TACTILE DISPLAY FOR

WHOLE-ARM MANIPULATORS

Final Report

9 September, 1992

Document scanned 07 27, 2010, Adobe PDF format, images with searchable text.
Optimized for Actobat v5+. Printing ONLY enabled. 80 pages, 4 MB file size.
Document location:
http://www.mechanismworkshop.com/AboutSteve/Publications/sb_tech_pubs.html

Contact: Steve Begej, Begej Corporation, 5 Claret Ash, Littleton, CO 80127
email:  stevebegej@yahoo.com or sbh@mechanismworkshop.com

Copyright: Steve Begej, 1992

Principal Investigator: Stefan Begej

Performing Organization: BEGEJ CORPORATION
5 Claret Ash Road
Littleton, CO 80127-3636
Tel/FAX: (303) 932-2186

BC Report Number: WAM-090992

This work was performed under Phase I Small
Business Innovation Research contract NAS9-18704
sponsored by NASA, Johnson Space Center, Houston,
TX 77058.


Steve
Text Box

Document scanned 07 27, 2010, Adobe PDF format, images with searchable text.
Optimized for Actobat v5+. Printing ONLY enabled. 80 pages, 4 MB file size.
Document location:
http://www.mechanismworkshop.com/AboutSteve/Publications/sb_tech_pubs.html

Contact:    Steve Begej, Begej Corporation, 5 Claret Ash, Littleton, CO  80127
email:      stevebegej@yahoo.com or sb@mechanismworkshop.com

Copyright:  Steve Begej, 1992


TACTILE DISPLAY FOR

WHOLE-ARM MANTPULATORS

PROJECT SUMMARY

The objective of this program was to design and
fabricate a prototype tactile display system suitable for use
in the control of whole-arm manipulators (WAMs).

The work scope included: (1) Evaluation of the minimum
taxel performance characteristics required to tactually
stimulate the skin on the forearm region; (2) Performance of
advanced development regarding fabrication of the appropriate
taxels and taxel drivers; (3) design and fabrication of a
flexible 55-channel tactile display array suitable for
wearing on the forearm; (4) integration of the subsystem
components into a complete WAM forearm tactile display
system, and (5) evaluation of the tactile display utilizing
synthetically-generated tactile sensor signals.

All work elements were successfully completed and the
feasibility of fabricating a flexible 55-element tactile
display for WAM applications was demonstrated. The completed
tactile display system and demonstration components were
delivered to the sponsor for further evaluation.

Potential commercial markets for this technology include
remote manipulation of large objects in vacuum, toxic,
underwater, or thermally-extreme environments, e.g., space
operations involving satellite deployment, capture, and
repair, space habitat construction and maintenance, or space
exploration; handling of toxic chemical or biological
materials; undersea mining or salvage operations; handling of
hot objects during manufacture; and various operations in
cold-weather regions.
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RIGHTS NOTICE

SBIR RIGHTS NOTICE (APR 1985)

This SBIR data is furnished with SBIR rights under NASA
contract NAS9-18704. For a period of two years after
acceptance of all items to be delivered under this contract
the Government agrees to use this data for Government
purposes only, and it shall not be disclosed outside the
Government during such period without permission of the
Contractor, except that, subject to the foregoing use and
disclosure prohibitions, such data may be disclosed for use
by support contractors. After the aforesaid two-year period
the Government has a royalty-free license to use, and to
authorize others use on its behalf, this data for Government
purposes, but is relieved of all disclosure prohibitions and
assumes no liability for unauthorized use of this data by
third parties. This Notice shall be affixed to any
reproductions of this data, in whole or in part.
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GLOSSARY

Exhaust Pressure:

Pressure applied to the vacuum manifold of the taxel
driver valve module.

Inlet Pressure:
Pressure supplied to the inlet of the pneumatic
conditioner module, i.e., "shop air".

Input Pressure:

Pressure supplied to the pressure manifold of the taxel
driver valve module.

Pixel:
Abbreviation of "picture element," and refers either to
an image element in an image capture device (e.g., a
solid-state camera chip) or to an image output element
in a visual display (e.g., a color monitor).

System Pressure:
See "Input Pressure.”

Taxel:
Abbreviation of "tactile element.”"” Its meaning in a
tactile context is exactly analogous to that of "pixel"
in the visual realm. It may refer either to a single
element of a tactile input device (e.g., a pressure
sensor site in a tactile sensor) or to a skin
stimulation element in a tactile output device (e.g., a
single element of a vibrotactile Braille display).

Taxel Diameter:
"ID" refers to the interior diameter of the taxel
membrane, whereas "OD" refers to the outer diameter of
the taxel body. Note that the latter designation is
defined only for individual taxels, and loses its
meaning when taxels are incorporated into a flexible
matrix made of the same material as the taxel.

WAM:
Whole-Arm Manipulator.



1. TECHNICAL AIMS OF THE PROJECT

The objective of this program was to design and
fabricate a prototype tactile display system suitable for use
in the control of whole-arm manipulators (WAMs). The
original system concept is shown in Figqure 1, and illustrates
the use of proprietary tactile display technology previously
developed by the author (Begej [1988b]).

The principal tasks addressed in this project were:

1. Assessment of the taxel characteristics required
for use in a forearm tactile display.

2. Design and fabrication of taxels capable of meeting
the required performance specifications.

3. Design and fabrication of a thin, flexible and
conformable tactile array, in addition to devising
a suitable method of attaching the array to the
forearm.

4. Fabrication and delivery of a complete turnkey
tactile display system for further evaluation at
the sponsor’s facility.

Figures 2 and 3 are photographs of the WAM tactile
display system actually fabricated on this program, and serve
to demonstrate the technical feasibility of developing such
technology. The general display system characteristics are
listed below:

Display Array Size: 5 x 11 taxels (55 total)
Display Array Dim: 192.5mm long x 88.8mm wide
Display Attachment: Multiple straps allowing

adaptation of the display to a
wide variety of forearm sizes

Taxel Size: llmm ID

Taxel Spacing: 17.5mm CC

Taxel Actuation Mechanism: Pneumatic PWM (0.5-30Hz)

Taxel Control Signal: 0-5vVvDC (0-100% PwWM duty factor)
Taxel Displacement: 0-4mm (5.5mm maximum)

Taxel Input Pressure: 200 to 500KPa (29 to 72psigq)
Taxel Exhaust Pressure: -75 to -100KPa (-11 to -15psigqg)

1
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FIGURE 1: Original conceptual drawing of the
forearm tactile display for a Whole-Arm Manipulator
(WAM). Drawing WAM TDO1l.




