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GLOVE CONTROLLER with FORCE and TACTILE FEEDBACK for 

DEXTEROUS ROBoTIC HANDS 

Project Summary 

The overall objective of this contract was to explore feasibility of designing 
an advanced laboratory prototype of a three-fingered exoskeletal glove controller 
for dexterous robotic hands featuring force, position, and tactile feedback at 
each finger. Task 1 consisted of evaluating the performance capabilities of the 
3-DOF Phase-I prototype finger controller, and refining the torque and angle 
sensors. Task 2 concerned the design of a new glove controller utilizing the 
advancements achieved during the previous task. Task 3 dealt with further 
development and enhancement of the associated tactile telepresence system for 
the fingertips. 

Task 1 was successfully accomplished, and resulted in the delivery of an 
upgraded single-finger master system, associated single-joint slave, and a tactile 
telepresence system for a single fingertip. Task 2 efforts produced a CAD 
design for the thumb joint, and gave encouragement to the conclusion that the 
general concept of using virtual joints for the glove controller was feasible. 
However, limitations of the available in-house design tools and difficulties re­
designing the torque sensor prevented completion of the glove design and its 
subsequent fabrication. Task 3 efforts resulted in the fabrication of three tactile 
display driver modules, but not of an entire tactile telepresence system. 
Additionally, the feasibility of creating new smaller microtaxels and a flexible 
substrate for the fingertip tactile display was demonstrated. 

Potential commercial applications of this research includes space-based 
construction and maintenance, underwater salvage or mining, remote surgery, 
cleanroom operations in the electronic, biological, and pharmaceutical industries, 
hazardous waste handling and site cleanup, high-fidelity aircraft and other 
vehicle simulators, and games involving virtual reality themes. 
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1. INTRQDUCTIQN
 

The overall objective of this contract was to explore feasibility of designing 
an advanced laboratory prototype of a three-fingered exoskeletal glove controller 
for dexterous robotic hands featuring force, position, and tactile feedback at 
each finger. Task 1 consisted of evaluating the performance capabilities of the 
3-DOF Phase-I prototype finger controller, and refining the torque and angle 
sensors. Task 2 concerned the design of a new glove controller utilizing the 
advancements achieved during the previous task. Task 3 dealt with further 
development and enhancement of the associated tactile telepresence system for 
the fingertips. 

Task 1 was successfully accomplished, and resulted in the delivery of an 
upgraded single-finger master system, associated single-joint slave, and a tactile 
telepresence system for a single fingertip. Task 2 efforts produced a CAD 
design for the thumb joint, and gave encouragement to the conclusion that the 
general concept of using virtual joints for the glove controller was feasible. 
However, limitations of the available in-house design tools and difficulties re­
designing the torque sensor prevented completion of the glove design and its 
subsequent fabrication. Task 3 efforts resulted in the fabrication of three tactile 
display driver modules, but not of an entire tactile telepresence system. 
Additionally, the feasibility of creating new smaller microtaxels and a flexible 
substrate for the fingertip tactile display was demonstrated. 

The work under Tasks 1,2 and 3 are described in Sections 2,3, and 4, 
respectively. Section 5 describes the conclusions regarding the overall technical 
feasibility of the project, where it was concluded that the general concept of 
using virtual joints for the glove controller was feasible though implementation 
would require additional effort supported by better CAD design tools for 
successful completion. Finally, Section 6 describes in detail the steps required 
to complete the project in the future. 
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2. UPGRADE of PHASE I PRoTQTypE 

The objective of Task 1 was to complete the fabrication of the single­
finger prototype initiated during Phase I, and to evaluate its capabilities and 
performance with a single-joint slave finger and mechanical master/slave 
manipulator system. The main elements of this task are listed below: 

•	 Design and fabricate an improved, miniature, optical joint­

angle encoder,
 

•	 Pursue further refinements of the optical joint-torque
 
sensor,
 

•	 Install advanced versions of the joint-angle and torque
 
sensors on the spherical joint associated with the master
 
knuckle and distal joint of the slave finger,
 

•	 Refinement of the torque and joint-angle sensor
 
conditioning boards, and fabrication of sufficient new
 
boards to accommodate the sensor needs associated
 
with the master and slave mechanisms,
 

•	 Fabrication of a duplicate motor driver board for the slave
 
finger, and
 

•	 Implement simple, hardware-based methods by which to
 
control the master controller and slave motors, including
 
master/slave control algorithms, if possible.
 

The upgraded system after the above modifications and improvements is 
shown in Figure 1. The following sections describe in detail the work that was 
performed. 
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FIGURE 1: Upgraded Phase-I finger controller prototype (front-right), single­
joint slave finger (front-left), and 37-taxel tactile telepresence system (sensor 
and display are attached to slave and master fingers, respectively). (Photo. 
GC11 0595A-1 7) 

3 



2.1 Angle Sensor 

Unlike conventional joints, the virtual joint utilized in the master controller 
is without a physical center to which an angle encoder might be attached. 
Instead, an indirect method of angle determination was utilized in which the 
encoder was mounted on the idler gear that transmitted power from the worm to 
the joint slider gear. The required characteristics of the encoder were that it be 
small, have a high noise immunity (due to the local presence of PWM motor 
drive lines), and offer an analog output over a 3000 rotation range. No off-the­
shelf commercial units meeting all these requirements were available, so an 
optical device was designed using IRAD funds and subsequently fabricated 
during the Phase I. The principle of operation relied on the attenuation of a 
photoelectric signal by a circumferentially-graded optical filter disk. The Phase-II 
goal with regard to this sensor was to improve and stabilize the design so as to 
make available a standardized encoder unit for the entire master glove controller 
mechanism. 

Photographs of the first encoder are shown in Figures 2.5-1 and 2.5-2 of 
the Phase-I Final Report. The body consisted of two identical brass halves held 
together with small 0-80 Allen cap screws at each of the four corners. The 
photoemitter and photodetector were mounted with epoxy adhesive on opposite 
sides of the filter wheel. Identical photoswitch units (Marktech MTRS-9080) were 
used in both cases, though the orientation reversed so as to couple the emitter 
of one unit with the detector of the other. The filter disk was fabricated by trial­
and-error by taking a B&W photograph of a slowly-rotating, wedge-shaped 
electroluminescent panel whose intensity was linearly varied according to its 
angular position. After development and drying, the filter disk was cut directly 
from the film strip and attached with adhesive to the encoder hub. This unit 
performed well, but was not considered adequately compact, easy to fabricate, 
nor did it utilize the photoelectric devices efficiently. 

After several design iterations, a new angle sensor was designed which 
utilized a single photoswitch unit (Marktech MTRS-90aO) mounted on the edge 
of a circular encoder body. The unidirectional transmission mode of operation 
was retained, as it was much less sensitive to changes in surface reflection 
caused by variations in the filter wheel position or orientation. Photographs and 
mechanical drawings of the new angle encoder are shown in Figure 2 - 9. 
Instead of the "straight-through" light path utilized in the first version, integral 
reflectors machined into the body halves were used to direct the light from the 
emitter, through the encoder filter wheel, and then reflected again to the 
detector. This enabled the use of only a single photoswitch package, and 
simplified assembly as the photoswitch package could be pre-assembled onto its 
mount prior to snapping the components together. The primary assembly 
problem encountered was application of the adhesive (Loctite 324), as care was 
required to avoid migration of adhesive to the internal components. 
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FIGURE 2: Phase-II optical angle encoder mounted atop the main knuckle joint 
of the finger controller, and used to measure lateral finger position. (Photo. . 
GC11 0595A-26) 
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FIGURE 3: Top: disassembled optical angle encoder showing the filter wheel 
(center), two body halves, and sensor module (left) (Photo. GC160891-22.) 
Bottom: Sensor undergoing repair illustrating the filter wheel, filter wheel slot, 
and emitter/detector holes in sensor mount (Photo. GC080595A-06). 
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path from the emitter, reflection through the filter wheel, and reflection back to 
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A representative unconditioned output signal from the angle sensor is 
shown in Figure 10, and is seen to be monotonic but non-linear over the range of 
0-300°. Of particular note was the relatively low output (1.5V) with respect to the 
Phase-I version (3-4V), and was presumed to be caused by additional light 
losses over the significantly longer light path. No effort was expended on this 
program to develop the sensor beyond this point, but directions for future 
development of the optical angle sensor are presented in Section 6. 
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FIGURE 10: Representative unconditioned output signal from the Phase-II 
optical angle sensor at several LED emitter drive currents is observed to be 
monotonic but non-linear over the range 0-300°. (Graph 300991.G1) 
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2.2 Force Sensor 

In addition to advancing the development of the optical angle encoder 
described, another objective of the Phase-II work was to pursue further 
refinements of the optical joint-torque sensor. As illustrated in Figures 2.6-1, -2, 
and -3 of the Phase-I Final Report, the torque at a virtual joint was measured by 
a cantilever attached to the main joint slider. In order to avoid some of the well­
known problems with strain gage instrumentation (e.g., low signal level and 
attendant high noise susceptibility), the Marktech MTRS-gOaO optical switch was 
again utilized, but in the displacement sensing mode so as to measure the 
relative movement of the cantilever relative to the main joint slider. This 
approach resulted in a very sensitive bend sensor (1 urn resolution) with a raw 
signal output of volts, rather than millivolt levels from strain gages. A further 
advantage was obtained in that the identical signal conditioning electronics could 
be used for all sensing needs regarding the glove controller (e.g., angle and 
torque), thereby reducing development and fabrication costs significantly. 

