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Abstract: The Novint Falcon parallel robot is an inexpensive device originally created as a
joystick for the video game industry. However, its closed structure and low price make it an
ideal platform for the development of science-oriented virtual reality applications with force
rendering. Although its three Degrees of Freedom (DOF) are adequate for a wide variety of
situations where the user feels feedback forces by modifying the end-effector’s position, more
complex haptic applications require three additional DOF so feedback torques related to the
end effector’s orientation can be generated. This paper reports a first approximation for the
creation of a spherical wrist prototype that increases the Novint Falcon’s dexterity. A virtual
reality application was developed in order to showcase the mechanism’s new functionality.
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1. INTRODUCTION

The delta robot created by Raymond Clavel [Clavel, 1990]
is a three degree of freedom (DOF) parallel mechanism
consisting of a fixed base, a series of kinematic parallelo-
grams and an end-effector that can perform translational
motion along three axes while remaining parallel to the
base. This design offers several advantages over a serial
manipulator: lower end-effector inertia, higher payload-
carrying capability, greater speed and acceleration, better
position accuracy, among others. The delta architecture
is widely used in the industry for pick-and-place tasks,
but due to the previously described characteristics, this
robot can be extremely useful in other areas. Based on the
delta mechanism, a company called Novint created the
Falcon robot, which was focused to create video games
and haptics applications. This device offers a suitable
platform for the development and research in the haptic
and virtual reality areas at a low cost. However, despite
its many advantages, the three DOF limit the range of
motions the human operator can perform, reducing the
robot’s overall applicability. Adding three DOF to the
mechanism through a spherical wrist would make it a
more versatile device than it already is.

There are robots in the market with similar functionality,
like the Omega 3, 6 and 7, Sigma 7 from Force Dimension.
All of these are designed for haptics applications but each
of them has different features. The Omega series of robots
have a parallel structure and have 3, 6 or 7 DOF. The
seventh DOF is used to simulate the use of a tool. The
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Sigma 7 differentiates from the Omega series because all
of the former’s DOF are actuated, while in the latter only
the first three DOF are active. The biggest downside of
these devices is their high price, while on the other hand
the Novint Falcon can do similar tasks at a fraction of the
cost.

The motions the Novint Falcon can perform are shown in
Figure 1. The end-effector can translate along the z, y and
z axis while keeping a fixed orientation. With these DOF,
this device has proven to be versatile enough to be used in
a wide variety of areas, such as teleoperation, virtual real-
ity and medicine. However, advanced haptics applications
such as surgery simulators require a dexterous mechanism
capable of positioning and rotating its end-effector.

This paper presents the design and attachment of a
spherical wrist prototype to the robot, its control and
a simple virtual reality application demonstrating its new
functionality.

The article is organized as follows: the mechanical struc-
ture of the spherical wrist mechanism and its kinematic
structure is presented in Section 2. The development of
a virtual reality application showcasing the Falcon’s new
capabilities is shown in Section 3. Section 4 gives some
general control aspects used in this work. Concluding
remarks are given in Section 5.
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(¢) Vertical movement.

Fig. 1. Range of motion of the Novint Falcon along the
three axes.

2. SPHERICAL WRIST DESIGN

A spherical wrist is a mechanism that satisfies the follow-
ing criteria [Spong et al., 2006]:

e It has three DOF.

e The three axes of rotation are perpendicular to each
other.

e The three axes of rotation intersect at a common
point called the wrist center.

in robotics the main advantage of using a spherical wrist
is to confer a mechanism the extra 3 DOF that enable
decoupling of position and orientation, i.e. they can be
computed separately and thereafter joined to find the
total solution. This property is what made a spherical
wrist an ideal candidate for modifying an already existing
device: it allows to attach the mechanism to the robot
as in a modular design. Considering all of the above
characteristics of a spherical wrist, the goals for designing
the mechanism to be used in conjunction with the Novint
Falcon are:

e The cost should be low in order to achieve similar
functionality to the robots that already exist in the
market at a lower price.

e The wrist should be light enough so the robot can
still easily move around its end-effector.

e All three DOF must be actuated.