FIGURE 2: WAM forearm tactile display developed under this
Phase I SBIR program. The display (right-front) contained 55
pneumatic taxels, each 1llmm in diameter. The display unit
consisted of eleven 1x5 linear taxel array modules arranged
into a large 5x11 array. Each linear array was individually
adjustable to permit accommodation to many different wearers.
The display was driven by a microvalve module (left-front)
interfaced to the user’s tactile sensor system by means of
the PWM controller, power supply, and air regqulator/filter
modules housed in the cardcage. All electrical cables have
omitted for clarity. Photo 070892-16.



FIGURE 3: WAM forearm tactile display being worn

by an operator. Photo 070892-25.



In its entirety, the delivered package included the

following items:

WAM Display Controller:

Tactile Display Driver:

WAM Tactile Display:

Analog Output Card:

Demo Software:

Power supply, PWM card, and air
filter/regulator/dryer all
packaged in a 19" rackmount
enclosure.

56 miniature pneumatic valves
packaged in a high-density
configuration.

11 x 5 array held onto the
forearm with Velcro straps.

64-channel analog output card
for use in simulating signals
from a WAM tactile sensor.

Demo package capable of
controlling individual taxels
and outputting various tactile
stimulation patterns.

The latter two items were not part of the original
proposal, but were included to enable a hands-on
demonstration of the WAM tactile display system immediately

upon delivery.

The details concerning development and evaluation of the
taxels and WAM display system are described in the following

sections.



2. DETERMINATION of TAXEL PERFORMANCE REQUIREMENTS

The primary objective of this task was to establish the
taxel characteristics required to reliably stimulate various
areas of the forearm skin. The method utilized was to
construct taxels with a range of diameters, membrane
thicknesses and materials, and to qualitatively evaluate the
stimulation intensity as a function of stimulation frequency,
PWM duty factor, taxel inflation/exhaust pressures, and the
peculiarities of various skin areas, e.g., glabrous versus
non-glabrous, bare skin versus coverage with light cloth
fabric, and convex versus concave skin shape.

Several taxels were fabricated by a molding technique
[Begej 1988b] from latex and silicone materials, with the
taxel diameters being 2, 4, 7.5, and 1llmm ID. The lower
value was selected as it represented a baseline utilizing
known fabrication technology [Begej 1988b, 1990, and 1992].
In contrast, the upper limit of 1lmm was dictated by the
imposition of a maximum center-to-center taxel spacing
distance when incorporating the taxels into a WAM forearm
array, and took into account such factors as a minimum
feasible wall thickness at the edge of the taxel and the need
for space adjacent to each taxel for routing the pneumatic
tubing.

Taxels were driven by a prototype version of the PWM
controller and pneumatic valves described in a later section,
and were controlled by analog voltages (0-5VDC) that
simulated tactile sensor signals. All taxels were attached
to the valves by a 2m section of KYNAR tubing measuring
0.50mmID x 0.80mmOD. The tubing length and OD was selected
to allow for a final cable length of at least 1.5m after
tubing trimming and routing, and to insure the cable
(consisting of 55 tubes and associated sheath) was no greater
than émm in diameter. The input pressures ranged from 0O-
500KPa (72psig), with the actuation range of the taxels
constrained by limiting the PWM duty factor in software so as
not to rupture the device. All taxels were exhausted to the
ambient atmosphere (0KPa, or Opsig). The initial results
included the following observations:

1. The forearm skin was very insensitive compared to
other regions such as the fingertips, palms, chest
and stomach, and only the largest diameter taxels
could generate signals perceivable through heavy
hair or light cloth coverings. However, even such
signals could be easily lost during slight arm
movements and would require several seconds to re-
acquire.



2. The highest input pressures worked best. However,
operation under these conditions required the use
of low PWM frequencies (2.5-10Hz) and small duty
factors (2-15%) so as to prevent taxel rupture and
allow adequate time for taxel exhaustion.
Additionally, at higher pressures, actuation of the
taxel was very abrupt and was perceived as
uncomfortable impulses on the skin, thereby raising
questions regarding the long term utilization of a
tactile display under these conditions.

The main difficulty with the large taxels was the taxel
fall or decay time. Previous versions of this pneumatic
tactile display technology utilized small, 2mm diameter
taxels operating at approximately 200KPa (29psig) in which
the pressure exerted by the taxel diaphragm alone was
sufficient to evacuate and collapse the taxel. However, by
increasing the taxel diaphragm diameter from 2 to 1lmm, the
self-deflation time increased by a factor of ten from 0.1-
0.2s to several seconds.

In an attempt to decrease the taxel deflation time, the
taxel driver valve was modified to permit application of
negative pressures (-75KPa, or -1llpsig) to the exhaust port.
This decreased the evacuation time of the 1lmm ID taxel by a
factor of at least 5 (e.g., from approximately 1 to 0.15s).
As a consequence, the upper limit of the PWM frequency could
be increased by a factor of four or five, and the usable duty
factor range expanded by approximately two. Additionally,
the tactile stimulation signals became much more perceptible
due to faster deflation of the taxel. However, only tactile
sensations from the largest taxels were found to be reliably
strong and perceptible at moderate inflation pressures (300-
400KPa) under display conditions expected to be encountered
in actual use, e.g., skin covered with hair and/or clothing,
and sensory signals masked by simultaneous stimulation at
multiple skin sites.

As a result of these evaluations, it was concluded that
the "best" taxel diameter to work with in developing the WAM
forearm tactile display would be the 1llmm device, coupled
with sub-ambient exhaustion of the taxels.



3. TAXEL and TAXEL ARRAY DEVELOPMENT

The following sections describe efforts expended to
examine materials and develop procedures for fabricating
individual taxels and creating flexible taxels arrays that
could serve as the technical foundation for a WAM forearm
tactile display.

3.1. Latex Taxels

The starting point in fabricating large 1lmm diameter
taxels for the WAM forearm tactile display was the liquid
latex molding process previously employed for smaller 2mm
diameter devices [Begej 1988b, 1990, 1992]. The principal
advantage of latex over other elastomers (e.g., silicones)
was its high elasticity and extremely high resistance to
tearing. Taxel cores (bodies) were fabricated by first
applying layers of liquid latex to a mold, then attaching a
separately-fabricated latex sheet to the front of the core.
However, upon initial testing, several shortcomings were
observed:

1. The fabrication process for a taxel was very long
(up to 4 days) due to the long curing time
associated with the thick core wall sections.

2. The fabrication process was very manually-
intensive, as it required careful application of
latex material at every layering step.

3. Fabrication of defect-free membranes 1-2mm thick
was virtually impossible due to bubbles included in
the as-received material. Vacuum degassing as a
means of removing such defects was precluded by the
water-based nature of the latex material and its
high viscosity. Defect-free, commercially-
available latex sheets were not usable due to the
weakness of the bond formed between the latex core
and membrane.

4. The taxel failure rate upon pressurization reached
approximately 50%, compared to 5-10% for the
smaller 2mm diameter devices. Most of the failures
were traced to point defects (perhaps bubbles in
the membrane) at the bondline between the membrane
and taxel core wall.