In evaluating the Phase-I torque sensor design, several shortcomings 
were noted. The first problem related to the problem of sensor drift during use, 
and was determined to be caused by the photographic paper target gradually 
breaking free of the underlying substrate. This was presumably caused by 
flexure of the cantilever, and was addressed by studying various targets, e.g., 
white photographic paper (standard), anodized aluminum, milled aluminum, and 
sanded aluminum surfaces. The most stable results were achieved by filing a 
milled aluminum surface, then unidirectionally sanding with 220 grit paper. 

Another difficulty was encountered pertained to the maintenance of 
sensor calibration during assembly/disassembly operations. The opto­
displacement sensor was mounted on the main slider and the reflector located 
on the cantilever, so any slight movement or slippage at the screw fastener 
holding the cantilever to the slider would result in a significant change the sensor 
output. Similarly, calibration established prior to a disassembly/assembly 
operation could not be maintained as the cantilever base did not seat into the 
slider base the same way each time. This behavior was partially addressed in 
Phase-I by mounting the sensor on a miniature bridge whose elevation could be 
adjusted with a fine screw to bring the sensor back into calibration. The 
situation, however, was still inconvenient and not suited for long-term stable use. 

This problem was more fully addressed in Phase-II by designing a 
cantilever structure that included .bQ1h the torque sensor and reflector target, as 
illustrated in Figure 11 and 12. The sensor is shown mounted on a support 
beam, which in turn is attached to the base that was screwed to the main slider. 
In this manner, the cantilever could be calibrated once at the time of 
manufacture and then attached to the main slider without need of further 
adjustment. A typical response curve is shown in Figure 13. 
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FIGURE 11: Modular torque-sensing cantilever developed during Phase-II. 
Both the displacement-sensing optoswitch and the reflector target were 
incorporated into a single structural element in such a manner that bolt-down 
forces did not affect the calibration of the torque-sensing cantilever. (Photo. 
GC160595A-01 ) 
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The last problem regarding the Phase-I torque sensor was not uncovered 
until late in the Phase-II program. The sensor was found to be inaccurate and 
only measured torque on virtual joint when the applied force vector was normal 
to the cantilever. In other cases it was not possible to accurately infer torque 
from applied forces, and in some situations gave completely erroneous results, 
e.g., a force vector applied at the tip of the cantilever and directed through the 
axis of the virtual joint resulted in a non-zero sensor output, rather than zero. 

This problem was not overcome in this Phase-II study. Various 
approaches to address this problem are described in a later section concerning 
the design of a Phase-II glove controller mechanism, and involve measurement 
of the torque at the virtual joint by directly instrumenting the slider drive gear with 
an optical displacement sensor, or by reliance on the measurement of biaxial 
strain (utilizing strain gages) in a cantilever. 

2.3 Signal Conditioning Boards 

Use of a common transduction element (i.e., Marktech MTRS-9080 
optoswitch) for the joint angle and torque sensors enabled the design and use of 
a single signal conditioning circuit such as that shown in Figure 2.5.3 of the 
Phase-I final report. This original circuit only provided for gain (span) and zero 
offset adjustments, and one objective of Task 1 was to refine the circuit and add 
sensor and board temperature compensation. If performance of the circuit 
proved satisfactory, the final step was to fabricate the circuit using PCB 
technology. 

Photographs of the sensor signal conditioner boards developed during 
Phase-II are shown in Figure 14, and detailed block diagrams, circuit and layout 
drawings presented in Appendix A. Temperature compensation of both the 
sensor and signal conditioning boards was considered an important problem, as 
the variation in signal output due to temperature was measured to be 
approximately 0.5 to 1.00/0FS/oC (Le., a 1DoC temperature change would modify 
the output by 5-10°10 FS). The Phase-II design reduced the variation in output to 
less than O.2°loFS over a 25°C temperature change at the sensor, as illustrated 
in Figure 15. 
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FIGURE 14: Sensor signal conditioning boards for master (top) and slave 
(bottom) fingers. (Photos: GC080595A-16 and -14) 
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The initial approach to sensor temperature compensation was to utilize a 
thermistor to generate an appropriate offset voltage for both the sensor and the 
signal conditioning board. This was found to be feasible only for the board but 
not for the sensor, as no thermistor was found with a response curve that 
adequately matched that of the sensor. Further investigation revealed that 
essentially all sensor temperature sensitivity resided in the LED emitter, and the 
approach eventually selected was to simply drive the LED at a constant current 
and use the LED voltage drop (inverted and appropriately scaled) as a 
compensation signal. This approach was successful in reducing signal variation 
to less than 1%FS over the expected range of sensor operation (15-30°C). 
However, two additional wires were required to monitor the LED voltage drop, 
which increased the number of sensor leads from 4 to 6. 

Despite the addition of various improvements in terms of board size 
reduction and temperature compensation over the Phase I signal conditioning 
boards, several significant problems remained or were uncovered during 
evaluation of the Phase-II boards: 

•	 Sensor drift was significant during board warm-up (e.g.,
 
first 5-10 minutes). This was problem was not addressed
 
in hardware, and prevented achievement of stable or
 
predictable system recovery from a power-loss event.
 

•	 Significant time and effort was required to calibrate the
 
signal conditioning boards (typically several days) due to
 
the need for placing the sensor and the board individually
 
in a oven for temperature ramping during calibration.
 
(See Appendix B for full listing of calibration procedure.)
 

It was concluded that, in general, the Phase-II signal conditioning boards 
were not satisfactory from a practical-use standpoint, and that other approaches 
to signal conditioning should be pursued, e.g., utilizing an AID card and 
performing all capture, conditioning, calibration, and processing (including 
linearization) with a microprocessor. For this reason, PCB-versions of the signal 
conditioning boards to replace the wirewrapped versions were not created on 
this Phase-II program. 

2.4 Motor Driver Boards 

The motors on the Phase-I controller finger could be driven in two modes, 
analog power (±12VDC) or bipolar PWM. Photographs and electrical schematics 
of the master and slave motor driver circuits are shown in Figures 16 to 18, 
respectively. Conversion from analog to PWM mode of motor drive is 
accomplished by moving the jumper on header J1 (Figure 15). 
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FIGURE 16: Phase-II driver boards for the master (top) and slave (bottom) 
motors. (Photos: GC080595A-12 and -11) 
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2.5 M/S System Eyaluation 

A photograph and functional block diagram of the updated single-finger 
glove controller system is shown in Figures 19 and 20. The original Phase-I 
Master/Slave Hand Interface enclosure was modified to include several 
potentiometers for manual control of all four motors (Le., 3 on the master finger, 
and 1 on the slave joint), and the control and sensor signals explicitly isolated 
and labeled on the protoboard area. Photographs of these modifications are 
shown in Figure 21. Additionally, the sensor signal conditioning boards and 
motor control boards were mounted within a separate enclosure, as shown in 
Figure 22. The specific procedure for operating the master and slave finger is 
detailed in Appendix C. 

The signal conditioning boards developed on this program did not address 
the issue of sensor linearization, and therefore it was not possible to directly 
implement any master/slave control algorithms on the prototyping area of the 
master/slave interface module. Instead, only two simple motor control modes 
were evaluated, these being direct control of each motor by a ±5VDC signal, and 
local feedback of the torque sensor signal to its corresponding motor to allow 
joint motion in response to forces applied to the fingers. The specific electrical 
connections to implement these modes of control are described in Appendix C, 
and were used to evaluate the behavior of the glove finger controller and slave 
joint. 

During evaluation of the system under the local torque-sensor feedback 
mode, it was observed that significant torque sensor drift existed, and that 
periodic adjustments to the zero-point were required. This was especially 
noticeable when the system was first turned on, and 10-20 minutes were 
required to achieve a period of adequate stability lasting several minutes. 

Little distinction was noticeable between the different motor drive modes. 
The PWM motor drive mode seemed to run a little smoother compared to the 
analog drive, and the joints seemed a little easier to unbind when inadvertently 
over-driven into their mechanical stops. 
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FIGURE 19: Updated Phase-II single-finger controller system showing master 
finger (right), single-jointed slave finger (left), master/slave hand interface (top), 
and sensor signal conditioning boards (bottom). (Photo. GC11 0595A-09) 
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FIGURE 20: Block diagram of the overall Phase-II master/slave system. 
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FIGURE 21: Modifications to the prototyping area of the master/slave interface 
include explicit identification of active motor control and sensor output leads, and 
the addition of potentiometers for manual motor control. (Photos. GC080595A­
24 and -27) 
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FIGURE 22: All signal conditioning and motor drive boards were mounted 
within a single enclosure. (Photos. GC080595A-18 and -22) 
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3. DESIGN of ADVANCED GLoVE CoNTRoLLER 

The starting point in designing the Phase-II controller mechanism was the 
Phase-I finger prototype. As shown in Figure 23, the Phase-I controller utilized a 
virtual joint mechanism created through the use of a goniometer arrangement in 
which the slider was constrained to move in an arc about a virtual axis. The 
principal difficulties or incompletely-addressed design issues associated with the 
Phase-I design were: 

1. Binding of the slider when subjected to lateral loads 

2. Inaccurate joint torque sensor 

3. Inappropriate mating of worm and spur gearing (via the
 
idler gear)
 

4. Highly-loaded slider bearing support screws 

5. Inadequate control of axial backlash in the worm drive
 
shaft
 

6. Electrical and pneumatic cable routing was not addressed 
(cables were splayed over the top of the mechanism for 
convenience) 

7. Electrical connectors were too large and were of the non­

latching type.
 

8. Inadequate support may exist for the idler wormgear
 
shaft.
 

