied only
during interaction with infinitely rigid objects and in this work
we extend the results to nonlinear deformable and cutting
objects.

This procedure permits the orthogonal decomposition of
the human torque in the normal and tangent direction of the
manifold ϕ(q) in joint space.

Authorized licensed use limited to: Universitaet Mannheim. Downloaded on February 10, 2009 at 11:03 from IEEE Xplore.  Restrictions apply.



Fig. 2. Orthogonal decomposition of τh ∈ R3 over a surface represented
by a virtual sphere represented by ϕsphere(q) = q2

1 + q2
2 + q2

3 − r2 = 0
using equation(11).

III. APPLICATION DEVELOPMENT

We now introduce the experimental setup designed to prove
this paradigm. In this sense, first, the analysis of all compo-
nents are presented. The analysis of the application platform is
based on three programming layers, each one provides control
over specific component, being: i) the haptic device; ii) the 3D
engine, and iii) the communication between both layers.

A. Programming layers

Developing 3D haptic virtual environments requires low
level programming language to generate the haptic engines
that solves the differential equation model at every time
sampling, validates the stable behavior and establishes the
communication between the user application and the haptic
device driver. In this programming layer the haptic effects
and complex force calculations are done, based on the model
presented in Section 2, see Fig. 3. In this way, the user
can perceive a dynamical kinesthetic coupling, which in turn
provides a rich perception on the contact surface and in this
way, the user can build mental maps to discriminate the right
road map to navigate in it. Notice that this is a memory-based
haptic approach.

Fig. 3. Programming layer levels

B. The haptic engine

The haptic engine is a low level programming layer that
computes the solution at each time, that is the kinematics of
the whole virtual world, including contact force. In this way,
the solution is ready to establish a communication between
the haptic device and the PC. This engine also provides the
mathematical computation required to update the haptic device
proxy at the given position and velocity, based on the physic-
based model of the interaction between the virtual objects and
the proxy of the real haptic display.

This layer has a heavy-duty computational load and must be
update at high rates, around 1000 Hz, because of we human
perception of forces and shapes [10]. The haptic device used
in this work is the Novint model from Falcon [11]. This
devices has 3 degrees of freedom (DOF) of motion along
x, y, z orthogonal cartesian axis, which provides energy to
actuate the virtual world, so the haptic rendering algorithm
depends on the solution of the model of Section 2 at every
instant. The Novint haptic robot has 4 buttons in its handler
which can be used to interact with the application, see Fig. 1.

The haptic engine takes advantage of the software devel-
opment kit (SDK) provided by Novint company to generate
a software library, in this way we create our own haptic
effects, along with physic models for virtual objects and
complex vector and matrix calculations. Finally, we obtain the
displacement and velocity of the haptic device during contact
to virtual objects and update all elements of the virtual world.

C. Orthogonal decomposition algorithm

The haptic rendering force is done using a complex algo-
rithm based on the orthogonal decomposition [5] presented
in previous section, this algorithm enables the rendering of
nonlinear dynamic properties for the virtual objects along with
complex surface, in this way, the haptic device display the
forces coming from this interaction and the human operator
perceives its surface properties like textures and tangent fric-
tion, so that the human operator can discriminate from one
another and in this way, the human operator can classify the
road map according to successful/failure trials. In this way,
haptic memory is built over mental haptic maps in the human
operator, so that haptic memory indicates him/her a better
choice to navigate next time.

The question remains, how can we human operators achieve
this? in this paper we surmise that rich haptic stimulation is
required so that the human operator can discriminate different
successful paths. Evidently, dynamic coupling can be an
option, rather than penalty-based static kinesthetic coupling.
So, anyway, we need a way to provide the dynamic kinesthetic
coupling between the virtual world and the real human per-
ception system. One way to achieve this is to model the whole
nonlinear dynamics behavior of the haptic device together with
nonlinear dynamical haptic virtual world.
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According to the virtual object dynamic properties, the two
manifolds 3 and 4 are reinterpreted for haptic rendering pur-
pose. The manifold ϕ(q) represents the virtual object contour
when ϕ(q) = 0, through it, we simply assign a dynamic
behavior to the dynamical model based-on ϕ(q). The goal of
the algorithm is to decompose the closed-loop dynamics of
the haptic device together with dynamic model of the virtual
world,modeled in their orthogonal coupled dynamics so as to
a control may guarantee that the real human operator behaves
stably. To this, it is necessary that the haptic display and
rendering algorithm be realistic such that the human operator
reacts normally and he/her produces an stable behavior.