5. Clean latex surfaces had a pronounced tendency to
self-bond when placed in contact for prolonged
periods, and resulted in permanent damage to
several taxels when the interior surface of the
diaphragm bonded to the back of the core. This
problem was minimized somewhat by coating the inner
membrane and core surfaces with "Magic Marker'" or
other release agents, though this procedure raised
the problem of coating splash into bond areas and
subsequent bond weakening or failure.

6. Significant problems were foreseen in designing an
entire array composed of latex-based taxels, e.qg.,
time to fabricate, avoidance of bond defects, and
cosmetic appearance.

A significant effort was expended in attempting to
overcome these problems in parallel with examination of other
candidate materials and procedures. However, no satisfactory
approach was found before constraints of time forced picking
another more promising method.

3.2. Silicone Taxels

An effort was undertaken to explore other promising
materials and fabrication methods in parallel with the latex
taxel fabrication effort, e.g., silicone. The elasticity of
this material was considered adequate, and concerns about
tear resistance were reduced by the eventual utilization of
tough, commercially-available silicone sheets. 1In contrast
with latex, silicone materials exhibited the following
advantages:

1. The high viscosity of the silicone gels utilized in
fabricating taxel cores permitted core fabrication
to be performed in one step rather than many steps,
thereby greatly reducing the fabrication time for
individual taxels. Also, the procedure for
manufacturing arrays of taxels was simplified as
the mold did not have to remain flat.
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2. Bubble-free sheets of silicone material could
readily be fabricated. However, very good bonds
were found to form between the silicone gels and
commercially-available silicone sheets, thereby
eliminating the need to manufacture custom gel
sheets. Furthermore, such bonding virtually
eliminated bond-line failures between the membrane
and core wall which plagued the latex molding
process.

3. The silicone material did not exhibit the self-
bonding behavior experienced with latex, thereby
eliminating the need for release agents to be
placed between the membrane and the interior of the
taxel core.

4., The availability of large sheets of tough, smooth,
and defect-free silicone material from commercial
suppliers eliminated the membrane fabrication step
found necessary with latex taxels. Additionally,
the smooth surface of the sheet produced a rugged,
snag-proof and cosmetically-appealing surface on
the skin side of the WAM forearm tactile display.

The starting point for the taxel design and fabrication
procedure was the molding technique used with latex. The
core was created by applying one thick coat of silicone gel
to an appropriately-shaped teflon or UHMW polyethylene mold,
and allowing the material to air-cure for 12 hours. The
taxel core was then stripped off, allowed to cure an
additional 12 hours and the flash trimmed off. A taxel
membrane was prepared by scraping silicone gel over a flat
surface covered with polyethylene, and then taxel cores
immediately dropped onto the surface of the uncured membrane.
The cores were carefully pushed into gel only to the extent
necessary to insure good bonding around the edge or wall of
the taxel core (due to the translucent nature of the gel, the
bond area could be visually monitored for reliable bonding).
After curing for 12 hours, the membrane was stripped from the
mold and the taxels allowed to fully cure for an additional
12 hours. This procedure was later modified by using an
injection molding technique to fabricate the cores in an
attempt to minimize the manual labor content and skill level
required.

In general, defect-free taxels produced by this

technique were very reliable, though several significant
deficiencies remained:

10



1. The procedure was still considered too lengthy and
cumbersome for the future task of fabricating
arrays.

2. Despite a high degree of care in joining the taxel
cores to the membrane, a significant number of
taxels developed a defect in which the uncured
membrane did make contact with the interior of the
core, thereby rendering the taxel unusable. The
wall height around the edge of the taxel core was
raised to remove this problem, but this was not
considered an entirely satisfactory solution as it
also increased the taxel volume which detrimentally
influenced taxel response times.

3. The membrane thickness was difficult to control
from batch to batch. It varied as much as 20-30%
depending on the skimming tool material, skimming
tool velocity and angle, and quantity of gel
accumulated under the skimming tool.

4. When a small array mockup was fabricated utilizing
these discrete taxels, it was found that the
surface presented to the wearer was replete with
voids between the taxels. Such defects were
cosmetically unacceptable and could potentially
snag skin, hair, or clothing and eventually lead to
discomfiture during use and premature array
failure.

For the above reasons other fabrication techniques were
also explored, especially those involving the use of
commercially-available silicone sheets as membrane materials.

The technique that eventually proved successful was that
termed encapsulation, and may be best explained in reference
to Figure 4. The starting point in taxel fabrication was to
thermally cut taxel cores measuring 1llmm OD from a sheet of
silicone 3.2mm thick. These cores were then thermally bored
from the side to leave a 0.8mm diameter hole (for the
pneumatic tubing) to the center, and the center itself cut
out to a depth intersecting the lateral hole. The core was
placed on a silicone sheet 0.8mm thick and encapsulated by
applying silicone gel to the edges. The viscosity of the gel
was high and prevented wicking into the surface between the
core and membrane. The gel was then permitted to cure for
12-24 hours. The advantages of this procedure were:

11
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FIGURE 4: Top perspective and various cross-sectional views
of a silicone taxel fabricated by the encapsulation
technique. All dimensions in millimeters. Drawing WAM TDO3.
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1. The dead volume within the taxel was reduced to an
absolute minimum, as no wall on the outer edge of
the core was required as part of the assembly
process.

2. The manual labor content and skill level was
greatly reduced, requiring only the placement of a
single bead around each core edge.

3. Assembly time was significantly decreased by
minimizing the number of separate steps requiring a
pause for curing of the silicone gel.

4., Use of commercially-available materials was
maximized, with little custom fabrication required.

5. The procedure was readily expandable to the
production of large tactile arrays with an smooth
and tough surface presented to the wearer.

This procedure was verified with the fabrication and
testing of a linear 1x5 tactile display array measuring
17.5mm wide x 85mm long x 4mm thick. Due to constraints of
time, concurrent work regarding the development of latex
taxel fabrication technology was halted and the new procedure
involving silicone material selected as the baseline from
which the WAM forearm tactile display evolved.

13



4. WAM FOREARM DISPLAY FABRICATION

The previous section described how the technology was
developed to produce a thin flexible tactile display array
using silicone materials. The purpose of this section is to
describe how such display technology was utilized to
fabricate a 5x11 WAM forearm tactile display. An important
initial consideration that needed to be resolved concerned
the manner in which the forearm tactile display was to be
utilized in the WAM system. Two methods of display coupling
could be chosen, one involving a display array fixed to the
exoskeletal structure of the WAM, and another in which the
array is worn by the operator.

The advantage of a display system attached to the WAM
structure is that the tactile display is always in spatial
registry with the tactile sensor array mounted on the slave
arm, and problems of donning/doffing the display are
minimized. In contrast, a worn display has the advantage
that good registration between the display and the operator’s
skin can always be maintained and does not shift as the skin
slides over the musculature in response to various body
movements.