The redesign process for the Phase-II glove controller began with the 2­
DOF thumb joint, as it posed the greatest number of design challenges, e.g., 
limited space over the wrist available to accommodate joint mechanism, 
maximum number of electrical and pneumatic cables requiring routing, and 
highest density of mechanical elements required to implement the 2-DOF joint. 
The level to which an integrated design was advanced during the Phase-II effort 
is shown in Figures 24 to 27, and detailed CAD drawings of the individual 
components are presented in Appendix D. 

In summary, the Phase-II effort did achieve a fully-workable design of a 2­
DOF virtual thumb joint, and succeeded only in addressing Phase-I problems 1 
and 2 listed above. The remainder of this section will describe the design effort 
in greater detail, and also indicate progress made to resolve the other problems. 
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FIGURE 23: Internal arrangement of components within the virtual joint. Worm­
driven slider moves in a goniometer-like fashion along ball-bearing supports 
about a virtual axis corresponding to the finger knuckle axis. (Dwg 
IR_VH_03.GCD) 
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FIGURE 24: Composite CAD drawing representing the final state of the 
integrated design for the Phase-II glove controller thumb joint. Enlargements of 
these views are shown in the next three figures, and details of the components 
shown in Appendix D. (Dwg. GLOVE005.GCD) 
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FIGURE 25: Front view enlargement (2X) of thumb joint design for Phase-II 
glove controller mechanism. (Dwg. GLOVE005.GCD) 
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TOP VIEW
 

FIGURE 26: Top view enlargement (2X) of thumb joint design for Phase-II 
glove controller mechanism. (Dwg. GLOVE005.GCD) 
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FIGURE 27: Right view enlargement (2X) of thumb joint design for Phase-II 
glove controller mechanism. (Dwg. GLOVE005.GCD) 
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The Phase-II thumb design as reflected in Figures 24 to 27 was arrived at 
by concentrating on the following objectives; (1) achieve the requisite 25mm 
standoff between the body of the joint (Le. the interface between skin and metal) 
and the effective rotation point of the thumb; (2) insure the motor or other 
structural components do not collide with the wrist when the joint is fully open, 
and; (3) minimize or eliminate binding of the slider due to lateral forces exerted 
on the joint. 

Due to the relationship between the slider radius of motion and the chord 
length of the slider (which is, in turn, governed by the link length of the thumb), a 
compromise was required to achieve a 25mm standoff, and consisted of the 
need to accept an angular thumb joint range of approximately 45°. Additionally, 
as may be seen be comparing the location of the Phase-I lateral drive motor with 
that indicated in Figures 24, the drive motor for the vertical axis (associated with 
DOF number 2) above the thumb joint had to be moved forward to achieve the 
desired 45° angular motion without colliding with the user's wrist. 

One avenue that was explored early in the Phase-II effort was the 
feasibility of utilizing RC servo motors for lateral motion actuation: see Figure 
28. The advantage of such an approach was that these units were small and 
produce high torques over a ±40° range, thereby significantly simplifying the 
drivetrain design task. However, a detailed analysis (via virtual CAD prototyping) 
indicated that the units were too large and poorly-proportioned to fit into the 
structure required of the thumb joint. Additionally, the backlash was also 
considered excessive, and the RC servos were therefore abandoned in favor of 
the previously-utilized MicroMo motors and integral gear reduction heads. 

Several approaches were considered regarding the elimination of slider 
binding caused by application of lateral forces on the joint: Figure 29 illustrates 
several concepts. The ball-bearing support concept simply expands upon the 
Phase-I approach by the placement of several smaller bearing in the side plates 
to provide direct lateral support of the slider (note that the bearing depicted in 
this figure represent actual commercially-available devices). Additionally, the 
Phase-I problem of highly-loaded bearing support screws was somewhat 
addressed by utilizing a larger main bearing and thus a larger bearing support 
screw. 

In contrast, the V-roller concept utilizes a single main bearing to provide 
slide support in both load directions. However, the advantage of mechanical 
simplification was offset by the need to strengthen the sideplates to support not 
only the side loads but also a significant vector component of the normal load 
transmitted to the plates by the V-bearing configuration. It was for the latter 
reason that the V-roller concept was dropped, and a variant of the ball-bearing 
support concept was selected, as illustrated in Figure 30. 
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FIGURE 28: Early attemps to utilize hi-torque RC servo motors revealed that 
they were too large and poorly-adaptable to the space constrains imposed by 
the knuckle and thumb joints, and had unacceptably large backlash. (Dwg. 
GLOVE003.GCD) 
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FIGURE 29: Several advanced slider support concepts designed to eliminate 
binding of the slider under lateral loads on the joint. The ball-bearing support 
concept expanded upon the original Phase-I design by the inclusion of lateral 
support bearings in the sideplates. In contrast, the V-roller concept performed 
the same function with only two V-bearings. (Dwg. GLOVE002.GCD) 
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FIGURE 30: Detailed view of slider support bearing used in Phase-II joint 
design. A single (rather than dual pair) of lateral support bearing was placed 
above the main bearing and within the slider. (Dwg. GLOVE007.GCD) 
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Up to this point, the binding problem was addresses as though it were 
independent of other issues, and further modifications were found to be 
necessary when it was determined that the existing torque sensor design (Le., a 
single deflection sensor mounted on the interfinger links, as shown in Figures 12 
and 23) was inadequate. It was found to produce erroneous results whenever a 
significant component of the applied force vector was directed towards the virtual 
rotational axis. This was determined to be an inherent problem associated with 
the cantilever design instrumented by a single strain sensor, and an effort was 
then undertaken to revolve it. At this point, work on the binding problem was 
postponed, and an effort to design a true torque sensor assigned a higher 
priority. 

One approach taken is illustrated in Figure 31, and involved segmenting 
the slider drive gear shell into a static outer border attached firmly to the slider 
body and an inner gear rib floating on an supporting web. Thus, a single optical 
displacement sensor mounted at a suitable location would be sensitive only to 
gear rib displacement created by applied torques or forces regardless of their 
vector orientation. This approach had the significant advantage of requiring little 
or no modifications to the bearing system previously described. 

Other bearing support approaches were also simultaneously considered 
and developed. For example, an alternative solution to the binding problem was 
considered by mounting the main bearing on a post attached to the sideplate 
(rather than to the slider), and utilizing another miniature bearing mounted 
perpendicularly to but at the end of the main bearing mounting post. This 
approach is illustrated in Figure 32, which shows a small prototype of this 
"bearings on a post" approach. The advantages of this approach were relative 
mechanical simplicity and compactness. However, the approach involved the 
use of an extremely highly-stressed element (Le., the post) attached to a 
relatively thin plate (Le. the sideplate). This was judged to be prone to failure 
and requiring high-strength alloys to implement effectively (e.g., tool steel, or 
titanium). 

Another method of measuring the torque were also explored. Instead of 
utilizing a webbed shell gear to measure torque, a standard spur gear was 
modified by machining radial webs, as illustrated in Figure 33. The primary 
advantage of this approach was mechanical simplicity, as a standard 
commercially-available gear could be used as the basis for this component. 
However, significant effort would be required to modify other joint components 
such as the slider and bearing system to accommodate the new gear design. 
For this reason, this approach was not implemented, but was retained as a 
backup option should the shell gear approach prove unfeasible. 
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FIGURE 31: Alternative approach to sensing finger joint torque by measuring 
the displacement of a web-supported gear rib (note optoswitch sensor at left end 
of structure). (Dwg. GLOVE023.GCD) 
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FIGURE 32: Alternative bearing arrangement for addressing binding under 
lateral loads involved mounting the main bearing on a post and locating a 
smaller lateral support bearing in the center of the post and oriented 
perpendicularly to the main bearing axis. (Photo. GC060793R1-19) 
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FIGURE 33: Prototype demonstrating an alternative method of measuring 
torque at a virtual joint by installing a radial web in a standard spur gear and 
detecting the tangential gear rib displacement relative to the core by an optical 
displacement sensor. (Photo. GC150595A-1 0) 
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Not all problems recognized in the Phase-I work were adequately 
addressed. For example, it was recognized that mating of the worm gear idler 
with the slider spur gear was not standard gear design practice. However, space 
constrains were particularly critical in this area, especially with the introduction of 
an integral torque sensor within the slider. Future development efforts should 
strive to remove this problem by considering approaches such as: reducing the 
thickness of the shaft encoder and placing it in a different location; using an 
offset spur idler gear coupled to the worm gear. 
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4. PESIGN of APVANCEP TACTILE TELEPRESENCE SYSTEM 

4.1 Introduction 

A photograph of the original Phase-I Tactile Telepresence System (TTS) 
may be seen in Figure 4.1-2 of the Final Report for Phase I, or in Figure 1 of this 
report. It consisted of a 37-taxel tactile sensor, associated hardware-based 
signal processing unit, a 48-channel pneumatic driver, and a 37-element 
fingertip-shaped tactile display with taxels distributed in the same manner as 
taxels in the sensor. Processing speed was the principal reason for 
implementing the signal acquisition, calibration, and processing function in 
hardware, as all data channels were read and processed in parallel which 
avoided the inherent bottleneck experienced with single-processor "software" 
approaches. During the course of system evaluation during Phase-I and Phase­
II, the following problems or disadvantages of the Phase-I TTS implementation 
were noted: 

•	 Lack of modularity in construction made both the tactile 
sensor and tactile display extremely susceptible to 
complete incapacitation from a variety of sources, e.g., 
the tactile sensor could suffer optical fiber breakage, or 
the tactile display suffer from crushed or severed 
pneumatic tubing. Both the sensor and display and their 
corresponding signal processor and driver were 
fabricated as monolithic units, and once damage occurred 
anywhere in the system there was little option but to 
undertake a major rebuilding process. 

