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ABSTRACT

Tactile displays are used to convey small-scale force
and shape information to the fingertip. We describe a
6 x 6 tactile shape display design that is low in cost and
easily constructed. It uses commercially available RC
servomotors to actuate an array of mechanical pins. The
pins deflect a maximum of 2 mm, with a resolution of
0.1 mm. The pin center spacing is 2 mm and the pin
diameter is 1 mm. For the maximum deflection of 2 mm,
the display can represent frequencies up to 7.5 Hz; smaller
deflections lead to achievable frequencies up to 25 Hz
because the servos are slew rate limited. This design is
well suited to tactile display research, as it offers
reasonable performance in a robust and inexpensive
package.

1. INTRODUCTION

Tactile displays attempt to redlisticaly simulate skin
deformations that occur during interaction with real
objects by transmitting small-scale shape information to
the fingertip. The idea tactile display implementation
would provide the user with a sensation indistinguishable
from direct contact [1]. Both teletaction (the sensation of
touching a remote object) and virtual environments are
domains where an effective tactile display can be crucial
to establishing a redlistic sense of presence. Lederman
and Klatzky [2] have shown that when contact forces to
the fingertip are not spatialy distributed, spatial acuity,
pressure sensitivity, orientation detection and detection of
a lump by palpation are al markedly impaired. These
data argue for the potentia importance of displaying
spatialy distributed information to the skin in domains
such as remote medicine, minimally invasive surgery, and
virtual training applications.

The dominant tactile display design uses an array of
stimulators that contact the skin to achieve a force or
shape distribution on the fingertip. Because the slowly
adapting (SA 1) mechanoreceptors have been shown to be
important in small scale shape perception [3], Moy et al.
proposed a set of device specifications for an array style
tactile display [4] based on the SA I's signa response
characteristics.  The tactile display should have a
bandwidth of at least 50 Hz, an actuator density of 1 per
mm?, and a maximum pressure of 50 N/cm® Each
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actuator should indent up to 4 mm with a height resolution
of 10%. While these specifications were initially targeted
for teletaction, they match well to studies examining the
necessary bandwidth for tactile exploration [5], and the
distinguishability of two adjacent pins [6]. Other
desirable features of a tactile display include small
actuator size, high reliability, and low cost.

Initial tactile display research was based on sensory
substitution for the blind. Piezoelectric driven pins were
vibrated with varying intensity [7]. However, our focus
will be on single finger static pin array tactile displays.
Other approaches for displaying tactile information are
vibrotactile [8, 9], electrotactile [10], shear [11-13],
contact area change [14], and multi fingered stiffness
change [15]. A review of current tactile display research
isgivenin[4].

Continuing research has led to tactile displays designs
utilizing various actuator technologies, with tradeoffs
between bandwidth, actuator size, and actuator stiffness.
Actuators styles include shape memory aloy (SMA) wires
[16-20], pneumatics [1, 21, 22], solenoids [23, 24], and
electrostatics [25]. A complete review of the state of the
art in tactile displays can be found in [25]. No current
design meets dl of the requirements proposed by Moy et
al. Further, most designs rely on alarge number of costly
actuators, causing the overall display to be expensive and
unreliable [26].

We propose a tactile display design that provides
reasonable performance in a robust and cost effective
package by taking advantage of commercialy packaged
RC servomotors. The display achieves a high bandwidth,
high actuator density, large vertical displacement, and
firm static response. Figure 1 shows the entire system,
including the latex rubber sheet that serves as a spatial low
pass filter. Our display uses the servomotors to vertically
actuate a 6x6 array of mechanical pins at a 2 mm spacing
to a height range of 2 mm with aresolution of +/- 0.1 mm.
This paper serves to fully characterize the servomotor
based tactile display design previoudly introduced [27].
While no current tactile display device currently meets
requirements specified by Moy et al. (including the design
proposed here), we hope that our design establishes a
platform for further tactile research by providing the
appropriate  tradeoff between device complexity,
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reliability, performance, and construction cost. We
include a comparison between our design and the current
state of the art in array style tactile displays using different
actuation methods.

2. DESIGN AND CONSTRUCTION

Figure 2. The 6x6 display showing a sine wave
grating

2.1 Materials

One mm (0.041-inch) diameter steel piano wire was
used to fabricate the mechanical pins. Each pinis bent at
the end closest to the servo. It then passes through a hole
in the plastic arm, forming a hinge by which the pin is
attached to its actuating servo. The other end of the pin
passes through a top plate of Delrin, chosen to reduce pin
friction. The pin tip is aso slightly rounded to prevent
tearing of a rubber cover sheet. The grid of pins, aong
with the Ddlrin top plate, is shown in Figure 2.