Were any other part of WAM tactile display system to be
considered, the difference between display mounting methods
would be less important. However, the forearm location turns
out to be an "interesting" location due to the structure of
the lower arm and the method used to implement wrist
rotations. The forearm can accommodate a 180° twist by
rotating the forearm bones around one another, resulting in a
variable circumferential skin strain from the elbow (zero
strain) to the wrist area (max strain). Unfortunately, the
WAM slave and master arm rely on joints at the wrist to
accomplish wrist rotation, and the skin on the forearm area
of the WAM exoskeleton remains fixed (or, if the roll joint
is located in the elbow, the forearm skin rotates with zero
circumferential strain along with the wrist).

Without a clearer knowledge of the sponsor’s present or
planned WAM facility, it was decided to design a forearm
tactile display that could be utilized in either mode, i.e.,
fixed to the WAM master or worn by the operator.

In either mode of operation, an important consideration
was the maintenance of good mechanical contact between the
display elements and the operator’s skin during use. 1In
particular, as muscles and bones underlying the skin in the

14



forearm shift during use of the arm, the tactile display must
accommodate such shifting and be capable of rapidly
conforming to an ever-changing skin surface exhibiting
variable convex and concave features. The two candidates
examined for applying uniform force behind the array onto the
skin were the use of various foam backing materials and the
use of pneumatic pressure.

The primary advantage of a pneumatic array applicator
was that the total thickness of display device could be
minimal, as the thickness of the pneumatic void behind the
display array could be as little as 1 or 2mm and the total
thickness of the display (assuming a hard shell backing) be
less than 6 or 7Tmm. A secondary advantage would be that the
applied force to the taxel array would be uniform regardless
of the degree of displacement imparted to the array by the
skin or underlying tissue. However, the advantage of small
display device thickness is purchased at the cost of
minimizing the degree to which the array can accommodate
changes in skin geometry. Furthermore, the pneumatic
approach has the additional disadvantage that a pressure
regulation scheme must be built into to system to allow the
operator to balance comfort level against adequacy of array
coupling to the skin. Both these problems become more acute
as the number or arrays or display segments in a display unit
increase.

In contrast, the advantage of a foam backing behind the
taxel array is simplicity, as no automatic pressure
regulation system is required. The disadvantage, however, is
that the foam thickness must be large enough to accommodate
the full expected range of positive and negative array
displacements encountered during use. The foam-backing
approach was eventually selected as the better method to
address the WAM forearm display design goal of providing a
device that could be readily configured to operate in either
the fixed or worn modes. The design consisted of 11
independent 1x5 taxel arrays held to the forearm with
individual VELCRO straps, and is illustrated in the
photographs and drawings shown in Figqures 5 and 6,
respectively. The straps permitted independent adjustment
and accurate sizing to fit a variety of forearm sizes and
geometries, as illustrated in Figure 7. Alternatively, the
entire unit may be stiffened by the application of wide
VELCRO tape to the back of the straps and then mounting the
entire unit in a fixed location on the WAM master arm.

15



FIGURE 5: WAM forearm tactile display unit shown (top) with
all taxels actuated. The unit was composed of eleven 1x5
flexible tactile display array modules with VELCRO backing to
permit independent adjustment and fit. End view (bottom) of
display shows the foam-backing associated with each 1x5
display module. Photos 030892-23 and -06.

16
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Each WAM display strap contained one modular 1x5

6
tactile array attached to an integral foam backing pad.

FIGURE

The

WAM display consisted of eleven such straps sewn together to

a common main strap that ran longitudinally down the forearm.

All dimensions

WAM TDO3.

Drawing

in millimeters.
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FIGURE 7: Illustration of WAM forearm tactile display

donning. Top: Placement of forearm against display area.
Middle: Temporary closure about forearm using end and middle
straps (note position of pneumatic cable). Bottom:
Completion of strapping and adjustment of tension for
comfort. Photos 060892-12, -14 and -16.
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The main reason for selecting a segmented display array
was the need to allow the entire array to track the wearer’s
skin throughout the full range of forearm rotational motion.
Despite the flexibility and thinness of the display array, it
was not be possible to keep a monolithic 5x11 array in
registry without severe warping of the sheet due to the
variable degrees of forearm skin deformation created during
forearm rotation. This problem was solved by dividing the
5x11 display into eleven 1x5 array segments, as shown in
Figure 8. Figqure 9 illustrates the modular nature of the 1x5
foam-backed taxel arrays, which allows for some degree of
custom positioning and relatively easy replacement in the
event of damage.

19



FIGURE 8: Illustration of how WAM forearm display can
accommodate and track variable skin twisting along the
forearm during forearm rotation. Top: display unit with
white tape markers attached to each display segment. Bottom:
relative displacement of each segment in response to forearm
rotation. Photos 070892-03 and -06.
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FIGURE 9: Each 1x5 taxel array was packaged into
a module including the foam backing and VELCRO
attachment strip. This permitted some latitude in
positioning on the forearm and also provided ease
of replacement in the event of damage. Photo
060892-10.
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5. WAM TACTILE DISPLAY DRIVER

The purpose of the tactile display driver was to
implement PWM control of the pneumatic pressures applied to
each of the 55 taxels in the WAM tactile display array, and
thereby create the impression of an analog tactile display
signal. Past implementations of the pneumatic driver have
all relied upon electromagnetic microvalves, either
manifolded [Begej 1988b and 1990] or discretely plumbed with
dedicated tubing [Begej 1992]. Based upon this body of
experience, a new 3-way manifolded valve array was designed
and fabricated that included separate pressure and vacuum
manifolds so as to rapidly fill and empty the relatively
large taxels employed in the WAM tactile display.

Photographs of the WAM pneumatic display driver are
shown in Figure 10, 11 and 12. An electrical schematic of
the valve/IDC cable adapter board is shown in Figure 13, and
construction drawings of the manifolds and microvalves are
shown in Figures 14, 15, and 16.