•	 Significant sensor drift occurred over a relatively short
 
time (e.g., 5-10 minutes), thus requiring constant
 
readjustment of the baseline tactile sensor light level
 
intensity to re-zero the TTS output.
 

•	 The sensor calibration process was manual (e.g., 
involving the adjustment of pots), and was very slow. 
Additionally, presence of significant drift previously 
mentioned made it virtually impossible to initially adjust all 
sensors to have the same zero or baseline point (i.e., a 
point below which no TIS activity occurs). As a result, 
satisfactory calibration could never be achieved. 
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•	 The rigid tactile display substrate was effective in allowing 
the use of the TTS by a wide variety of user finger sizes, 
but, in general, the lack of a good circumferential fit about 
the finger of most users resulted in data voids and no 
data conveyance to those portions of the finger not in 
contact with the display. 

The objective of this Phase-II effort was to address these problems, and to 
advance the state of development of the Tactile Telepresence System. 
Specifically, the following areas were to be explored: 

•	 Increase the ease of use, reliability (Le., ease of repair),
 
and compactness of the TTS,
 

•	 Increase the tactile sensor and display element number
 
from 37 to approximately 48,
 

•	 Remove the calibration and drift problem by performing
 
data acquisition, calibration and processing functions
 
under microprocessor control,
 

•	 Design and fabricate three advanced tactile display 
drivers (e.g., manifold arrays) capable of accommodating 
up to 48 taxels each, and containing advanced PWM 
controller circuitry fabricated using PCB technology and 
capable of being mounted directly within the driver 
module enclosures. 

A block diagram representing a three-module TTS is shown in Figure 34, 
each module containing a 41-taxel fingertip-shaped tactile sensor and display 
subsystem. The image processing and display control function would be 
performed by a 486-class PC processor. The section below describe the work 
that was performed toward developing such a TTS system, and the level of 
accomplishment at the close of this program. 
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FIGURE 34: Block diagram representing a three module Tactile Telepresence 
System, each module containing a 41-taxel fingertip-shaped tactile sensor and 
display. The tactile image processing and display control function would be 
performed by a 486-class PC. (Dwg. GC_BLOCK.GCD) 
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4,2 Tactile Sensor pevelopment 

A general list was assembled regarding the improvements desired over 
the Phase-I tactile sensor, and was driven by the desire to increase the 
ruggedness of the device and reduce the fabrication and repair cost/time: 

•	 Modularize elements of tactile sensor to enable rapid
 
repair, e,g" cables, cover, illuminator, base structure,
 
waveguide element, pressure transduction sheet or
 
interface, and fiberoptic input array.
 

•	 Use of a standard baseplate on the back of the sensor
 
enabling attachment of the sensor to various robotic
 
hands or slave devices by mean of readily-exchangeable
 
mounting stubs.
 

•	 Utilize an internal light source to energize the sensor,
 
rather than an external fiberoptic illuminator and
 
associated FO cable.
 

•	 Connectorized, off-the-shelf, fiberoptic image cable (and
 
illuminator cable, if used) to reduce fabrication costs and
 
permit simpler repair.
 

•	 Add taxel position indicators on the cover of the sensor. 

•	 Design the sensor to enable ready interfacing to a
 
general purpose pressure cell for rapidly calibrating the
 
tactile sensor.
 

The current state of the Phase-II tactile sensor design is shown in Figures 
35 and 36 (detail drawings of the individual components are presented in 
Appendix E), and may be contrasted to the monolithic Phase-I tactile sensor 
shown in Figure 37. The Phase-II sensor design is modular and consists of 
five main components: cover, image fiber connector, waveguide, core, and 
input fiber assembly. This approach is expected to significantly improve 
sensor maintenance, reliability, and cost, as only a few screws need to be 
removed to assemble or replace all major sensor components (in contrast, no 
such disassembly was possible with the monolithic Phase-I sensor). 
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FIGURE 35: Partial prototype of a 41-taxel, fingertip-shaped tactile sensor 
developed during this Phase-II program. The completed unit would consist of 
five modular elements: cover, image fiber connector, core (with integral 
backplate), waveguide, and input fiber array (shown without cover or image fiber 
connector). (Photo. GS150595B-16) 
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FIGURE 36: Composite drawing ofthe Phase-II tactile sensor design. The 
sensor consists of five modular elements (cover, image fiber connector, 
waveguide, core, and input fiber assembly) that significantly increase reliability 
and repairability and decrease assembly cost and time. (Dwg. 
TSEN2001.GCD) 
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FIGURE 37: Cross-sectional view of the fingertip-shaped tactile sensor 
developed in the Phase-I feasibility study. 
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At present, only the core, fiber input array, and waveguide have been 
fabricated, as shown in Figures 38 to 42. The central structure to which all 
components of the sensor are attached was the core (Figure 39). The back 
plate of the core contains an octagonal array of mounting holes which can 
accommodate a wide variety of attachment interfaces to fingers of robotic hands, 
e.g., Salisbury Hand (this may be contrasted to the Phase-I sensor in which the 
finger attachment mount required specification prior to fabrication, and was 
thereafter fixed and unchangeable). Additionally, the fiber optic image cable 
connector and fiber input array are attached to the front of the core via a single 
screw. The waveguide is then slipped on and held in place by the cover (the 
latter has not yet been developed, nor the means of its attachment established). 

The function of the fiber input array (Figure 40) is to gather light from the 
taxel areas of the cover for conveyance out to the video camera for data capture. 
This was accomplished by creating a fiberoptic reducer with an arboreal shape in 
which individual fibers that gather signals at each taxel area are grouped 
together in a single bundle at the exit point under the image fiber cable 
connector. The distribution of fibers on the outer surface of the fiber input array 
and the fiber bundle at the connector is shown in Figure 41. 

The waveguide (Figure 42) was fabricated from the tip of a polycarbonate 
centrifuge tube, and all edges covered with aluminized Mylar to minimize edge­
light losses. One important change in the Phase-II sensor was the use of an 
internal light source to illuminate the waveguide. This offered the significant 
advantage of eliminating one of two fiberoptic cables attached to the sensor, 
thereby improving sensor flexibility and ruggedness. However, in the absence of 
a sensor cover, this approach was not evaluated for thermal heat loading effects 
such as melting or significant softening of the plastic materials used in 
construction of this sensor. Another important addition to the Phase-II sensor 
was the inclusion of extra optical fibers (see Figure 41) to monitor the 
illumination level on a non-active portion of the waveguide surface, thereby 
allowing for automatic adjustment of the sensor baseline (zero) point. 

Initial plans to fabricate a sensor cover were disrupted when it was 
discovered that the waveguide dimensions were highly non-uniform. A detailed 
evaluation of the waveguide revealed the presence of an undesirable 
longitudinal taper, variable wall thickness around the circumference, and 
significant dimensional variation from one centrifuge tube to another. As a well­
defined waveguide structure was required for proper mating of the pressure 
transducer embedded in the cover and the waveguide, cover development was 
put on hold until other sources of suitable waveguides could be located, e.g., 
custom fabrication by injection molding or casting. 
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FIGURE 38: Three modular components of the Phase-II tactile sensor. From 
left-to-right are the core, input fiber array, and waveguide. Not shown are the 
cover and image fiber connector. (Photo. GC150595B-26) 
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FIGURE 39: Core module of Phase-II tactile sensor is the structural support for 
the other modules, and has a backplate to which custom finger-mounting 
adapters may be attached. [Photos. GC150595B-24 (top) and -22 (bottom)] 
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FIGURE 40: Fiber input array module of Phase-II tactile sensor captures light 
from the pressure transduction areas on the waveguide (taxels) and transmits 
the data to the video camera via fiberoptic bundle (protruding cylindrical 
structure). Block at right contains reference fibers. (Photo. GC150595B-18) 
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FIGURE 41: Top: Back-illumination reveals the locations of the sensor fibers 
on the surface of the input fiber array. (Photo: GC150595B-02). Bottom: 
Forward-illumination reveals location of sensor fibers at output end of the input 
fiber array (note small dots within circular opening of core, whereas large dots 
are reference fibers). (Photo: GC150595B-06) 
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FIGURE 42: Waveguide module for Phase-II tactile sensor. Reflective Mylar 
film has been applied at all edges to minimize light losses through those 
locations. (Photo: GC150595B-08) 
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Current ideas regarding the cover design are shown in Figure 36 and 
Appendix E, and include such features as a rigid interior shell holding the taxel 
elements. The latter would be made of a suitable colored material (e.g., white 
silicone rubber), thereby creating the needed transduction surface texture and 
color at the waveguide (in contrast, a separate transduction membrane was 
utilized in the Phase-I sensor) and providing an externally-visible indicator of 
taxsl location (the latter feature was an especially notable omission from the 
Phase-I sensor). Encouraging results for this approach were obtained in several 
studies performed regarding bonding of differently-colored silicones to one 
another (e.g., white to black silicone) and adhesion of silicones to aluminum. 

The uniformity of the tactile signals was examined utilizing a white 
polyethylene sheet as the pressure transduction membrane, and it was observed 
that in some cases the signal level varied by factors of 50 or 100 over the full 
area covered by the tactile sensing surface. This variation was reduced to 
factors of 3 to 6 by repositioning the internal light sources, but additional 
development work is still needed to create a more uniform illumination pattern 
within the waveguide. 

