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Abstract. Haptic interaction is enabled by a special sensor modality that combines sensing and action. The energy and
information flow is bi-directional, so that, as the user touches and manipulates objects, he/she simultaneously changes
their state and receives information about them. In our interactions with the world, haptics adds not only a compelling
dimension to the information we receive, but also another means for expressiveness in our actions as well. The design
of haptic interfaces to simulate virtual or real environments is a challenging problem in robotics, human-machine
interface and computer graphics. The dynamic interactions among the human operator, the mechanism, sensors,
actuators, the physic-based simulation, and the evaluation of the overall system bring interesting questions and
important practical concerns. The focus of this work is on the design and implementation of simple haptic interface
with a single degree-of-freedom. The goal was to design and to build a haptic interface that allows the simulation of
virtual environments being able to be use in teleoperation applications. Based on the desired specifications for the
haptic device, we implemented the mechanical prototype, the electronics, the control algorithms and the virtual
environment to build our haptic interface.
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1. Introduction

As a natural step beyond the dream of interacting with virtual worlds, enabled by today computers, the ev
increasing development of new technologies has ushered in a new research area, which has been named “Haptics’™
Haptic interfaces are systems that provide kinesthetic and force feedback information to the user through physical
interaction, enabling a realistic perception of virtual or real remote environments. Many authors use the word haptic to
describe the use of hands and tactile sensibility to explore and manipulate the environment. Haptic systems, which are
composed of mechanical, electronic, and software, are controlled by the human contact forces and may be programmed
to elicit to the user the sensation of forces and torques associated with different environments, real or virtual.

Recently, haptic interfaces have become a redlity that emerged from the synergy among the areas of robotics,
computer vision and computer graphics (Ansar, 2001; Massie, 1994; Colgate, 1995; Burdea, 1996; Basdogan, 1999;
Y okokohji, 1999; Hollerbach, 2000). This has allowed the deployment of powerful immersive tools. A haptic interface
has two basic functions: to measure positions/forces (and their time derivatives) at the user's interaction port and to
display forces/positions back to the user (human operator, as depicted in Figure 1). The user's interaction port is the
region where the user touches the haptic device and where the energy is exchanged between the user and the haptic
device. Figure 1 presents a generic diagram of a haptic interface. Broadly speaking, a haptic interface is composed of a
haptic device and a computer, which runs algorithms to simulate virtual environments — the Environment Simulator, and
also controls the haptic device — Control System, as presented in Figure 1.

A Haptic device, as one of the fundamental components of a haptic interface, is a mechanical structure with
actuators and sensors that is used to capture the user's movements (position and orientation) and is able to apply forces
and torques back to the user as afeedback of the interaction with a synthesized environment, or real.

Haptic rendering is the process of providing display to the sense of touch, by setting the stimulus, which
correspond to the physical entities being displayed by a haptic device. The goal of haptic rendering, which is analogous
to the techniques used in video or image display — thus render — images, is to enable arealistic perception of touch when
immersed in an environment which may be built of virtual and/or real objects. Typically, a haptic rendering algorithmis
composed of two main parts. collision detection and collision response. As the user manipulates the probe of a haptic

L “Haptic” comes from the Greek word haptesthai which means related to, or based on the sense of touch or tactile
feedback (Webster, 1985)



device, new positions and orientations of the haptic probe are acquired and collisions with virtual objects are detected.
If acollision is detected, interaction forces are computed using a priori defined rules and models for collision response.
All these stimuli are conveyed to the user through the haptic device in order to provide him with the tactile
“appearance” of 3-D objects as well as their surface features. The design of a haptic interface is a complex task, since it
involves mechanical design, control architecture, dynamic interaction and visual display.
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Figure 1. Generic block diagram for haptic interfaces.

With the introduction of high-fidelity haptic devices, it is now possible to simulate to the human perception system
the feeling of smooth surface textures on complex shapes under dynamic conditions (Ho, 1999). Just as computer
graphics is concerned with synthesizing and rendering visual images, computer haptics is the science of developing
software algorithms that synthesize computer generated forces to be displayed to the user for perception and
manipulation of virtual objects through touch (Basdogan, 1999).

This paper describes a design of a single degree-of-freedom haptic interface, used initialy as force feedback device.
The focus is on the design, implementation and evaluation of the different parts of such device.

2. The Haptic Device Design

The haptic device implemented was designed to be a low cost device, simple to be manufactured and assembled.
The main goal in the design phase was to obtain a prototype of a force feedback joystick with a single degree-of-
freedom.