The inlet air was regulated, filtered, and dried by the
pneumatic conditioner module shown in Figure 17 and 18. The
latter fiqure illustrates the location and means of underside
access to the tactile system pressure regulator, which would
be set in the range 200-500KPa (29-72psig). All connections
between the pneumatic conditioner module, valve driver
module, and vacuum system utilize standard 6.36mm (0.25inch)
polyethylene tubing and tubing fittings, whereas a standard
male '"quick disconnect" fitting has been utilized at the
inlet to the pneumatic module so as to prevent inadvertent
connection of high-pressure shop air directly to the tactile
display.
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FIGURE 10: Pneumatic valve driver module (right)
for WAM forearm tactile display (left). Inlet and
exhaust tubing and control cable omitted for
clarity. Photo 070892-13.
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FIGURE 11: Internal views of the WAM forearm tactile
display driver. Top photo shows arrangement of valves,
manifolds, and transition connector card inside the driver
module, whereas bottom photo shows the termination connectors
of the pneumatic tubing leading to the tactile display array.
Photos 080892-06 and 080892-13.
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FIGURE 12: View of partially-disassembled WAM
tactile display driver module showing vacuum
manifold (left), array of 56 valves mounted on
inlet manifold (center), and valve lead/IDC cable
adapter board (right). Photo 170692-06.
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FIGURE 17: Pneumatic conditioner module for the WAM tactile
display driver. Top photograph shows front panel and the
gage indicating the display system pressure. Bottom
photograph shows the inlet air fitting (e.g., shop air),
system air (to tactile display), and a system vent toggle-
valve at the rear of the module. Photos 090892-10 and -12.
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FIGURE 18: Additional views of pneumatic conditioner module
for WAM tactile display driver. Top photograph shows the
filter/regulator/accumulator unit, system (input) pressure
gage, and dryer (behind regulator). Bottom photograph
indicates access holes for draining the filter and
accumulator and for adjusting the regulator and system
pressure. Photos 090892-16 and -08.
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6. WAM TACTILE DISPLAY CONTROLLER

The WAM tactile display unit was designed so that each
display taxel was individually controllable by a 0-5VDC
analog signal originating at a tactile sensor taxel located
on the WAM slave arm. Figures 19 through 27 illustrate the
PWM controller module designed to accept up to 56 control
signals and convert then into PWM drive commands for each
display taxel valve. The front panel of the PWM controller
module provides convenient access to the PWM digitally-
synthesized sawtooth waveform oscillator:

FUNCTION RANGE Nominal Value
UPPER LEVEL 0-10VDC 5VDC
FREQUENCY 0.5-30Hz 5Hz
LOWER LEVEL 0-50mVDC 20mvVDC

The nominal upper level was set at 5.0VDC to provide a
100% PWM duty factor when the sensor signal was 5.0VDC,
whereas the lower level was set at 20mVvDC to provide a small
deadband within which no taxels could be activated.

A toggle switch on the front panel also allows the user
to select the PWM waveform source. The INTERNAL switch
position utilizes the internal waveform generator on the PWM
controller module board, whereas the EXTERNAL position will
allow input of a waveform to the BNC connector located on the
front panel. Alternatively, when the switch is in the SLAVE
position, the waveform is taken from the backplane connector
and it is presumed that some other PWM controller card
plugged into the backplane would be acting as the master.

The tactile sensor signal input connectors are each 64-
pin IDC units designated J1 and J2. The odd pins are
utilized to control taxels (0,0) to (4,10), or valves 0-55.
{Note that valve 32 was defective and was replaced by spare
valve 55 to control taxel (2,10).} The PWM controller board
output is connected to the valve driver module by a single
64-lead IDC cable.

Upon final system integration it was noticed that
certain events could cause the tactile display to briefly
turn ON in an uncontrolled mode, e.g., failure to have the
demo program running before turning display power ON, or a
total power failure. To combat these problems and to provide
an added measure of system robustness, a display protection
circuit was added to the PWM controller module: see
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Figure 26. This circuit will not allow the PWM controller to
become active or any valves to be driven unless three
conditions are met: (1) 120VAC power exists, (2) the input
to channel 58 (J2-53) is less than 25mVDC, and (3) the input
to channel 63 (J2-63) is greater than 2.5VDC.

All power for the WAM tactile display system was
provided by the 24VDC 9A DC power supply module shown in
Figure 27, which also reveals the location of the 120VAC
sense logic circuit board at the rear of the module.

FIGURE 19: PWM controller module for the WAM
forearm tactile display. The module could
accommodate up to 56 valves or channels, and
contained the PWM waveform generator, PWM
comparators, valve driver ICs and display
protection circuit. The front panel provides
convenient access to the PWM waveform frequency,
levels, and source. Photo 090892-03,
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FIGURE 27: Power supply module for WAM forearm tactile
display system. Bottom photograph shows an internal view
revealing the location (rear right of enclosure) of the
120VAC flag circuit utilized in the display array protection
circuitry. Photos 090892-19 and -24.
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7. WAM FOREARM TACTILE DISPLAY EVALUATION

Testing and evaluation of the WAM tactile display was
performed at three levels: (1) to ascertain that the system
as a whole was fully functional, (2) to evaluate display
performance while being worn, and (3) to characterize various
performance characteristics of the as-built taxels.

The only difficulty encountered with system integration
and final testing was a problem related to display activation
during non-normal events. This problem was described in the
previous section, and was corrected by the addition of a
display protection circuit. After completion of this
modification, all taxels in the display were fully exercised
to verify operation: see, for example, Figure 5 in
Section 4.

An attempt was then made to subjectively evaluate the
tactile display while being worn, with the demo program and
hardware (see Section 11) utilized to provide synthetic
tactile sensor signals. The first question evaluated related
to the effectiveness of display coupling with the forearm.
Figure 28 illustrates the tight fit achievable between each
taxel array strap and the skin, though not at the expense of
wearer comfort. Various operating parameters were tried, and
it was judged that the following values represented a good
starting point giving readily-perceptible signals from which
further task- or system-specific optimization could be
performed:

PWM frequency 5Hz

Input pressure 300KPa (43psiq)
Exhaust pressure -80KPa (-11.5psiq)
PWM duty factor 3-14%

An additional evaluation point concerned routing of the
pneumatic cable from the display. However, as illustrated in
Figure 29, the location of the cable exit point and cable
flexibility combined to permit interference-free routing
along the arm back to the valve driver module.

The last part of the tactile display evaluation
consisted of quantitatively measuring response
characteristics of a specific taxel, and attempting to
correlate the results with qualitative judgments made while
wearing the display device. The principal parameter of
interest was the taxel height as a function of time, and was
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FIGURE 28: Illustration of tactile display fit at various
locations on the forearm. Despite the presence of small
gaps, there was no problem in perceiving tactile sensations
at such locations due to the relatively large taxel
displacements (up to 4mm) that are capable of being
generated. Photos 060892-18 and -22.
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FIGURE 29: The flexibility and exit angle of the
tactile display tubing cable enabled interference-
free cable routing along the wearer’s arm back to
the valve driver module. Photo 060892-23.
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measured with the test apparatus shown in Figure 30 which
employed a small MYLAR cantilever coupled to a photoelectric
distance sensor. The electrical circuit for the latter is
shown in Figure 31. The natural frequency of the cantilever
arm was 1l4Hz, thereby placing a lower limit of 18ms on the
taxel rise or fall time that could be measured. The raw
displacement sensor output signal was set to the range 0-
5VDC, sampled by a D/A, converted with a 8088 processor to a
displacement value expressed in millimeters, and outputted to
a storage scope at a sample rate of 125Hz (8ms period). The
screen was captured with a CCD camera and the image stored
for later image processing and printing. The experimental
setup for use with taxel (2,0) is shown in Figure 32, and the
appearance of the taxel during evaluation shown in Figure 33.