At present, the sensor development has not been completed, and 
additional work still needs to be done in the following areas: 

• Develop a viable means of combining the pressure
 
transduction membrane with a cover. One possible
 
approach involves the use of a thin, perforated aluminum
 
shell filled with colored silicone elastomer.
 

• Verify that an internal light source will provide adequate
 
illumination without melting or seriously degrading the
 
polycarbonate waveguide or other plastic components.
 

• Optimize the geometry of the waveguide and locations of
 
the internal light sources to create a more uniform light
 
distribution pattern at each taxel.
 

• Locate a commercial source of coherent optical fiber
 
cable for transmission of the tactile image data to the video
 
camera.
 

• Fabricate or locate a waveguide that involves less
 
dimensional variability than presently obtainable. Explore
 
the option of custom injection molded or cast waveguides to
 
much higher dimensional tolerances.
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4.3 Tactile Pisplay 

The Phase-I tactile display (see Figure 1) consisted of 37 pneumatic 
taxels mounted in a hard polycarbonate shell and distributed in a uniform density 
about a fingertip (the device is described in greater detail in Section 4.3 of the 
Phase-I final report). Though effective, numerous problems have been identified 
with the original design: 

1. Relatively low operating pressure (200kPa) resulted in
 
lower taxel stimulation levels compared to results
 
obtained on other systems that utilized higher pressures
 
(700kPa).
 

2. Evacuation of the taxels was not used to improve taxel
 
response rate and stimulation effectiveness.
 

3. Rigid taxel substrate prevented full contact of the display
 
array with an inserted fingertip.
 

4. Fabrication of latex taxels was time consuming and labor
 
intensive.
 

5. Short pneumatic cable length (approximately 1.5 meter)
 
limited the maneuverability of the display.
 

6. Insufficient flexibility of the pneumatic tube cable. 

The first two deficiencies were addressed by utilizing an advanced display 
driver design that incorporated the use of high-pressure valves (700kPal100psi 
operating pressure) and a vacuum exhaust system, as described in the following 
section. Some work was also performed with regard to Item (3) and the creation 
of a flexible taxel substrate to permit conformance and full-contact of the display 
with the skin of the fingertip at all times and to accommodate a wide range of 
operator's finger sizes. Feasibility of the general concept was provided by an 
inactive tactile display prototype based on a flexible latex substrate, and is 
shown in Figure 43. It was significantly thinner and less bulky than the Phase-I 
display, and could readily accommodate a wide variety of finger sizes while 
maintaining good contact between all taxels and the skin. 
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FIGURE 43: Top: Inactive tactile display prototype with 41 dummy taxels 
embedded in a flexible latex substrate (Photo. GC170595A-08). Bottom: The 
flexible tactile display is much smaller and easily conformable to a wide variety of 
finger size, as compared to the larger and inflexible Phase-I device (Photo. 
GC160595A-16). 
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Additionally, Item (4) was addressed by beginning the development of 
new taxels. After considering various options, the most promising approach 
consisted of attaching a flexible membrane (such as a silicone sheet) to a rigid 
taxel body by means of a suitable adhesive (e.g., silicone gel). The target 
dimensions of the new microtaxel were 1.5mm thick x 2.5mm diameter. This 
approach was pursued only to the extent of fabricating the hard taxel bodies and 
attachment of the pneumatic tubing to the bodies, as shown in Figure 44. 
Though all development was not completed, the feasibility of this general 
approach to fabricating microtaxels seemed good. 

At this stage of the tactile display development, the issue of cable routing 
throughout the glove controller was reconsidered. The original approach was to 
bundle the electrical and pneumatic cables and route then "over the top" of the 
glove controller mechanism. Though obviously workable, a neater approach 
was sought in which all wires and tubes would be gathered into a ribbon format 
and routed in a rectangular cable duct positioned between the operator's fingers 
and the controller mechanism. To test the concept, a small prototype was 
fabricated which consisted of two rectangular channels into which were placed 
two pneumatic ribbon cables containing twenty-five 30AWG Kynar tubes 
sandwiched by several electrical ribbon cables: see Figure 45. The cable 
assembly was mounted with adhesive on the controller finger and given a 
preliminary evaluation. The main positive observations were that the approach 
was very neat and compact compared to the "over the top" cabling approach, 
and for the most part the ribbons slid over one another with no binding. 
However, the disadvantages or problems noted were: 

•	 At high joint bend-angles it was observed that the outer
 
ribbon cable had difficulty pushing back into the cable
 
channel. It was expected that refinement of the cable
 
material, selection of suitable lubricants on the cable or
 
channel, and design of the channel entrance area would
 
all contribute to solution of this "feeding" problem.
 

•	 The ribbon cable adds significant standoff distance
 
between finger and controller, thereby requiring a
 
lengthening of the virtual joint radius and a consequential
 
shortening of the angular travel range (for a fixed finger
 
segment length).
 

•	 The design/prototyping loop may be greatly lengthened
 
by the need to utilize custom ribbon cables.
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FIGURE 44: Prototype of a polycarbonate microtaxel body (1.5mm thick x 
2.5mm diameter) attached to a 30AWG Kynar tube (Photo. GC170595A-02). 
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FIGURE 45: Prototype cabling scheme utilizing ribbons. Two pneumatic 
ribbon cables containing twenty-five 30AWG Kynar tubes were sandwiched 
between Kapton electrical ribbon, and the entire assembly routed through two 
rectangular channels. (Photo. 160595A-26) 
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•	 A very significant controller redesign effort must be
 
undertaken to accommodate cables being routed "down"
 
rather than "up" through the glove controller mechanism.
 
Additionally, space must be provided on the mounting pad
 
(on the back of the hand) to accommodate differentially­

moving ribbons as they emerge from the finger channels.
 

•	 Connectorization of the tactile display may be required to
 
allow system assembly and repair (at least one end of the
 
ribbon cable must be unterminated to allow for insertion
 
of the ribbon into the cable channels). This is considered
 
to be a very difficult problem.
 

4.4 Tactile pisplay Drivers 

The fabricated tactile display drivers were patterned on the units produced 
in Phase-I of contract NAS9-18704 ("Tactile Display of Whole Arm 
Manipulators"), each driver utilizing an pneumatic valve manifold containing 48 
valves and an external controller card. The design of the valve module was 
finalized early in the program, so three drivers were fabricated to facilitate 
development of the tactile display and other elements of the system. 
Photographs of the driver module are shown in Figure 46, and the detailed 
mechanical drawings required for fabrication presented in Appendix F. 

In a later stage of the program, an opportunity arose to take advantage of 
the development of an advanced PCB PWM controller circuit that was 
miniaturized to the degree that it could be mounted within the driver enclosure. 
A photograph of this PCB is shown in Figure 47, and the electrical schematics 
and mechanical drawings related to the PCB are presented in Appendix G (a 
drawing of the original wire-wrapped, external version may be found at the end 
of Appendix G). The advantage of this approach was that all external PWM 
control cards, their associated enclosure, and cables could be eliminated, 
allowing a simple direct connection between the DIA card in the PC controller 
and the driver module: see Figure 48. 

It should be emphasized that, at present, the new PWM boards have not 
been installed in the valve modules. Additional work is needed to accomplish 
this, and involves machining a new front panel for each of the valve driver 
modules (see Figure 49) and re-terminating the valve leads into a single 64-pin 
IDC connector. The appearance of the completed driver modules will then 
resemble the 64-valve unit shown in Figure 50. 
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FIGURE 46: One of three driver modules fabricated for this program. Each 
module can drive up to 48 taxels in a PWM mode. Top and bottom connectors 
are the vacuum and pressure ports, respectively. This version does not have 
the PWM control electronics on-board, but rather relies on an external board for 
that function. [Photos: GC060793R1-03 (top), and -07 (bottom)] 
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FIGURE 47: PCB-version of the 64-channel PWM controller and driver for the 
tactile display valve modules. SMT technology allowed reducing the board size 
by a factor of approximately 6 over the original wirewrapped design. DB-9 
connector at lower-right is for +24V power and the PWM oscillator. (Photo. 
GC160595A-08) 
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FIGURE 48: Utilization of the PCB-version of the PWM valve driver allow a 
direct connection between the D/A card (mounted in the PC) and the valve 
module. (Photo. GC170595A-18) 
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FIGURE 50: Appearance of the 48-channel glove controller driver modules 
after modification of the front plate and installation of PCB-version of PWM 
controller board will look similar to the above 64 channel driver . (Photo. 
GC170595A-16) 
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4.5 PC-Based Tactile Data Processor 

A 486DX-50 industrial rackmount PC, video acquisition card, and CCD 
camera were acquired for this project. However, the computer system was not 
assembled nor the software implemented as other higher-priority tasks 
encountered difficulty, e.g., glove controller mechanism design, tactile sensor, 
and tactile display. 

The functions the system was intended to perform included tactile data 
acquisition, signal conditioning, and calibration. The tactile sensor interface to 
the video system would allow for the attachment of multiple sensors (e.g., from 
one to ten) to the video camera by means of a special fiberoptic adapter. The 
software for tactile sensor data processing was to be based on code previously 
developed in-house under both commercial and government R&D programs. In 
general, it would allow for data acquisition from the video camera by means of a 
frame grabber card, and then process the data by correcting for the baseline 
illumination intensity and linearizing the response of each taxel. In addition, 
some form of automatic or rapid sensor calibration was to be implemented. 