The servomotors used are small, high performance ball
bearing servos normally used in radio-controlled (RC)

hobby applications (MX-50HP/BB, Maxx Products
International, Lake Zurich, IL). Each servomotor package
includes a power amplifier, DC motor, gearhead, position
sensor, and closed-loop controller.  The electronic
interface to the servo is a simple three-wire design of
power, ground, and a pulse width modulated (PWM)
control signal. The servo model was chosen on the basis
of itslow weight, small size, and high speed.

2.2 Servo Arrangement

The servos are tightly packed to achieve a 2 mm pin
spacing. A diagram of a six-servo block is shown in
Figure 3, displaying how the horizontal 2 mm spacing is
redlized and how the rotational motion of a servo
trandates into vertical motion of the pin. Each servo block
makes up one column of six pins.
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Figure 3. Configuration of six servos in a block

Figure 4 shows the vertical layout of the servos. The
six blocks of six servos each are rigidly attached to an
aluminum chassis at varying depths to achieve the full 6x6
array. The top plate is also affixed to the chassis.

A

11.9cm

Y
|jf€&——7.6cm —>]

Figure 4. Vertical configuration of servos
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The tactile display can be separated into two halves to
simplify construction and pin maintenance (Figure 5).
Each half of the top-plate is rigidly attached to the
corresponding half of the chassis. When the tactile



display halves are joined, the top-plate hal ves also connect
to the opposite chassis side for stability and alignment.

Figure 5. Display halves

2.3 Control System

The height of each pin is set by controlling the duty
cycle of a PWM voltage signal, which is sent to the
corresponding servo. The 36 50Hz PWM waves are
generated by logic implemented on Xilinx programmable
gate array mounted on a parald interface card (XS40-
005XL, XESS Corp., Apex, NC). The individual PWM
waves are commanded through a PC parallel port.

The servos are powered using a 300W switching PC
power supply (FSP300-60BT, Aopen America Inc., San
Jose, CA). A PC power supply is used to achieve the
power requirement with alow cost and small package.

2.4 Active Exploration System

To alow for active tactile feedback, we mounted the
tactile display on castors (Figure 6). An optical mouse is
connected to the underside of the chassis to provide
position information. Using this setup, we are able to
provide the user with tactile information that actively
changes in response to hand motion.
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Figure 6. Active exploration addition

3. PERFORMANCE

We used a lever arm connected to a high-resolution
potentiometer to evaluate the tempora response of the
tactile display (Figure 7). This setup achieves 1 micron
height resolution. Contact between the lever arm and a pin
was guaranteed by using a 50g weight to pull down on the
arm. Note that for all performance characterizations, the
rubber spatial low pass filter layer was not included in

order to isolate the pin effects.
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Figure 7. Setup to measure pin height
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Figure 8. Commanded versus actual pin height

The resolution of a typica pin is shown in Figure 8.
The control system alows for 24 incremental position
commands to be sent to a servo over a2 mm height range.
However, not all position commands result in a change in
pin height. To characterize the actual height resolution
the same servo was given incremental position commands
over three trials and the pin height was measured. The
mean of the trials was found to be linear with r* = 0.9925.
The maximum error between pin height and a true linear
trend between height and position command was found to
be 0.245 mm, while the standard deviation of the error
was 0.093 mm. Thus, the tactile display can resolve
heightsto +/- 0.1 mm.

To determine the transient characteristics of the
display, a pin was commanded to track a 2 Hz sine wave
and square wave with a 2 mm peak-to-peak amplitude
(Figure 9 ab). Due to the nature of the servo, the pin
motion was slew rate limited. The slew rate was found to
be 30 mm per second after determining that both the 10%



to 90% rise time and the 90% to 10% fall time was 52 ms
for a 2 mm displacement. Further, we observed a 40 ms
delay between command and servo movement. We can
then determine the maximum displayable frequency using
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where tgaay is the delay time, hy. is the maximum pin
height, and vge, is the dew rate. Thus, for the maximum
pin height of 2 mm, the achievable bandwidth is 7.5 Hz.
The servo update rate of 50 Hz limits the maximum
achievable bandwidth to 25 Hz for small amplitude
signals. Previous studies suggest that this bandwidth is
adequate for representation of tactile features in free
exploration [5]. We aso note the presence of some
distortion of less than 0.2 mm in amplitude of the falling
phase of both waveforms. This is apparently due to
imperfections on the bottom surface of the offset screw
attached to the potentiometer arm; these imperfections
cause vertical displacements when large lateral motions
occur between a display pin and the offset screw.
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Figure 9 a,b. 2 Hz sine wave and square wave
tracking