Initial taxel evaluation consisted of measuring the
height and response time to step input pressure changes. A
typical oscilloscope tracing of the taxel response to a step
pressure change is shown in Figure 34. The maximum taxel
displacement as a function of static input pressure is shown
in Figure 35, and indicates a somewhat linear response
behavior up to an inflation factor of 73% (the latter being
defined as the ratio of taxel height to taxel radius =
4.0mm/5.5mm). Figure 36 indicates the taxel rise and fall
time (defined as the time required to effect a 90% change) as
a function of the magnitude of a step-input function and also
as a function of the taxel exhaust pressure. Two of the
clearer observations with regard to the last figure are:

1. An exhaust pressure that is below the ambient
pressure at which the taxel is operating has a very
large effect on the fall time. For example, an
exhaust pressure that is approximately equal in
magnitude to the input pressure (i.e., -80KPa)
reduces the fall time by a factor of approximately
five from 1 to 0.2 sec.

2. In general, the rise or fall time rises as a
function of input pressure.

Of greatest interest would be measurements of taxel
behavior under actual use conditions where taxel motion is
constrained by the skin and various configurations of muscle,
tendon, and bone. However, no appropriate measurement
apparatus presently exists, though the development of one is
proposed in Section 9 "Directions for Future Study".

Instead, a series of dynamic measurements were made with the
taxel under "no load" conditions using the previously
described cantilever displacement sensor. A test matrix was
devised in which the taxel displacement characteristics
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FIGURE 30: Test apparatus used to measure the height of a
taxel as a function of time. The displacement sensing device
was a small MYLAR cantilever coupled to a photoelectric
distance sensor (top photo, at center). The cantilever was
calibrated using the micrometer (bottom photo, at right), and
optically verified with the stage micrometer (bottom photo,
at left). Photos 180692-06 and -09.
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FIGURE 32: Taxel (2,0) of the WAM forearm tactile
display positioned under the arm of the taxel
displacement sensor. Photo 030892-17.
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FIGURE 33: Displacement sensor arm positioned over taxel
(2,0) of the WAM tactile display. Top and bottom photographs
show deflated and inflated taxel, respectively. Photos
030892-11 and -09.
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FIGURE 35: Taxel inflation height as a function
of input pressure (PWM duty factor = 100%).
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FIGURE 36: Taxel rise and fall time as a function

of the input (system) and exhaust pressure.
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(height and rise/fall time) was measured as a function of
taxel exhaust pressure, PWM duty factor, PWM frequency, and
taxel input pressure. By selection of appropriate range and
combination of these various parameters, the taxel could be
made to operate in various display modes in which analog
tactile information was encoded as vibrational (dither)
amplitude, static taxel displacement, or in a hybrid mode
consisting of a static displacement with a superimposed
dither of constant of variable magnitude. Given the relative
insensitivity of the forearm skin to tactile stimulation, it
is the author’s belief that vibrational amplitude encoding
would be the most effective means of conveying analog tactile
information to the operator, with a hybrid mode being the
second choice. Operation of the tactile display in a purely
static mode was considered the least effective mode, as the
perception of the signal was quickly lost due to adaptation.

Figure 37 illustrates some typical waveforms associated
with steady-state taxel operation, whereas Figure 38 graphs
the steady-state taxel displacement as a function of PWM duty
factor and exhaust pressure under conditions of fixed input
pressure (300KPa) and fixed PWM frequency (10Hz). Of
particular importance is the observation that the use of a
negative exhaust pressure allows the display to be operated
under several stimulation modes. The purely vibrational mode
is accessed in the PWM duty factor range 3-7% in which
tactile information is encoded entirely by dither amplitude.
Alternatively, a hybrid display mode is accessed when the PWM
duty factor range is extended from 3-17% in which tactile
information is conveyed as a DC signal with superimposed
dither of approximately constant magnitude.

Figures 39 and 40 indicate the influence of PWM duty
factor and PWM frequency on the mean and peak-to-peak taxel
displacement, respectively. In general, a higher PWM
frequency increased the mean displacement, but at the cost of
reducing the dither magnitude (it was observed to be zero at
30Hz) and narrowing of the PWM duty factor operating band.

Figure 41 illustrates influence of the input pressure on
the mean and P/P taxel displacements. As the pressure was
increased, the operational range of the PWM duty factor was
seen to contract, though little effect was seen on the P/P
behavior.

In contrast to the steady-state taxel behavior indicated
above, data was also taken to explore taxel response under
step changes to the PWM duty factor. Fiqure 42 illustrates
some typical taxel response waveforms associated with step
changes in the PWM duty factor, and indicates that many
ON/OFF valve cycles are required before a steady-state
displacement is reached. Figures 43 and 44 indicate that the
taxel fall time under PWM drive conditions is relatively
insensitive to either the input pressure or PWM frequency,
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FIGURE 39: Mean taxel displacement as a function
of PWM duty factor and PWM frequency.
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MEAN AND PP TAXEL DISPLACEMENTS (mm)
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displacement as a function of PWM duty factor,
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42:

in the PWM duty factor.
10Hz PWM frequency.

Top:

Typical taxel response waveform to step changes
300KPa supply pressure,

All traces:
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Bot:-81KPa exh pres, 0-15% duty fact (05089223.TIF and *24.%)

59
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FIGURE 43: Taxel dynamic rise/fall time as a
function of input pressure.

time is defined to be the time required to reach a
steady-state value after making step changes to the

PWM duty factor.
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but that the rise time increases with increasing pressure and
PWM frequency.

Specifying a set of operating parameters that result in
"ideal" taxel operation is a difficult endeavor due to the
subjective nature of evaluating the tactile display
performance in reference to contact with the skin. Several
non-quantitative conclusions were reached in the course of
making various measurements and tests with the tactile
display developed for this program:

1. In the absence of specific tasks performed with the
tactile display, higher input pressures are
preferred over lower ones. This produced signals
that could be readily perceived, though at the cost
of slower response to transients.

2. A low negative pressure should be used on the taxel
exhaust to minimize the taxel fall time. This
permits the use of a higher PWM frequency, thereby
achieving a faster transient response time.