The issue of sensor calibration (and real-time recalibration) was an 
important one, and was given additional consideration. The Phase-I sensor was 
manually calibrated by applying various loads through an elastomeric pad to 
each taxel and adjusting the gain and zero offset potentiometers for each 
channel. This was a laborious process, and not convenient to implement in an 
R&D or other application. Various methods of automating the calibration 
procedure for the Phase-II sensor were therefore considered, the most 
appealing of which was simply to evacuate the inside of the sensor cover. If the 
vacuum tube were attached permanently (or placed nearby at a calibration 
station), then the sensor could be recalibrated almost in real-time by simply 
pulling various levels of vacuum and readjusting the appropriate gains and 
baselines under microprocessor control. However, despite the advantages of 
the approach, it was concluded that a vacuum alone (0-100kPa) could not 
provide the full range of pressure differentials required to fully linearize each 
taxel response (0-700kPa), and that the technical difficulties of creating a 
vacuum-tight.ana modular tactile sensor were significant and should wait until a 
first-generation modular prototype was created and tested. 

An alternative approach involving the creation of a pressure cell into 
which each sensor could be placed (or pushed up against) was also considered, 
as this approach had been tried with other tactile sensors (but not the Phase-I 
unit) with good results. It was much faster than manual probing, and a 128­
element tactile sensor device could be calibrated in approximately 15-20 
minutes. However, this method relies of the tactile sensor having a smooth 
cylindrical geometry along its full length, so a simple O-ring sufficed to seal the 
sensor into the pressure cell. It was expected that a similar approach could be 
used for this Phase-II tactile sensor, though no specific designs for the pressure 

70
 



cell were made. However, the eventual need to interface with the calibration cell 
was maintained as an input factor in the design of the new tactile sensor and its 
modules. 

5. CONCLUSiONS REGARDING TECtlNICAL FEASIBILITY 

Glove Controller: 

The feasibility of the basic concept of the virtual joint was established in 
Phase-I and re-confirmed in Phase-II. However, the feasibility of integrating 
other elements of a complete glove controller (e.g., tactile display, joint torque 
sensing, and cable routing) into an exoskeleton with a virtual joint structure was 
not successfully demonstrated in this program. Significant technical difficulties 
regarding such elements as the complexity of the mechanism, the inaccurate 
torque sensor, and cable routing problems overloaded the existing 2D CAD 
design tools used at the inception of this project, thereby preventing their timely 
and cost effective solution within the original budget and time constraints of this 
contract. It is believed that with adequate design tools, a more realistic 
development schedule, and the experience derived from work that a glove 
controller based on the virtual joint can eventually be built. 

Fingertip Tactile Sensor: 

Good progress was made on the redesign of the tactile sensor into a 
more rugged, better performing, and more easily serviceable device. Failure to 
complete the redevelopment efforts was not considered an indication regarding 
the lack of feasibility, but was simply a consequence of the need to concentrate 
development effort on a high priority aspect of the program - the glove controller 
itself. 

Fingertip Tactile Display: 

Excellent progress was made in the development and successful 
fabrication of three 48-channel high-performance tactile display drivers. Good 
progress was also made in the development of new microtaxels and a flexible, 
conformable tactile display before postponement was caused by redeployment 
of R&D effort towards the glove controller mechanism. 
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6.	 PIRECTIQNS for FUTURE STUDY 

Glove Controller Mechanism: 

•	 The design process can be significantly simplified and 
improved through utilization of an appropriate 3D CAD 
package that supports virtual prototyping (Le., creation of 
assemblies, interference checking, and two-way 
annotation), and rapid creation/modification of shop 
drawings. Examples of such systems include Pro 
Engineer and ProE Jr. (Parametric Technologies), IDEAS 
(SDRe), and Euclid (MATRA). The present versions of 
AutoCAD/Designer products were determined to be 
inadequate in the treatment of large assemblies, 
interference checking, and general program stability. 

•	 Develop a suitable interface between worm and slider 
gear to allow proper meshing and load transmission, e.g., 
separate spur and worm gears placed side by side. 

•	 Install thrust bearings on the worm shafts to eliminate 
axial backlash and increase the axial load capacity. 

•	 Explicitly combine the tactile display with the glove 
controller assembly so as to adequately address the 
mounting method, tubing distribution within the display, 
and cable routing pathways. 

•	 Further explore the use of ribbons routed between the 
finger and controller as a means of addressing the 
cabling problem. 

Joint Torgue Sensor: 

•	 Design and implement more accurate torque sensors, 
either through the incorporation of a displacement sensor 
on the slider drive gear, or by installation of strain sensors 
on a simple cantilever to extract biaxial stress information. 
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•	 Modify design to permit electrical ribbon for each torque 
sensor to exit from the bottom (towards the finger) rather 
than the top of the finger segment. 

Joint Angle Encoder: 

•	 Minimize the load on the signal processing system by 
developing a linearized optical filter disk, e.g., use a 
computer-controlled film exposure system. 

•	 Use flat photographic film stock to prevent filter disk 
warpage and attendant sideplate scrubbing of the type 
encountered with standard 35mm film. Alternatively, 
explore availability of commercial filter disks made of rigid 
substrate materials such as glass. 

•	 Re-evaluate the encoder design from a standpoint of 
manufacturability. Present design requires significant 
hand fitting (e.g., optimal alignment of the photoswitch 
with respect to the encoder disk), which drives up the cost 
of fabrication. In particular, the possibility of utilizing 
injection-molded components from plastic or metal may 
be an attractive option. 

•	 Evaluate the feasibility of connectorizing the leads at the 
sensor, thereby significantly improving the assembly and 
repair procedure. 

•	 Use a lens (or molded reflector surface) to collimate light 
from emitter and maximize received signal strength at 
detector. 

•	 Eliminate the need for reflectors built into encoder body 
and the photoswitch mounting block by use of molded 
lightguides attached directly to photoswitch body. 
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Signal Conditioning: 

•	 Implement the torque and angle data acquisition, 
conditioning, calibration, and processing functions in 
software, rather than hardware. Thus, all aspects of 
signal conditioning could be controlled from one source. 

•	 Implement joint motion limit-stops in software, rather than 
hardware on the controller. The software limits would halt 
motion before hard mechanical stops take effect, thereby 
eliminating the problem of binding during overtravel. 

Motor Driver: 

•	 Include a motor power disconnect relay in the motor drive 
circuitry to avoid the problem of motor motion during 
system powerdown (this problem presently only occurs in 
the manual, or potentiometer, control mode) 

•	 Install means of manually unbinding worm shafts in the 
event of an inadvertent overlimit condition. 

Fingertip Tactile Sensor: 

•	 Combine the pressure transduction membrane with the 
cover. One possible approach involves the use of a thin, 
perforated aluminum shell filled with colored silicone 
elastomer. 

•	 Verify that an internal light source will provide adequate 
illumination without melting or seriously degrading the 
polycarbonate waveguide or other plastic components. 

•	 Optimize the geometry of the waveguide to create a more 
uniform light distribution pattern at each taxel. 

•	 Fabricate or locate a waveguide that involves less 
dimensional variability than presently obtainable. Explore 
the option of custom injection molded or cast waveguides 
to much higher tolerances. 
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Fingertip Tactile Display: 

•	 Continue development of microtaxels. Evaluate various 
suitable candidate actuator membrane materials with 
regard to methods of attachment to the taxel body, 
compatibility with adhesives, output intensity, flex lifetime, 
and surface abrasion resistance. 

•	 Interface design with glove controller with respect to 
pneumatic cable type, exit point(s), and mounting 
arrangements. 

•	 Define a suitable flexible substrate material (e.g., silicone 
or urethane) for the tactile display. 

•	 Evaluate the possibility of connectorizing the tactile 
display (either at the display end or driver end) to 
enhance repairability and compatibility with a ribbon cable 
design. 

Tactile Pisplay priver: 

•	 Complete installation of advanced PCB PWM circuit 
board into valve driver modules. 
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APPENDIX A 

BLOCK. CIRCUIT. and LAYOUT DRAWINGS of the 
SENSOR SIGNAL CONDITIONING BOARDS 

The following 10 pages contain block diagrams, circuit diagrams, and 
layout drawings pertaining to the sensor signal conditioning boards. 
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APPENPIX B
 

CALIBRATiON PROCEDURE for
 
SENSoR SIGNAL CONDITIONING BOARDS
 

Calibration of a torque or angle sensor and the associated signal 
conditioning circuit is a lengthy procedure spanning several days. The following 
20 pages contain copies of the calibration procedure for torque and angle sensor 
No. 1 on the master signal conditioning circuit board. The procedure for 
temperature compensation of the sensor and circuit board is identical for both 
types of sensors, and only the calibration procedure differs. 
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t1J 

(3~.CJSSAP·'L.!.._ 

TF~-03 

TF'--06 
TF'-Oj" 
TF'-{)8 

STC-'O--C 
STC-;]'--F 

STC-"G 
-fF·-()9 

s-z 
TF'-l (I 

TF'-·13 
s-s 
Ti'-oC, 
BTC 
BTC-[I-C 
BTC"-O-F 
TP'-l !. 
BTC-i3 
'TF'-12 

~.OMF'Et.JSATrON Ar"'D CALIBRA1'IUI,{ 

j E C; \.li.Jp\i-loti::?DOok·\.fcf._angl .. ':::::en
 

Revised ff- -&ec-;;--:s?'~ 1 ­

~ /3 JAA~ 1992.
 

._J2/ AJ T i::f I _~o I< c 6.- _ 

n A-5 TE7R.. 