The force displacement characteristics of severa pins
were measured using a force sensor mounted to a vertical
stage. These measurements are influenced by the stiffness

of the pin wire and the active position control of the servo.
Because the force displacement characteristics might also
be dependent on the length of the pin wire between the top
plate and the servo, three pin wire lengths were tested. A
force of 10N of was shown to cause a 2 mm displacement
in pin height for al wire lengths, with a mean stiffness of
5,000 N/m (Figure 10). Because the pin stiffness is high
with respect to the stiffness of the finger, this display can
be used as a position display.
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Figure 10. Force versus distance pressed for 3
pins

Because of the digital nature of the servo position
controller and servo commands, the servo rotates in
discrete steps. These steps manifest as high frequency
noise in the motion of a pin, both audible and tactile.
Additionally, the servo gearing mechanism introduces
high frequency vibrations. The audio noiseis usualy not a
concern for research applications as subjects are sound
isolated using headphones.
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Figure 11. Accelerometer setup to measure high
frequency noise

To characterize the high frequency tactile noise
content, an accelerometer was placed on top of a
stabilization plate resting on al 36 pins (Figure 11). A
bias weight provided a 0.25 N force to maintain contact
between the pins and the plate. The pins were commanded
to simultaneoudly track a 2 Hz vertica sine wave. The
magnitude of the vibrations versus frequency is shown in
Figure 12, along with the threshold for tactile perception
[28]. Peaksin the signa occur at 50 Hz and 60 Hz, along



with associated harmonics. All vibrations above 60 Hz
are within an order of magnitude of the measured tactile
threshold under ideal quiet laboratory conditions. Low
frequency harmonics of the 2 Hz command signal are also
observed. Subjectively, these vibrations were small with
respect to low frequency motions.
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Figure 12. Vibration content of display

4. DISCUSSION

The current tactile display design has high force
capabilities, reasonable dynamic range, and good
bandwidth, yet is relatively simple and inexpensive to
build. The platform enables unprecedented rapid
development and execution of experiments on distributed
tactile feedback.  The design is easily scalable with
respect to size and performance in addition to being
robust and maintainable. Our current implementation of a
1.1 cmby 1.1 cm array of pinsis reasonable for coverage
of atypical single fingertip.

The number of pins in the design can be increased by
simply increasing the number of servos used. Additional
servos can be added to each servo block to increase the
number of rows and servo blocks can be added to increase
columns. These additions come at the cost of increasing
the overall system’s width and height.

The performance of the current display design is also
scalable, as performance is largely dependent on the
choice of servomotor packages. The servos used in our
design were chosen to maximize performance while
maintaining a small footprint. Larger servos can be used
to increase performance and/or decrease cost while
sacrificing overall system size. Newer servo technology,
such as digita servos, will also improve display
performance.

We compare the current implementation of our design
with the state of the art in tactile displays utilizing
different actuator technologies (Table 1), as done in [25].
The comparison focuses on array style tactile displays that
display forces normal to the skin. Note that no current
tactile display meets the specifications set by Moy et al.

Reference | Goal ous | [210 | [1 | [a6] | [2000 | [23] | [24]

Actuator N/A Servos Pneum. SMA Solenoid

Array Size | 10x10 6x6 4x4 | 5x5 | 1x10 | 8x8 8x8 | 20x20

Tactor
Spacing 1 2 375 | 25 2 32 5 05
[mm]

Temporal
Bandwidth >50 7.5/25* 1 5 30 0.1 ns. 40
[H7]

Max Pin

Force [N] 05 2 3 0.2 2 25 ns. 13
Max

Pressure 50 100 80 8 100 78 ns. 260
[N/cm?]

Max Pin

Height 4 2 5 0.6 3 35 1 25
[mm]

Height

Resolution 0.4 0.1 ns. ns. 0.1 ns. 0.25 ns.

[mm]

*Bandwidth is amplitude dependent

Table 1: Comparison of tactile displays (n.s. =
not stated)

While our tactile display design does not outperform all
other displays, ours in the only one to utilize low cost,
commercially available actuator technology for a robust
and cost effective design.