To this end, consider the following control law

τ1 = C(q, q̇)q̇ + g(q) − PH(q)Jϕ∗J̇ϕq̇ −QH(q)Q̇q̇
−JTϕ λd −Qζd (12)

P =
JTϕ Jϕ

JϕJTϕ
(13)

where Jϕ ∈ �n and Q ∈ �n×n are the jacobian matrices of
functions ϕ(q) and ψ(q), respectively, while Jϕ∗ is the pseudo
inverse of Jϕ. Substituting (12) in (1) the closed-loop equation
is

ϕ̈(q) = Mϕ(λ− λd) (14)

ψ̈(q) = Mψ(ζ − ζd) (15)

with

Mϕ = JϕH(q)−1JTϕ ) (16)

Mψ = QH(q)−1Q (17)

The variables ϕ, ϕ̇, ϕ̈ represents the virtual objects position,
velocity and acceleration of the deformation, respectively. The
variable ψ, ψ̇, ψ̈ stands for the tangent position, velocity and
acceleration respect to the virtual object surface, while λd, ζd
are a key variable used to induce, through the haptic display
(in this case, the Novint robot), the virtual object dynamics
to the human operator [5]. In this way the haptic rendering
algorithm displays the updated virtual world and the haptic
display transmits the force contact vector to the hand of the
human operator at fast rate. This algorithm enables perception
of nonlinear virtual dynamics so as to the human operator can
discriminate among different walls while navigating in the ”3D
Maze Navigation” world.

D. The application engine

The application engine is the highest programming level
layer, which provides the application graphics like 3D virtual
objects, labels and text on screen, texture mapping, the man-
aging of the graphics attributes, the generation of sounds, the
control of interruption to map properly input/output addresses
of peripherals mouse and keyboard, the application window
managing and any other high level peripheral. This layer works
at low rates from 30 to 100 Hz without affecting the human
perception (remember that the visual refresh of human per-
ception is below this rate, so humans do not lose information

above this rate). The application engine used in this work is
based on the free graphic programming tool Panda3D [12],
which allows, when properly programmed, an stable haptic
rendering, see Fig. 4. Since Panda3D is a library of subroutines

Fig. 4. Panda3D screenshoot.

for 3D rendering and game development, written in C++,
based on Python bindings under Disney Studios guidelines,
now an open-source engine supported by the Entertainment
Technology Center at Carnegie Mellon University, it is plat-
form independent and exportable under current open source
C++ based simulators. For this paper, the Panda3D engine
for Windows is used, then the data interchange is essential
in haptic applications because the simultaneously generation
of visual and kinesthetic stimulation provides the user with
redundant information. A simple example is when the user sees
the virtual 3D wall and Panda recreates, through the haptic
rendering engine, the contact force with the wall which is
displayed via the haptic device, in this case the the Novint
haptic interface.

E. The interoperability layer

When the Novint does not change its orientation, the ren-
dering could lead to change in the orientation of the scenario
so this transformation must be consider such that the haptic
device provides the correct force feedback onto the human
operator, depending on the virtual contact world state. This
communication could be achieved by data sharing via internet
like [13].

In this work, a dynamic linked library (DLL) was pro-
grammed in order to establish the communication between
the haptic engine and the visual engine. This DLL gives
the visual engine the position and velocities of the haptic
device, obtained by the haptic engine. In the other hand the
DLL gets the state of the 3D environment and the haptic
rendering setup and takes this data to the haptic engine so
a consistent rendering of forces could be achieved. This DLL
was programmed in Visual C++ using Novint Falcon SDK, and
it is used in Panda3D through Python programming language.

IV. 3D ENVIRONMENT NAVIGATION

During navigation users has three spatial knowledge: land-
marks, route and survey knowledge [14]. In unfamiliar envi-
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ronments people first learn about landmarks, which are distinc-
tive environmental features, the second information is obtained
by route knowledge, this developed from a first person per-
spective. Finally the survey knowledge ”is developed from a
third person perspective (e.g., through maps) or by extensive
traveling in an environment and describes relationships among
locations allowing users to assess where certain objects are
located with respect to others in the environment” [8]. This
work is centered in the survey knowledge enhanced by the
haptic feedback stimulation, so in order to just evaluate this
knowledge, the other two must be inhibited.

V. HAPTIC MAZE: A PROPOSAL FOR BENCHMARKING

TESTS

We developed an application to test the influence of haptic
cues during navigation in 3D virtual environments under 3D
maze or labyrinth environment. The maze consists of five
rooms with haptic cues and a dummy room without haptic
cues, each room with four branches, the first branch is the
entrance to the room, the other three are exits, see Fig. 5.
Each room has one haptic cues, which is different from the

Fig. 5. Room configuration in the haptic maze.

other haptic cues of other rooms, as follows

1 Textured walls: the walls, floor and ceiling of the room
has different texture type than the other rooms.

2 Environmental viscosity: navigation along the room
presents a linear opposition, when viscous friction such
as F = −bv where v is the displacement velocity and b
is the viscous friction coefficient.