This work applies the framework presented by Rodrigues (2002), addressing the issues for haptic device design. As
pointed at Section 2, the goalsin the mechanical design were:

1. High backdriveahility - Looking the work done so far, the consensus seems to be that the “ideal” haptic interface
device is one that is highly backdriveable. This is an important characteristic because it is necessary a maximum
reality during the haptic task. This is a mechanical feature, which allows a mechanism to be driven either at its
input or its output. Backdriveability is indispensable for a haptic device, since forces that are applied to its output
needs to be transferred back to its inputs. Since haptic interfaces are used both as input and output devices, high
backdriveahility is not only necessary but it is the main mechanical feature of a haptic device.

2. Inertia - Another important characteristics to haptic device is low inertia. This because the user must feel his hand
free in the space when he is moving the haptic device in free space. If the haptic device has a heavy mechanical
structure, the user won't be able to move his hand in free space without feeling some reaction (inertia). 1deally, a
haptic device should be transparent in the sense that throughout the interaction the user should perceive only the
objects in the virtual environment. The larger inertia presented by the haptic device, the more it would degrade the
rendering of the real object being displayed. A bulky mechanical structure will inevitably provide jerky motions to
the user, which would be clearly sensed in the free space displacements. Keeping inertia at @ minimum is of
fundamental importance to the design of a haptic device.

3. Backlash - Backlash is usually present in most mechanisms driven by geartrains, which is the case of several
commercial robots. Backlash introduces non-linearities that would greatly hinder the overall performance of the
device, and therefore mechanisms should be carefully chosen and implemented and fine tuned to remove all
backlash. As arobot, we do not want backlash in the mechanical structure. The shaft of the motors and mobile parts
must be rigidly attached.

4. Interna friction - Friction within the haptic device is another important feature, since like backlash, it constitutes a
non-linear mechanical phenomenon that has to be brought to a minimum. As a non-linear effect, the friction will be
a noise during the task execution. In order to simulate free space, we have to take care about this characteristics.
Friction that is typically present in all mechanical moving parts within a haptic device will greatly degenerate its
performance and as alast resort. The control algorithm must carefully compensate it.

5. Force spectrum - Haptic tasks may range from flinging a light sheet of tissue paper in free space to a rough
collision with a hard wall. In this case a large force range will be a important characteristics. Therefore a broad
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range of force values needs to be correctly displayed. A broad force range is highly desirable. However, severa
issues make it difficult for the same haptic device to attain a very broad force range, which will dictate the feasible
force limits achievable by the device.

6. Working volume - To use this haptic device for different applications a suitable working volume will be necessary.
The working volume should be large enough, so it will not hinder the user's movements while performing a task. It
may allow the use of the haptic device in as many different applications as possible.

Unfortunately simultaneously attaining all the features listed above can be conflicting. For instance, large force
range and working volume require devices that are physically large, which normally implies in larger inertia, coupled
friction and low bandwidth. In order to reach a good trade off among these criteria it is necessary to focus on the
application (Clover, 1999). If the goal is to simulate gross dynamic forces and motion when manipulating a substantial
mass, force range and working volume are key considerations, and force bandwidth becomes a secondary consideration.
Otherwise, if it is desired to simulate fine motion of small mass and feel high frequency vibrations, then force
bandwidth becomes a dominant criteria.

Figure 2 presents a CAD draw of the developed mechanical device. It has a base, a long radius arch and a finger
support where the user holds. In the back side of the base, the DC motor is fixed. The motor shaft is attached to a steel
cable, which is fixed to the long the radius arch. A steel cable is used to drive the arch. The user finger support is
attached on the arch. This particular part of the haptic device is where the energy is changed between the users and the
haptic device, and its called user interaction port.

169,65

119,85

©
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Figure 2. Mechanical draws of the developed haptic device.

In order to reach the desired goals we chose the aluminum alloy 6351-T6, very common on the metal market. Its
characteristics are present on Table 1.

Table 1. Physics properties of Al alloy 6351-T6 (Metals Handbook, 1990).