An important feature of any tactile pin display is the
spatia low pass filter layer between the pins and the
finger. If the rubber is viscoelastic, then the layer can act
as a tempora low pass filter also. We have not included
the rubber layer in our performance characterization
because the mechanical properties of the optimum rubber
layer for all applications are not clear [29]. Thisissue will
be addressed in another paper [30].

Several factors serve to reduce tactile display
performance. The main problem, pin friction, is one
common among tactile pin displays. Friction between the
top plate and the pin wire reduces achievable and
repeatable height resolution (Figure 8) and increases
transient response time. To counteract these effects, we
used oversized top plate holes with respect to the pin wire
and applied lithium grease at the pin/hole contact. Another
source of error comes from the discrete nature of the
servomotor’s position controller. Because the position is
adjusted a 50 Hz, we observe (and thus feel) high
frequency noise associated with those discrete position
jumps.

The complex electronics needed to generate the large
number of individually controlled PWM voltage waves is
a drawback to this design. We used custom logic
implemented on an inexpensive Field Programmable Gate
Array (FPGA) to allow control of the individual servos
through the PC pardlel port. Other options exist,
however, including commercial microcontroller boards
that have the ability to output large numbers of PWM
voltage waves.

A fina drawback of the display is that the large
number of servos results in a package that is too bulky to




be portable. The optimal tactile display would be small
enough to be used with several fingers at once in a large
range of positions and orientations. However, due to the
difficult nature of this engineering task, our hope is that
this simple and inexpensive design will stimulate more
research in the area of tactile feedback. With a fuller
understanding of the parameters involved in tactile display
interaction, we hope that a more efficient tactile display
can be designed and built.

5. REFERENCES

(1]

(2

(3l

(4

(9]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

G. Moy, C. Wagner, and R. S. Fearing, "A compliant tactile
display for teletaction," Proceedings 2000 ICRA. |IEEE Int.
Conf. on Robotics and Aut., Piscataway, NJ, USA, 2000.

S. J. Lederman and R. L. Klatzky, "Sensing and displaying
spatially distributed fingertip forces in haptic interfaces for
teleoperator and virtual environment systems," Presence, vol.
8, pp. 86-103, 1999.

R. H. LaMotteand M. A. Srinivasan, "Tactile discrimination
of shape: responses of rapidly adapting mechanoreceptive
afferents to a step stroked across the monkey fingerpad,” J
Neurosci, vol. 7, pp. 1672-81, 1987.

G. Moy, U. Singh, E. Tan, and R. S. Fearing, "Human
psychophysics for teletaction system design,” Haptics-e, The
Electronic Journal of Haptics Research, vol. 1, 2000.

W. J. Peing, P. S. Wellman, and R. D. Howe, "Temporal
bandwidth requirements for tactile shape displays,” presented
a Proceedings of ASME Dynamic Systems and Control
Division - 1997, New York, NY, USA, 1997.

K. O. Johnson and J. R. Philips, "Tactile Spatial Resolution
I. Two Point Descrimination, Gap Detection, Grating
Resolution, and Letter Recognition,” J. Neurophysiol ogy,
vol. 46, pp. 1177-1191, 1981.

J. G. Linvill and J. C. Bliss, "A direct trandation reading aid
for the blind," Proceedings of the Institute of Electrical
Engineers, 1966.

Y. Ikei, K. Wakamatsu, and S. Fukuda, "Vibratory tactile
display of image-based textures," IEEE Computer Graphics
and Applications, vol. 17, pp. 53-61, 1997.

C. J. Hasser and M. W. Daniels, "Tactile feedback with
adaptive controller for aforce-reflecting haptic display. 1.
Design," presented at Proceedings of the 1996 Fifteenth
Southern Biomedical Engineering Conference, New Y ork,
NY, USA, 1996.

H. Kajimoto, N. Kawakami, T. Maeda, and S. Tachi,
"Electrocutaneous display as an interface to avirtua tactile
world," presented at Proceedings |IEEE Virtua Reality 2001,
Los Alamitos, CA, USA, 2001.

F. Arai, H. Morita, G. Kwon, T. Fukuda, and H. Matsuura,
"Tactile display which presents shear deformation on human
finger," presented at Proceedings 2001 ICRA. IEEE
International Conference on Robotics and Automation,
Piscataway, NJ, USA, 2001.