3 Elastic contacts: the walls, floor and ceiling of the room,
may be assigned a different type of stiffness, so different
contact forces are perceived according to the restitution
Joule law.

4 Hide objects: in this room a non visible virtual object
is haptic render, so the user perceive a virtual sphere
interfering the navigation.

5 External force: in this room a fluctuating force in just
one direction is applied all over the room.

The maze has only one correct exit combination for each room,
eg. Room A = right, Room B = left, Room C = straight,
etc. The correct route trough the maze is defined before the
experiment begins and is changed for each user. The maze
objective is to pass all over the rooms using the correct route
according to succesful/failure trials.

In order to inhibit an objective landmark recognition by the
user, all rooms has the same form and dimension with same
walls textured graphics and same spatial distribution. In order
to inhibit the route acknowledge of the user, the rooms are
presented in random order so the correct route is not in the
same order all the time, see Fig. V. To achieve 3D immersion

Fig. 6. Room sequence in the haptic maze.

a headtracking device was develop using infrared camera an
infrared LEDs glasses [15]. This device enables the rotation
of the camera depending on the movement of the user head
respect to the screen.

VI. EXPERIMENT SETUP

To establish the influence of the haptic cues in 3D virtual
navigation, the 3D virtual maze application has the following
directions:

1 The objective of the user is to find the correct route
along the rooms.

2 The rooms are labeled such that the user identifies them
on screen. During trials with haptic cues enabled the
labels are hidden so that the unique reference is the
kinesthetic stimulus.

3 Once the user has passed all the rooms, the score of each
room is presented showing in which room the branch
taken was correct or wrong.

4 The experiment ends when the user takes all the correct
branches.

5 The haptic cues are enable and disable according to the
testing group of people.

6 The haptic rendering of walls, floor and ceiling is always
enabled but the texture rendering is enable in the haptic
cues enable modality.

7 The first room does not contain present haptic cues and
is used to learn the navigation issues of the application.

The experimental results shows that during the 3D navigation
with haptic cues enabled takes more time for the users to
accomplish the maze objective, but in other hand the haptic
cues helps in the generation of a mental map of the virtual
environment as is presented in the following section.
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VII. EXPERIMENTAL RESULTS

The 3D haptic navigation was tested in a group of 16
persons of different ages between 14-35 years old, with
different 3D virtual environments backgrounds. To establish
the influence of the haptic cues in 3D virtual navigation the
group was divided in a group of 8 persons used the maze
application with haptic cues enabled and 8 persons used the
maze application without any haptic cue. The experimental
results show that the users navigating without haptic cues
realized the task with average of 30% less time than the
persons experimenting the haptic cues, this due to the time
used for cues recognition and interpretation. The same tests
with the same configuration were applied for each user after
a short time, and the experimental data shows that 75% of the
persons that experiment the haptic cues needed less time to
accomplish the task compared to 25% of the persons without
haptic cues. This is a relevant information obtained from the
experiments and it is established in the following sentence:

Kinesthetic information retrieved by users during 3D virtual
environments navigation established a stronger and durable
mental abstraction of the virtual world than just memory
acknowledge. This result shows that although in the first case
the task is realized in minor time, the haptic cues provides
an important information for mental abstraction that remains
longer in users memory, we call this fact haptic learning.

VIII. CONCLUSIONS

It is surmised that unknown haptic clues allows to build
haptic mental models for better navigation skills in 3D vir-
tual environments. We provided a theoretical framework to
allow to establish the trade efforts for haptic interfaces for
navigation. The main source of information is visual which is
complemented with haptic feedback. The novelty is the way
we allow to build haptic memory to discriminate contact states
over time and command motor commands to achieve the goals.
Experimental results based on 16 subjects, using Novint as the
haptic device and Panda3D as the haptic rendering system.
The haptic cues are mechanical properties of surface texture,
viscosity, elasticity, shape recognition and normal force. The
results highlight the importance of haptic cues as navigation
reference to improve the performance of the users.

IX. FUTURE WORK

During the experiments presented in this work, landmarks
acknowledge and route acknowledge during 3D navigation
were inhibited.The survey acknowledge were provided by
haptic cues, the cues used in the application provided the user
of the application of a better abstraction of the virtual world,
but Which acknowledge provides a more durable mental ab-
straction of the virtual world? A future work must deal about a

comparative study between landmarks, route and haptic survey
acknowledge in 3D navigation. An other possible work must
be a comparative study between the different acknowledge
provide for each haptic cue type.
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