3. For demonstration purposes, a PWM frequency and
input pressure of 5Hz and 300KPa, respectively, is
recommended as it results in a distinct and
reliable tactile stimulation intensity.
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8. CONCLUSIONS REGARDING TECHNICAL FEASIBILITY

The technical feasibility of a WAM tactile display was
established by the successful fabrication and testing of a
full working prototype. The forearm tactile display
contained 55 analog display elements arranged in a flexible
5x11 array, each taxel being individually addressable and
controllable. The prototype was capable of being operated in
various tactile communication modes depending on the method
utilized to encode analog tactile sensor data and present it
to the user, e.g., vibrational (dither), DC displacement, or
hybrid combinations of these modes. The resultant system is
expected to provide the end user with a high degree of
flexibility with which to further explore the operating
characteristics of the array and to determine the usefulness
of such tactile display devices for controlling whole-arm
manipulators.
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9. DIRECTIONS FOR FUTURE STUDY

Some directions for future study include:

- Development of improved method(s) for
quantitatively characterizing the taxel
displacement behavior under both load and no-load
conditions, and correlation of these results with
qualitative assessments of sensor utility in the
performance of various WAM tasks. A preliminary
review of the technical literature has indicated
that a laser triangulation displacement sensor may
provide the necessary resolution (10um) and
response time (sub-millisecond) to enable
performance of this task.

- Development or utilization of microminiature valves
placed directly at or in each taxel so as to
minimize the taxel and system response time and to
significantly reduce the size of the pneumatic
tubing cable.

- Refinement of the array manufacture process and
modularization of the display design to further
minimize the number of manual operations required
for fabrication, assembly and repair, to minimize
cost, and to increase ruggedness.

- Replacement of the wire-wrapped PWM controller card
with a PCB version to increase reliability and
lower the cost. Also, perform additional
optimization with regard to circuit design and
parts layout.

- Development of different array geometries for other
body areas that are involved with whole-arm
manipulation, e.g., upper arm, chest, and stomach.

- Fabricate tactile arrays specifically designed for
use and evaluation at the sponsor’s facility.

- Decide between the two modes of display coupling to
the operator, i.e., display worn on the operator’s
body versus mounted at a fixed location on the WAM
master exoskeletal controller.
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11. OPERATING INSTRUCTIONS for WAM TACTILE DISPLAY

11.1. Introduction

The system described in the original Phase I proposal
would not be immediately usable by the sponsor, but would
require some effort to interface the device to an appropriate
set of analog signals representing the taxel outputs from a
real or synthesized tactile sensor. To overcome this
problem, the extent of deliverable items was enhanced to
include a 64-channel D/A board and a modified version of
existing taxel control software (written in C) to serve as a
convenient vehicle to demonstrate the display upon delivery.

The operating instruction for the WAM tactile display
are detailed in the following two sections. The first
section describes general issues pertaining to installation
and operation of the tactile display, while the second
section describes use of the display with the demonstration
software.

It must be recognized that the Phase I display system is
not "bulletproof," and individual taxels or the entire array
can be quickly destroyed by even brief over-pressurization.
Significant effort has been expended in minimizing this
problem by building circuitry to protect the array in the
event of abnormal system power-up or power-down conditions
and by incorporating software limits (in the demo code) on
the duty factors applied to the taxels. However,
implementation of complete "bomb-proof" protection is
difficult as there are far too many system variables, e.qg.,
PWM frequency, input pressure, exhaust pressure and vacuum
system pumping capacity. For this reason, it is strongly
recommended that any new operating realm be approached
conservatively by starting from conditions known to be safe
and then gradually moving into the new region of operation.

To the extent possible in a system undergoing continuous
development, cautionary notices have been inserted as
appropriate. Disregard of these precautions will result in
damage to the display array or peripheral equipment (e.g.,
master or slave arms), and possible injury to personnel
should the surprise of popping taxels evoke unpredictable
reflex responses in the operator. These cautionary notices
are not intended to be exhaustive.
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11.2. WAM Tactile Display Installation

The following building services or laboratory equipment
will be required to install the WAM tactile display:

Compressed air: 90-130psi with standard 1/4" quick-
disconnect compressed air fittings. (0il
and water-free air is preferred for
longest filter and dryer life).

Vacuum: -11 to -15psig (a vacuum pump rated at 20
liters per minute would suffice) with
connection to 1/4" polyethylene tubing.

PC Machine: 8088, 80286, 80386, or 80486 processor
with 8MHz ISA bus and a 5.25"FD (360K or
1.2M). One free card slot is required

for the D/A card.

The installation procedure for the WAM tactile display
is described below:

1. Turn the host computer OFF and install the 64-channel
D/A board.

2. Remove PWM controller module from card cage. Feed three
IDC cables from rear of the cage and connect to
appropriate connectors (note polarization mark and/or
black dot on pin 1). Reinstall PWM controller module.

3. Connect two IDC cables to D/A card.

4. Flip the manual "SYSTEM" valve located at rear of
pneumatic module in the card cage to the OFF position
(i.e., line is vented to atmosphere).

5. Connect shop air (approximately 90psi) to the pneumatic
module in the card cage. Turn regulator to zero. Note
that the regulator cap must be manually unlocked by
pulling it away from the regulator body, then adjusting
it with a screwdriver.

6. Connect air line (6.3mm x 4m polyethylene tubing) from
pneumatic module in card cage to valve driver module.
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7. Connect vacuum line (6.3mm x 4m polyethylene tubing)
from valve driver module to vacuum system. For best
operation, the system should have a pumping capacity of
approximately 10-20liters/min and also be connected to
an accumulator chamber.

8. Connect IDC cable from PWM controller module to the
valve module.

9. Plug the display card cage into the same outlet or
powerbar as the D/A card host. This will eliminate or
minimize ground loops and associated problems in display
operation.

10. Turn the vacuum system ON.
Turn the display system and computer ON.
ACTIVATE tactile sensor or demo system (software).
Turn the compressor ON.

At this point the tactile display is ready for use, and
the following section describes operation of the display
utilizing the demonstration software and D/A card provided as
part of this project.
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11.3. WAM Tactile Display Demonstration

The demonstration code for the WAM tactile display is
written is C and generates analog control signals (0-5V)
through a 64-channel D/A card on the host computer, thereby
simulating analog inputs that would originate with a tactile
sensor mounted on the WAM slave arm. The demo is a modified
version of code developed for a previous program which had a
tactile display testing module. The following conditions
should exist prior to running the demo:

1. Vacuum system operating at -80KPa to
-101KPa (-11 to -14.7psigqg).

2. Pressure regulator set to 300KPa (45psigqg).

3. PWM oscillator frequency set to 5Hz.

To load the demo, copy RUNWAM.EXE from the wamtdis\bin
directory of disk 1 into a work directory on the host
computer. Note that disks 1 and 2 contain the full C
development system, including the demo source files in
wamtdis\src. To run the demo, type runwam.