R. Ghodssi, D. J. Beebe, V. White, and D. D. Denton,
"Development of atangential tactor using aLIGA/MEMS
linear microactuator technology," presented at Micro-
Electro-Mechanical Systems (MEMS). 1998 International
Mechanical Engineering Congress and Exposition, New
York, NY, USA

V. Hayward and M. Cruz-Hernandez, "Tactile Display
Device Using Distributed Lateral Skin Stretch," presented at
Haptic Interfaces for Virtual Environment and Teleoperator
Systems Symposium, ASME IMECE2000, Orlando, Florida,
USA, 2000.

[14]

[19]

[16]

[17)

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

A. Bicchi, E. P. Scilingo, and D. De Rossi, "Haptic
discrimination of softnessin teleoperation: the role of the
contact area spread rate," | EEE Transactions on Robotics
and Automation, vol. 16, pp. 496-504, 2000.

H. lwata, H. Yano, and R. Kawamura, "Array force display
for hardness distribution,” Proceedings 10th Symposium on
Haptic Interfaces for Virtual Environment and Teleoperator
Systems. HAPTICS 2002, Orlando, FL, USA, 2002.

P. S. Wellman, W. J. Peine, G. Favalora, and R. D. Howe,
"Mechanical design and control of a high-bandwidth shape
memory aloy tactile display,” presented at Experimental
Robotics V. The Fifth International Symposium, Berlin,
Germany, 1998.

P. M. Taylor, A. Moser, and A. Creed, "A sixty-four element
tactile display using shape memory alloy wires," Displays,
vol. 18, pp. 163-8, 1998.

C. J. Hasser and J. M. Weisenberger, "Preliminary
Evaluation of a Shape-Memory Alloy Tactile Feedback
Display," presented at Advances in Robotics, Mechatronics,
and Haptic Interfaces, New Orleans, 1993.

D. A. Kontarinisand R. D. Howe, "A multiparameter tactile
display system for teleoperation,” presented at 6th
IFAC/IFIP/IFORS/IEA Symposium on Analysis, Design and
Evaluation of Man-Machine Systems, Oxford, UK, 1995.

H. Fischer, R. Trapp, L. Schuele, and B. Hoffmann,
"Actuator array for use in minimally invasive surgery,"
Journal de Physique IV (Colloque), val. 7, pp. 609-14, 1997.
D. G. Cadwell, N. Tsagarakis, and C. Gieder, "An
integrated tactile/shear feedback array for stimulation of
finger mechanoreceptor," presented at Proceedings of
International Conference on Robotics and Automation,
Piscataway, NJ, USA, 1999.

M. B. Cohn, M. Lam, and R. S. Fearing, "Tactile feedback
for teleoperation,” Proceedings of the SPIE - The
International Society for Optical Engineering, vol. 1833, pp.
240-54, 1993.

S. F. Frisken-Gibson, P. Bach-y-Rita, W. J. Tompkins, and J.
G. Webster, "A 64-solenoid, four-level fingertip search
display for the blind," IEEE Transactions on Biomedical
Engineering, vol. BME-34, pp. 963-5, 1987.

D. T. V. Pawluk, C. P. van Buskirk, J. H. Killebrew, S. S.
Hsiao, and K. O. Johnson, "Control and pattern specification
for ahigh density tactile array," presented at Proceedings of
the ASME Dynamic Systems and Control Division, New
York, NY, USA, 1998.

M. Jungmann and H. F. Schlaak, "Miniaturised Electrostatic
Tactile Display with High Structural Compliance," presented
at Proceedings of the Conference "Eurohaptics 2002”,
Edinburgh, U.K., 2002.

W. Peine, "Remote Palpation Instruments for Minimally
Invasive Surgery," in Dep.t of Engineering and Applied
Sciences. Cambridge, MA: Harvard University, 1998.

C. R. Wagner, S. J. Lederman, and R. D. Howe, "A tactile
shape display using RC servomotors,” Proceedings 10th
Symposium on Haptic Interfaces for Virtual Environment
and Teleoperator Systems. HAPTICS 2002, Orlando, FL,
USA, pp. 354-355, 2002.

R. T. Verillo, "Vibrotactile sensitivity and the frequency
response of the Pacinian corpuscle,” Psychonomic Science,
val. 4, pp. 135-136, 1966.

R. S. Fearing, G. Moy, and E. Tan, "Some basic issuesin
teletaction," presented at International Conference on
Robotics and Automation, New York, NY, USA, 1997.

J. M. Lee, C. R. Wagner, S. J. Lederman, and R. D. Howe,
"Spatial Low Pass Filtersfor Pin Actuated Tactile Displays,”
presented at 11th Annual International Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator
Systems, Los Angeles, CA, 2003.