F\OOfB Te.l1per-dtlj;-e 

Reference voltage +12V 
.... 15'9' pO):jatt<-- S - 7 LLot;09(" G -e_. 

i SV power e,Re Jl J<1 I S 7'E lfCE=v 0 rA c. uet::: 

G("oL~nd 

LE12. ~Ltrrent tt-iinpot (~~2) 

LED cur...·-et..it; te'stpoi nt;~ II 

L..EJ) vol tage ;~ 2 

§.en;;:-tor Ieropet...·ature ~o(npensati en c i rc u ; t 
STC Qf f set tt- i mp o t, , ~oar·se (F~:t 2) 
s·re Qffse·t triITlpo·t., Eir-re (R13) 
STC Offset testpoint 
STC §ain trimpot (Rl0) 
STC out pu t, 

Sen'5Cir voltage ( d i r ec t.) 

§ensor output Zero t~impot (R17l 
Sensor ou u af STC but to BTl' c rc ut p t; ter- pr-i or i i -!,: 

E;ensor OLttPL\t after BTC ci r c u i t (to c(Jmpu. te~'-) 

Sensor out.put. §pan tt- i rnp o t :: f~:::7) 

5 - Z VOl-/P4 G-E 

~Qard Iempet-atUr-e ~ompensC,l.tiOt) ci rcu.i t
 
BTG. Qffset t r i mpo t , G.c1arse (R3C»)
 
BT,: Q.ffset trilnpat, Eine J:R31)
 
BTC Q'Ffset testpoi nt
 
BTC §.ain tr-irrlpot (~~36)
 

s-rc oLd:put


,1-1 ~ M , 1 Tt:J1l.. VOl. Ift-&-E 



----

r1c:unt slave O}~ master finget- ori testbed (or ::Jthet- r x qi o 
-st r uc t.ur e ) to p er mt t; preli'liinar-y calibration of angle and fOt-ce 
·:sensors" 

1~ ~ET SENSOR CURRENT 

Set. sensor L.ED curr-.:nt (TF'-(>l) feil'"" des:ilroed op.e/·.3.t.in~;} l'-ange w i t.h 
r-esistot- Rl and trimilier ~:2 .. 

E;·~ amp 1 t~S ~ 

Typical force senS(Jt- CL1r-lr-'ent r arrq e :
 
S~es-;ul tant senSCJr- \/01 tage (TF'-4) ~ t~·"'••l
 

.:;.;\_; _..T'/p i cal arp"Jl e sen':;or CUi'-rent (-ange ~ 

F:G:."sL~l t. d:n t sens.or \/01 t age (TP--Li·) ~ 

IS: 3_._._---_._-­

2~ PRELIMINARY SETTING of SENSOR ZERO and SPA~ 

:2.1 .. Set.. ou t.p ut; of cornpensatcn-s to zero to PlrO\/idE! kncn"Jn i~Jtctr.. tin9 
point~ 

Set TF'-()9 ·to 0 .. Ornv with STC·-O-C:/F and
 
'3et TF'-·12 to (} .. ()fnV ~<J i th BTC~-O-·C:/F and
 

o. (~lr.lltl.·Set TP-'13 to ~ ~ " - ~ I S-z 
V 

Fe/fce SenS8t'· ~ 

D,='~: i r- ed £.pan (TP-13) i S -,-5 to +5\)} s'::-; u;~e :=~--:; t r i ,T:P::Jt to 
.3.dju.st gain un t i I at l~~ast one elf the sp,:::.n r-'::~llS S r-eached: 

TP.--C\4 : TF'-13: - f:D (--:.5 ...J\/ c.h::~~, i t-' ed)
L 

TF'-()4 : ·rp-13~ __H __ (+5 .. 0\) desir-'ed; 

Anf~ l e Sens,(Jl-- ~ 

Desired span (TP-13) 1S 0 to -ev. Use ~3-Z t r1 rnpo t. ::.0 set 
TF'--13 to zer-o when finget- is at ()O, and Ll'::;e 3,-3 to set span 
so TF'-i3 is 5.CHl wheri ·fif"\ger is at 65 0 

; 

(:.()o: TF'-04:
 
65C) ;~ _---I-~_ TF'·-04: _~~_
 



HI
 
3. CONFIGURE SENSOR TEMPERATURE COMPENSATION CIRCUIT 

_.- -'~5 .. 1 • Compensate for inherent amplifler offset i11 device U2-D tif iU 

r-ender- STC ou·tput (TF'-()9) independent elf q:~ir-' i:.STC··-G) ~ 

-::: 1 
-_. III ... ,.. 

-,
....	 Set TF'-05 to (). OtT,V usi niJ c o ar e e (ST=:--C-C) ar'~d fine (S-IC-[l-F) 

trimpots. (AdjL~S·t coar-se pot SCi fins' pot i::; appl'-o>~iiT;ately 

in the c en t er: (if i ts r arlge .. ) 

3. 1 II 2. Set STC---G to z ero (full CC~J) and rec or d TF'-C:9: ~~~iTIV
 
(TF'-05 at z ero )
 

-:r ... -:r 
'.:: a J. ........:. _
 

~.!.. 1 .. 4.	 AdjLtst STC-O-F {and STC'-O-C i·t-: necessar'y; so th.:=d: TP--O'i is
 
·~t the SatHe valLie as at pr-ocedur-e step ~;. 1. .. 2 ..
 

3.1.5" 

This last reaolng for TP-09 should be the same as th~t 

ob t.a i r.eed in step 3 ... 1u2 .. , thereby indicating th~~t thE; STC 
out.pu t; has been successf u Ll y tTtad(2 i ndepender~~ t; of the q a i n 
£.tage. 

COii;pensatic:n function, and :'\/erify opt.=?f-ation~ 

F'l aCt=' 5f~nSOl'- in over, irJi t.h therrrlC~CCLtple t ouc:hi ng de ..../2.. ce e-:.nd 
not in direct air flows Close oven and 211o~ a few minutes 
Tor- eqL\i1.ibr-ati::Jn a..t roorn tetTipet"··at,....~re.. L.).:?d\if? int.i?rr~al i=an 
OF~ durlng this procedure~ 

-:r r·. .-t 

• ....:." .~:. .. .J..~••	 Set TF'--10 1':0 O.,c)O\,i L\sing 

T(br--d) T(sen) -rF'-04 TF'--·r)~ .. 1.f'--()2._ TF'-lO 
(II t. (F --r;zr:-y;:: -r~~ -}.2 iT~lv' __._._Q.~.'L fn\i _._ 0 .Ol~

V ---- ­

3.2.3 ..	 Tur-n oven ON and i nter-nal f an ON and t,"jai t; approx 3() mi n for 
initial equilibration. Then t.ur n ·fan OFF and ItJ3.it for- final 
eqL~ilibt-atiCJn. Best indicator Df eqLtilibr-iuift is stc;:bility 
of TF'-05. 

Time T(brd) T(sen) 
171 :15 ]2f:FF ~£F 



3.2.4& P.djust s'rC-G to inakt:? TF'-l<) j'-eadii-,g tr'le S~.tT~e as that. in step 
3~2.2, then record values: 

~ ..,.3.2. ::J.	 Tur-n oven of f, open it Ltp 6',.flC ~: e:t.n '···cC!O 1 

.:,t r oorn terrlper-atL~re a.chi eved. 

\:er-ify STC c i r c u i t; opei~··.;;;ti(Jn by subjE!c·t.ini;~ ":;ensc.Jr- tel another­
temper-atur-E< cycle (no t.rLrnp o t; a.dju.st.rnents). FDllc~...£~ e.. b ove 
p("c:cedLlre for ther·'roa1. eqL~i 1 ~~ b r at i c~n a.net i!'ia.ke r-ead:i fig':::, at 
r o orn telnp, lOOF, and back to r o'orr. teinpE:)(·at.L~'~-€~~ 

RT 
10CF 
RT 

-;,. .-, " 
I'_ ••1 a .L:.. •	 CC,Tlputf? STC per-far"JTlan~:e pal··.=~mE.'t:.~t~s~. 

0,2. ., 
I. 



4.. COi'~F I G1JF~E BOP.RD TEtt"1F'EF~ATL;RE COMF'ENSAT I ON C I ~~U LL 

4.1 .. Compensate fo{- inherent dinpli'fiet- ctf·f-set in dE"ilcr:? Ui(J-B and
 
render- BTC out.p ut; (TF'-l2) independent of ga.in (8Te-G);
 

Ther mi st. or- subst i tu t. ion r esi stfJr" US2C"~1 i,..iX 
(DCln't u.se u.nless r1eeded .- SE.\E~ 4.1 a 3 .. ) 

~, .; .; 
"'t'lt J.• .L ...	 Set. Tp·-11 to aroLtnd (JlJ using co.:..~t-se (E~i··l~~~··-C~-C) -:~i-~d +'1 r: e (BTt=:­

I]··-F) tt- i mp ot; s.	 T::::'-11 : . .~r;? UJCJ fnV 

.i, i ,. 2" ::::;e t E;TC~'-'G t D Z e~""o (f i_~ ~~ 1 CCv.j) an d r'se: c)(- cj TF"- 1. :2 ~ ..._._.... .Q~_4 fr0{
 
( :- F'~ 1 1. c~ t, z e r 0 )
 

Set ETC'-G to rr. i dpo i rrt. (10 t.ur n e CLJJ) TF'-'12~ .__----=_8.~Q rn\) 

\iote: If ou t pu t; is too sensi ti \/E t.o t.(:?rrjper-'~1.tLU-f-?1 ';:hl~n 

replace thermistor with like-valued resistor or trimpot and 
do procedure 4.1 again. 

4. j .. 4 ..	 AdjL~st BTC-O'-F (and BTC-O-C if nec2ssa.r·y:) ':=IC' that. TF'--12 ii=:. 
at	 the saIne value as c..~t procedLu"e s'te!-=, 4 .. 1.2." 