With these criteria in mind, the wrist shown in Figure 2
was designed. Each link’s geometry is such that the next
axis of rotation will be perpendicular to the previous
one. The wrist has three DC motors, one for each joint,
controlled via Pulse-Width Modulation (PWM).
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Fig. 2. Render of the designed spherical wrist mechanism.

Figure 3 shows a picture of the robot with the attached
mechanism, where a pen-like end-effector was added.

Through the Falcon’s grip interchange feature, the mecha-
nism can be attached/detached at will, effectively making
the wrist an upgradeable module. This means that future
improvements can be prototyped and tested with ease
without the need of a physical modification of the Falcon’s
kinematic chain.

The wrist adds a weight of approximately 4.3[N], which
is less than the maximum force the robot can exert, thus
it can be compensated through the control algorithm.
This is important because a heavy end-effector can bring
discomfort to the user’s wrist or shoulder, especially after
an extended usage period. This also limits the forces the
robot can display and lighter motors may be used in a
future iteration of the wrist design.

The electronics required to control the mechanism were

also developed. A Printed Circuit Board (PCB) was
designed to fulfill the following tasks:

e Rotation speed and direction control of each motor
with PWM through an H bridge and a microcon-
troller.

e Provide optical isolation between the logic and power
circuits.

e Use of a single 12[V] power supply.

The microcontroller interfaces to a PC through a USB
port, enabling the wrist to be used in a virtual reality
(VR) application.

2.1 Kinematic analysis

The direct kinematics of the wrist prototype was calcu-
lated using the Denavit-Hartenberg convention. Figure 4
shows a diagram representation of the wrist where the ref-
erence systems were assigned by following the algorithm.
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Fig. 3. Falcon robot with the spherical wrist prototype
attached.

Fig. 4. Denavit-Hartenberg algorithm applied to the
spherical wrist.

Link | a;[mm] | di[mm] | a;[°] | 0:[°]
1 0 0 -90 01
2 0 0 90 02
3 0 54 0 0>

Table 1. Denavit-Hartenberg parameters.

Table 1 shows the Denavit-Hartenberg parameter ob-
tained from the mechanism’s dimensions and geometry.
By using this algorithm the homogeneous transformation
matrices Ay, Az, A3 can be systematically computed. For
the designed mechanism, these matrices are

cos(61) 0 —sin(61) O
| sin(f1) 0 cos(f1) O
A= 0 -1 0 0 @
0 0 0 1
[ cos(f2) 0 sin(62) 07
in (0 0 — 62) 0
Ay — sm(021) 0 co(s]( 2) 0 2)
L 0 0 0 1]
[cos(03) —sin(63) 0 0 7]
| sin(#3) cos(63) 0 O
As = 0 0 lds ®)
L O 0 0 1 ]
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and the total transformation is °T3 = A; A3 A3
cliclacls — 501803 —ch3s01 — ch1chos03 cOys02 dzchisbhs
clacl3501 + cO1s03 cOicls — clas01503 s01505 d3shisbs
—cl3s021 5035621 cOo dscla
0 0 0 1
(4)

With this matrix the mechanism’s orientation referred to
the Falcon’s end-effector reference system can be calcu-
lated.

oy =

3. VIRTUAL REALITY APPLICATION DESIGN

A virtual reality application was developed to show the
Falcon’s new functionality. The objective was to create an
environment with which the user can haptically interact
using a keyboard and the robot. This was achieved
through the game engine Unity. Figure 5 shows a diagram
of how the VR application works. The user interacts with
the virtual world through the robot, which communicates
with Unity using a Dynamic Link Library (DLL) provided
by Novint. This DLL is only available on a 32 bits
architecture and so Unity 5.6.6 was used because it’s the
last version that supported said architecture. The DLL
has the necessary functions to establish communication,
read the encoders and move the actuators. The wrist
mechanism is controlled by an Arduino Due, and it
performs the same functions as the DLL does for the
Novint Falcon. Unity responds to the user’s actions by
updating the camera’s rotation and position in the virtual
world and provides visual feedback by displaying an image
on the screen. Finally, if the user interacts with an object
in the virtual environment, Unity communicates with the
robot to render the required forces.

The user is placed in a room that can be explored and
interacted with from a first person perspective. There are
two states in which the user can be: exploration mode and
valve scene mode.