Physical Properties Metric Comments
Density 2710 kg/m® AA; Typical

M echanical Properties Metric Comments
Hardness, Brinell 95 AA; Typical; 500 g load; 10 mm ball
Hardness, Knoop 130 Converted from Brinell Hardness Value
Hardness, Rockwell A 40 Converted from Brinell Hardness Value
Hardness, Rockwell B 60 Converted from Brinell Hardness Value
Hardness, Vickers 107 Converted from Brinell Hardness Value
Ultimate Tensile Strength 310 Mpa AA; Typica
Tensile Yield Strength 283 Mpa AA; Typical
Elongation at Break 14% AA; Typical; 1.6 mm Thickness
AA; Typical; Average of tension and compression.
Modulus of Elasticity 68,9 Gpa Compression modulus is about 2% greater than tensile
modulus.




Poisson's Ratio 0,33 Estimated from trends in similar Al alloys.
Fatigue Strength 89,6 Mpa AA; 500,000,000 cycles completely revers_ed stress; RR

M oore machine/specimen
Shear Modulus 26 Gpa Estimated from similar Al alloys.
Shear Strength 200 Mpa AA; Typical

In the motor shaft the pulley has r, = 6,00mm, the arch has r, = 119,85mm and the handle r, = 169,65mm, as
presented at Figure 2. In the mechanical movement transmition we have

o _la_la D

where @, isthe angular velocity of the arch, W, isthe angular velocity of the pulley, T, isthetorque on the arch, Tp
is the torque on the pulley. So, rewriting Equation (1), we have

ra
T,=T,—2. @)

p

We know that pulley torque is equal motor torque (T,=Tn). Rewriting (2):
r
T.=T,—=. ©)
rp
From the motor modeling we have:
Tm = kml a’ (4)
where K, isthe torque constant and | , isthe armature current. It was specified a DC motor from Faulhaber, the

3557K 024CR (Faulhaber, 2000), based on the desired characteristics for the designed haptic device. Evaluating the
maximum force in the handle, F,, by using the motor’s specifications (Table 2) we have:

T, =00429 N% [2 A =0,0858 Nm (5)
19,85x107° m
T. =0,0858 Nm E285*10 " m =1714Nm 6
B 6x107°m ©
Torae = P U (7)
1,714 Nm
=—— " =1010N 8
Mmac  160,65%107° m ®)

By using the designed haptic device, we will be able to simulate forces up to 10N during a haptic simulation
(environment exploration, teleoperation, virtual environment interaction).

Table 2. Motor Faulhaber 3557K CR024 specifications.

Parameter Value
Nominal voltage 240V
Terminal resistance 2,0 Ohms
Output power 70,8 W
Efficiency 83 %
No-load speed 5300 rpm
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No-load current 0,10 A
Stall torque 510 mNm
Friction torque 4,3 mNm
Speed constant 223 rpm/V
Back-EMF constant 4,49 mV/rpm
Torque Constant 42,90 mNm/A
Current constant 0,023 A/mNm
Rotor inductance 270 pH
Mechanical time constant 7ms
Rotor inertia 64 gcm”
Angular acceleration 0,079 rad/s”
Shaft bearings Ball bearings prel oaded
Current up to (thermal limits) | 1,95 A

4. Electronics Design

In order to control the force applied on the user’s finger it was necessary to design an electronic hardware. By using
a Microchip microcontroller (Microchip, 2001) a microcontroled CPU was implemented. On this CPU, presented at
Figure 3, alocal controller takes care about the current value on the motor armature, consequently force on the user’s
interaction port. It reports angular positions to a host computer by using the serial connection (Tocci, 1983). A DC/DC
converter and a low pass filter were implemented on the electronics hardware, as presented at Figure 3. The
microcontroller receives the force set-point from the host and inform positions and velocities of the user interaction
port. The communication between the host and the microcontroller hardware was implemented by using the RS232C
standard interface. To measure current values from the armature circuit, a shunt was used. To drive armature current we
are using a DC/DC converter, controlled by the pulse-width-modulation (PWM) technique. These parts will be detailed
in the next sub-sections.
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Figure 3. Block Diagram of the implemented electronic system.
4.1. Filter Design

To control the output force, it is necessary to control the motor current. After the power switches, the motor current
isdriven to alow value resistor (a 0,47o0hms shunt resistor), where we can acquire the voltage signal that is proportional
to the motor current. Once this signal is very noisy (mainly because the switching frequency of the chopper circuit), and
also with a low magnitude, it was necessary to introduce an active linear filter before the AD converter. The voltage
value over this shunt resistor is proportional to the current value, which is directly proportional to the motor torque,
consequently, the output force. An active low pass Butterworth 4™ order filter was designed, implemented and evaluated
for this application (Willian, 1981). Figure 4 presents the active VCVS (Voltage-Controlled Voltage Source)
Butterworth 4™ order low pass filter used. As can be seen, the filter was implemented by cascading two 2™ order
Butterworth filters.
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Figure 4. Fourth order Butterworth filtér.