After initialization, the PWM controller module is
enabled by completing the last two of three conditions that
must be met before the failsafe circuitry on the controller
is activated:

1. Power (120VAC) must exist at the input to
the 24VDC power supply.

2. Channel 58 of the D/A card must be less
than 0.025VDC.

3. Channel 63 of the D/A card must be more
than 2.5VDC.

The last two conditions verify that the program is
running and prevent startup, random, or residual voltages on
the D/A card from placing the tactile display in an operating
condition that could lead to catastrophic failure. Unless
all three conditions are met, the PWM oscillator output
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voltage is kept above at 5VDC, thereby preventing actuation
of any valves regardless of the sensor input voltage.
However, it should be noted that no failsafe mechanisms have
been installed to prevent display damage in the event of
over-pressurization, vacuum failure, insufficient vacuum
pumping capacity, or unduly large changes in PWM frequency.

khkkkkhkhkhkkhkhkkhkhkhkhkhkhkhhkhkhkhkkhkhrhkhkhkhkhkdhhdkdbhrhhdkx
CAUTION

If user is not utilizing the demo
software and D/A card provided by the
contractor, then care must be employed to
insure inclusion of the failsafe measures
described above and also to verify that
the user’s system does not contain other
problems that could lead to display
damage.

LA E SR SRS RS R SRR R R RESEREREREEEEEEES

The first menu to appear after system initialization is
the MAIN MENU shown below:

MASTER/SLAVE TOOL SYSTEM - MAIN MENU (No. 000)

1 Help

2. Information display

3 Image I/O (100)
4 Tactile sensor array definition (110)
5. Tactile sensor calibration (120)
6. Tactile display output (sim) (130)
7 F/T sensor calibration (140)
8 Run M/S tool system (150)
9 Change menus

99. Exit to DOS
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All MAIN MENU items are accessible during this demo, but
unless Item 6 is selected the demo will eventually crash or
lock-up due to the absence of other expected devices, e.g., a
frame grabber board and A/D card. Selecting Item 6 brings up
the TACTILE DISPLAY OUTPUT menu, as shown below:

TACTILE DISPLAY OUTPUT (No. 130)

1. Help
2. Information display

3 Define output dwell time

4 Define pause time after image acquistion
5. Set value of a single tixel

6. Set all tixels to one value

7 Show display list (duty factors)

8 Activate/Reactivate array

9 Define maximum duty factor

99. Change menus

This menu controls the 64-channel D/A board and the
output level (0-5VDC) for each channel. Item 2 displays
system parameter information, as shown below:

INFORMATION DISPLAY

Parameter Value Required For Menu
Variables:
Cell size (pixels) 3 Tactile telepresence 110
Maximum pres (KPa) 1 Tactile telepresence 120
Img. acq. delay (s) 0.080 Tactile telepresence 130
TD output dwell (s) 0.025 Tactile telepresence 130
max duty fact (pct) 15 Tactile telepresence 130
Filenames:
Tactile image ts_image.xxx User Information 100
Array definition ts_array.xxx Tactile telepresence 110
Zero pres. inten. zp_inten.xxx Tactile telepresence 120
Max pres. inten. mp_inten.xxx Tactile telepresence 120
F/T coefficient ft_coeff.xxx F/T sensors 140
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The first parameter directly pertinent to the tactile
display is the "TD output dwell" time, or the minimum delay
between successive D/A outputs. The default is 0.025sec, but
this value is specific to a standard 8088 machine running at
4.77MHz. This value should be changed using menu Item 3 to
approximately lsec for a 50MHz 80486 machine. If some other
machine is used, then the appropriate value is found by trial
and error using the following procedure:

1. Use Item 3 to set the dwell time to
0.025sec.

2. Set the duty factor (using Item 5) for
any taxel channel from 4-28 or 36-50 to
some safe value, e.g, 10%.

3. Reset the entire display to 0% duty
factor using Item 6.

4. If the taxel selected in Step (2) is not
entirely switched off and the valve
silent, then return to Step (1) above,
double the dwell time, and repeat Steps
2-4, Else end.

The second parameter of interest is the "Max Duty
Factor," which is the maximum duty factor (0-100%) of the PWM
waveform that can be applied to the taxel driver valve. The
default value is 15%, but may be changed through menu Item 9.

khkhkhkkhkkhkhkhhkhkkhhhkkhhhkhkhhhhhkhkhkhkhkhkhhhhkhkhkhhdx
CAUTION

If the operating conditions differ from
those specified at the beginning of this
section, the user must exercise caution
when entering taxel stimulation values
through menu Items 5 and 6 until a new
maximum duty factor is established.

Until then, an incorrect or inadvertently
entered duty factor may destroy a taxel
or the entire array within 100ms.

hhkhkhkhkhkhkhkhkhkhhkhhkhkhkhkhhkhkhhkhhhhhbhhhkdhhhhhhdhh
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the entire tactile display:

Also of interest to the user is menu Item 7, which shows
the taxel/channel labeling and current D/A output state for

Display Array Indicies (row, col):

; 0 0, 1 0, 2 0,
1, 0 1, 1 1, 2 1,
2, 0 ;1 2, 2 2,
3, 0 3, 1 3, 2 3,
4, 0 4, 1 4, 2 4,
Driver Channel Numbers:
0 1 2
11 12 13
22 23 24
33 34 35
44 45 46
32 56 57
Assigned PWM Duty Factors (percent):
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

The top row lists the display array indices as they
would appear to a user looking at the back of the display

Wwwww
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being worn on the right forearm, i.e., taxel (0,0) would be

adjacent to the thumb, and taxel (4,10) nearest the elbow.

The middle row indicates the channel or valve numbers that

correspond to each taxel (note that channel 32 for taxel

(2,10) failed during late stages of system integration and

was replaced by spare channel number 55.)
represents the
channel, where
the expression
droop has been
minute period,

From experience,

The bottom array
last PWM duty factors assigned to each
the output voltage of each channel is given by
V = DF * 5volts.

the output

found to be a several percent over a ten
so output values should be refreshed

periodically to maintain correspondence with expected values.
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Item 5 of the menu permits the user to set the output
value for any specific taxel, as illustrated below:

Set the value of a specific tactile display channel:

Enter channel number (0- 63): 22
Enter desired duty factor (0-100 pct): 14

These output values remain unchanged (except for droop)
until new values are entered by the user. Alternatively, all
the taxels in the entire array may be set to the same value
using Item 6, as shown below:

Set all digital display channels to the same value:
(Note: Program status flag (CH63) is excluded):

Enter desired output value (0-100 DUTY FACTOR): 13

A listing of the duty factor assignments would reveal
that Item 6 set all taxels corresponding to channels 0-55 to
the same value, whereas channels 56-63 were unaffected.
However, it should be noted that menu Item 5 can change these
upper channels.

Finally, there is menu Item 8, which reactivates the PWM
controller board by resetting channels 58 and 63 to 0 and
5VDC respectively. Over prolonged period of usage, this
command should be periodically selected to insure that the
PWM controller board does not deactivate due to output
voltage droop or inflation (channels 63 and 58,
respectively), or due to inadvertent deactivation through the
application of menu Item 5 to an unintended taxel.
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