3.1 Exploration mode

The goal of this first state is for the user to explore
the virtual world. This is achieved by translating and
rotating the camera from which the environment is seen.
By using the keys w and s, the user can move forward and
backwards respectively. The same is achieved in the left
or right directions by using the keys a and d. In order to
look around, the user has to move the robot’s end-effector
horizontally or vertically as in Figure 1(b)-(c), which will
rotate the camera in those directions. By combining all of
these actions the user can explore the virtual world in a
similar way to a first person video game.

3.2 Valve scene mode

The second state of the virtual reality application involves
interaction with a valve located on one of the room walls.
If the user points a crosshair located at the middle of
the screen directly to the valve as shown in Figure 6 and
presses the e key, a series of actions are performed:
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Fig. 5. Diagram of the VR application.

Fig. 6. The valve scene.

e The camera view is placed in front of the valve and
the user is locked in place.

e A position controller, whose goal is to regulate the
first five robot joints to the home position, is started.

e Haptic feedback is provided by simulating viscous
friction on the last joint of the robot when the user
rotates the end-effector about its rotation axis.

The goal of the above actions is to temporarily “lose”
five DOF on the robot so the user can interact with
the virtual world exclusively by rotating the end-effector
about its own axis, making the virtual valve’s angular
position change at a maximum rate of 60[Hz], which is
the monitor’s refresh rate.

Finally, the user can return to the exploration mode by
pressing the Esc key.

4. CONTROLLERS DESIGN AND PERFORMANCE

Two controllers were designed for the virtual reality
application: one for the exploration mode and another
for the valve scene mode.

During the exloration mode an open-loop controller is
applied to compensate the wrist’s weight. This avoids
strain on the user’s arm. The Novint Falcon creates an
upwards constant force that carries the mechanism, and
the user feels like the end-effector is just as light as the
original robot’s grip. An open-loop control is suitable
because the wrist’s weight is constant and the user should
be able to move the end-effector freely.
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During the valve scene mode a closed-loop controller is
used to regulate the joints at the home position. This is
done by the control law

U = Upos + Uy ()

where

t
Upos = K + Kaf + K, /O g dt (6)

is a Proportional Integral Derivative (PID) controller that
regulates the robot’s position and

Ufy = Kqu (7)

simulates viscous friction. K, Kq4, K; are positive defi-
nite gain matrices that affect the first five joints of the
robot. ¢ = qq — q is the position error and q is its
derivative. K¢, is also a gain matrix, and its only non-
zero element affects the last joint exclusively. The user can
modify this matrix during execution to simulate various
degrees of friction.

4.1 Controller performance

During exploration mode the open.loop controller takes
place. Unity reads the robot’s position and uses that
information to move the user around in the virtual world.
No graphs can be shown for this mode because the user
can move the end-effector freely.

However, experimental results can be shown for the valve
scene mode, where the PID controller takes place. Figures
7-11 show the graphs of each joint during the scene.
The dashed line represents the reference signal, while the
continuous line is the real signal. Perturbations which are
shown in each graph were added during the experiment
to see if the controller could compensate them. There is
no position regulation at the last joint, so Figure 12 only
shows its angular position.
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Fig. 7. Graphs of x position.
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Fig. 8. Graphs of y position.
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Fig. 10. Graphs of the wrist’s first joint.
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Fig. 11. Graphs of the wrist’s second joint.
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Fig. 12. Graph of the wrist’s third joint.

5. CONCLUSIONS

An inexpensive spherical wrist prototype was developed
for the Novint Falcon robot. Due to the mechanism’s
properties and the Falcon’s grip interchange feature the
design is modular, thus enabling easy upgrades and mod-
ifications. Similar functionality to the mainstream hap-
tic robots was achieved at a significantly lower price.
This could potentially make developing haptics and vir-
tual reality applications more affordable and accessible
to budget-limited projects. However, significant improve-
ments can be made to this prototype. Cable management
has to be made to prevent tangles and interference while
moving the robot. Smaller motors would make the whole
mechanism more compact and lighter at the cost of lower
torque capability. Finally, a lighter and more resistant
material is preferred for a future iteration.

The virtual reality application showed the robot’s capa-
bilities and will serve as a basis for future development of
more complex haptics apps. More sophisticated control
algorithms are yet to be tried.
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