Figure 5 presents the experimental results of the implemented filter. It presents the Bode diagrams where the
frequency response of the filter can be observed. The desired cut-off frequency was planned to 100hz and a 14dB

bandwidth gain.
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Figure 5. Experimental result of the implemented filter

4.2. Encoder Input

A digital encoder was used to inform the arch angular position. In order to make possible the integration of the
encoder signals with the microcontroller a quadrature counter was implemented on the EPLD (Erasable Programmable
Logical Device). Thisimplementation introduced very good results because it is also multiply the encoder resolution by
four. The implementation in VHDL (Hardware Description Language) is a state machine where the phase relationship
between the A and B signals from the encoder were checked. Figure 6 presents the graphical representation of the
encoder signals. Table 3 presents the states of the quadrature counter implemented.

sighal A ‘ signal A

signal B signal B

Figure 6. Encoder output signals: up and down count respectively.

The counter implemented make possible to multiply the resolution of the encoder by four, as can be seen at Table 3.

Table 3. Quadrature encoder: rules to count up and down.

Count Up Count Down
Positive edge of A and B=0 Positive edge of A and B=1
Positive edge of B and A=1 Positive edge of B and A=0
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Negative edge of A and B=1 | Negative edge of A and B=0
Negative edge of B and A=0 | Negative edge of B and A=1

4.3. Haptic Device Control

On the electronics hardware a digital PID controller is responsible to keep the current value as requested by the
host. The design of the current control was implemented in Simulink and then, implemented on the microcontroller
circuit board. The controller runs every 1ms, being able to handle dynamic effects of the system. The current controller
was tuned by using the Zielger-Nichols methodology (Ogata, 2000). Bellow were presented the graph simulation on
Simulink (Matlabll) at Figure 7, and the torque output at Figure 8.
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Figure 7. Graphical simulation scheme.
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Figure 8. Armature current value for a step input.
5. Environment Simulator

A primary goal of virtual environment simulations, whether haptic or visual, is to achieve a sense of presence.
Based on the information from the Environment Smulator and the position of the user's interaction port, the Control
System on the host computer calculate forces that should be applied back to the user in order to simulate physical
interaction. The position of the user interaction port is continualy feed to the environment simulator by the
microcontroller. Cohen presented a simpler and efficient algorithm to identify potential collisions using bounding boxes
(Cohen et al., 1995). By following his directions, a bounding box was defined as a larger square or regular polygon that
contain the objects. This approach enclose all virtual objects of interest with bounding boxes. The axes of the bounding
boxes are aligned with the world coordinate system. A bounding box can be considered to be static, when the boxes
dimensions remain constant independent of the orientation of the object, or dynamic, when its dimensions (but not its



orientation) are adjusted as function of the orientation of the enclosed object in space. The approximate collision
detection algorithm begins by projecting each bounding box onto the x, y and z world coordinate axes resulting in
severa intervals. A pair of bounding boxes overlaps if and only if their intervalsin all three dimensions overlap. This
can easily be checked for the one-dimensional case. He also implemented a two-dimensional test for projections in any
two of the xy, xz and yz planes. Each of those projections is a rectangle in 2-D plane. Typically, there are fewer
overlaps of those 2-D rectangles than of 1-D intervals. In situations where the projections onto one-dimension result in
densely clustered intervals, the two-dimensional technique is shown to be more efficient.

6. Conclusions

The paper presents a single degree-of-freedom haptic system. The main goal of this work was the design and
implementation of a haptic system. The main results, haptic device mechanical structure and electronics hardware, was
presented. Many issues should be addressed until be able to do a real time simulation. Based on the mechanical
properties of such device, or implementing an identification experiment to identify dynamic parameters, we will be able
to improve the control of the mechanical structure. The controller design should be improved by using the device
dynamical model and its parameters. For instance, we are able to simulate reaction forces as a mass-spring-damper
system. Calibration procedures should be executed in order to add realism on the simulations. The haptic device was
designed to apply until 8 kgf on the user’s hand (user interaction port). The Faulhaber motor is suitable for this
application once has a high torque capability. The encoder answer was working fine, being able to report angular
positions on 5kHz ratio.
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