T e·-: 1 -; .__=.:..!_:..£ int../ 

TP'- 12:; .__. .._Q.~4:_ ITiV 

r .; t::" 
't .. i •...J I<	 Turn EtTC-G to zero (-full CC:l<.J) ...& 

If a ~::I.lbstitLltion t-esistcJt··· ~·,;C~S usee:, t.hen (·e(-:-!D··..J2 t. a.no 
;·-·epl.=.ice t.he thef·rni stor-" (-idju.st Gf fs~::t s-rc:--.. [j·--F ':-;·C) th,?t TF'-1. 1 
is the same as 4.1,,4. tJt1 :r 

/1· •.2" {ic.;ju·::tf.:. qsi n in F::ITf: c i r c u i t; to pr-opc,r.1·./ pet~"fci:r"Fi t2;'i!p2r,:::.t~u(·e' 

c:o~{:per-~s6.tion fu.nct i on 'i -3'.r,d 

.:1-;; 2" 1 ..	 e:aC2 bClar-d i n O\/er-j. E1u.r-·',-/ t.hi;:'I·-·rrioc.c.~luple in'~~c; ':=tCi.st-c1 ':~:j shield 
f i...·OIT~ d i r-t~C t ~-\-:. t- f I O~·~. Set. TP--l:3 to (~ .. OC\/ u':~i (it; S-'Z" In~-;ert 

in~:;ulated ·tr-ifilpc,t adjcAstcoent tOt:Jl int.c~ BTC>--G ::F~36) and c Los e 
c;\/en wi t.l-l tri mp o t; tool p r o t r trd i ng throu.(]h top . 

f' .-; r-l 
j-t '1 ...::. • ..~. ~	 A:IO~J a fe~'\J rni nut.es for equilibr'atitJn at r-oon-~ 'tE.:Jifipeio-a'tUt-'e .. 

t~(Jte: leave intet-nal fan OFF Lioless b o ar..·c! I,".:ill be fOr"ce­

cooled in actual used 

T Lt t- C C ....1 t2i-. 0 N and T E:..n 0 t\t a.n G ~...;a i t 3 o 0 el'l~ n	 '~Ci r- i tOr i i; i .:?l t r't e (0 n't a 1 
equilibration to occur. Turn fan OFF (if board is force 
cooled in e.c t.ua l use, then leave ·fa.n rJt\J) c=~;'~C1 !;',J.::\i"': until 
f i n a I e qu i 1 i br i LlO', oc.cur: s. The rno s t, 1=·E..'1'1S i ti \/i:::: i nd i cat C~r of 
stability	 is TP-l1. 



Ml 
l1 'r ..j
'i:,. L. ~a	 Adjust BTC-G to make TP-13 reading the same as that In step 

4.2.2, then record values: 

Time T(brd) T(sen) -fF'-lf) 

l~ J!2.g.:J£ &,.l,8F ~.iJmV 

..1 .-. c:::­
'-i' .. L .. _Ill	 TLU'--n o'v'en o-f'f, open it. \-.tl-J (inclLtding LL-JdE'(':;~_je c;·t C,···./2n) and 

c o o I ~.lJi th rnu I t i pI e f an'5 u.nt i 1 eqlJ i 1. i br .:3.·ti Cfn at. '--ODC:i 

equi I i br-c.. ti on at r ciom tE!fTIP er" a ·~':.Ui·- e ..
 
L~r-11 ESS boar-d i 5 for-CE
 

4 .. 2.6.	 Verify BTC circuit operation by subjecting sensor to another 
t emper.~·:' i...lt- e eye 1 e , F 01 :1 DirJ ab O\/t.-?, }'::' r oc eo Ltr-C.r ( l: Lt t DiTI r tt; 1.. n ~~ 

t rLrnp o t; adjustments) fl.Jir' ther-inal eqL~iliL:!'··dt.io(·; s-, lIe: fi-\c~,<e 

r-ei~di.ngs c!.t j"'CiOfTl terr:pos 1~)OF! and bac.k ":..J t"OCJfL te~T:p~~(·3.tUt"'·e:; 

"I 
("\1 

1. [)OF 
F~T 

CC:111pLlte BTe perfot-mance parafneterS: 

1. ~·toL'.nt thEt-1Ti:;,S.tOt- as far as possibi..'2 ·fr-·C:iTl a.dj!-,~S(_n;2nt. pCJt-::, <perhaps 
on the underside?) 

2. Select R36 (BTC--G) to rna t.cn c omp errsa t i on reqL~ir-e;j (:::.d:.:,e TF-··.. i o 
3" 



Mt 
5. TRIM SENSOR ZERO and SPAN 

F::~-fnOL~nt f i nger- on t estL,t~d .. o ot n 
.-. rreli r e c t i ons ~ t~";en '::;et ou t.p u t; ,=:i-L 

t.r-- i mpot II 

5. :l .. 2 .. App 1 Y knot..aJn dead-lrJei ght 1 D·3ds to can-t ~:. 12VEr-' and se·t CH..:;tpLt-t 

spa.n w i t.n tt-ifflpot S-S to +/- 5.C10\l ::TF'-·i3).. If the r-esponse 
is a':;yI11ffletrical, then set the iTlo~;;t r-espoft:::,i'\/E; jE,,·f2cticjn to 
5.0(/·.) and let the other" d i r ec t i ori -t2:.1.1 ~~hef-e j.t m~~<,/ .. f\eco~-d 

··::".:;:.ia.n 1 i fiji ts bel O~4..J:; 

+. For-ce: 0.8 c,~ N Q,,' 9 '; Ibs ===:.:.:::::.:: ­

los- Forc e e-2.B~-lL._ O_.1_9_~_~......;;;..;,. 

To 
Tc~ 

convert 
canv2rt 

Kg to 
Ib to 
Ib to 
02 to 

NevJton, 
Ne~\iton , 
~<g , 
g:~~ , 

mu I ti p l Y 
i11 u 1 tip 1 '1 
rnuI tip 1 '/ 
rnu I tip 1 'y 

t<i~ 

lb 
b v 
b ~./ 

b v,r 9 .. 8()7 

by 4 .. Jl...n C:. 
(.. ... 

'-,.a:... ~ 2(;5 
...-", 
LO"" 34­

Readjust zero (Procedure 5.1.1) if necessary at the 
l::OPC·, 1 u s i on. 

c:- ; -:r 
'-_. ~ II • ..:. ~ :~:IS'=-:~~'S the sensor h'~lsftE·r-esis by' 2,pplyinq +,/- {_.l.:l~-Fc_)(-c~:'1 leads 

..?.nd recording the OL\tPLlt lJ;Jhen th2 11:JdCis ar"e r-e:110'veU: 

After .t- Forc e , 
Af ter - Fl.Jr(:e" 

P;f t er­ -i~ Force, 
A·f ter- - F'orce, 

Aft2r + FOrCc2 'J 

After Force, 

After + Force, 
After Force, 

After -t- Force, 
After Forc e , 

~~fter- -r FOr-ce" 
Aftet- - Force , 

;·:~\ierage If Af ter + For c e " 
AV'erage HAftet- For"ce u 

TF'-13: __::--.td......o 1~}_
 

TP-l~;: __..__ ~.D _2~
 

TF·-·13:: __.-=~.O~~~ 
TF'-13: __.-.9~~..Y­

TF'-13~ _.__~ O.. ~_~"':l
 
TF'-13: ~_ ..:..Q_Q_.i,./
 

TF'--13: _....~Qb~_
 
TF'-13: ..-----.O_~QQ. __~{
 

OLltPL\t;: - 0 ... 02t?~{_ 
ou t put.e __O ~J2.Q22l 



---------

5. 1 . 4. Calibr-a'tion: Record out.p u't; ·~i.S a fLtnc.tiun CjT knol,'Jn i np u t; 
+o!""ce~:=,. Include o';jer'-lange -fOt-ce:s that E;<c:e(:?d the bg~~h 

norlT.c~l apera.ting range limits by +/_. 5 or 10':J:. 

F C: ~.- C 2 ( L (J,.) F 0 (- c e ( f\t) 
CJ 0-_o__ 

- 0" J
-.-12..!..-!::..__. _ 
-=_~_Q.!-L __ 
~-.2_,-1_...._ .. 
___ ...(6...?__. _ 
~ ..Q~~~._-­
___~_2_ .. 
--:-...J2.1_.6__ 
-_C-!.~__._.__ 
____u_Q._._ -_ 

.. _-~~--_._.­
---_.-....- _._-_...._-­...

__.,.__ .Q_.~._L __._.... _ 
-~~----­

-~=~1~~~=.·.= 
0.5"---'-0-:(;--­

-O~··7-----.. 

=:~~~t~~-===~
o,C3 
1,0 
I , l 
t .': 
0,0 



5 .. 1 .. 2. t~t mi n i urnum angle {tlcger­ ':;tr-aight) ~ set. ou.t;~)ut=- (TF'-:;'3) to 
o , oov LiS i ng t r- i mp ot, S~ Z .. At max i tTIL~ITj .:~r--: ~-:i.1 e, ~et:. :::.p c·.j-l :,,~J i th 
tt--ifnpcJt S-3 to 5.(H)V.. \;'ear'ify Z2r-O .. G:f.:'P ei:; t p ;-" ;::~C~ ed L:.~" e i f 
f"iE'ceS':=,di'- y .. Recor-d·f i rial \/ a 1 L~e ~: 

:';:. n s.r l~ 1 e: ..S/es.. 

5 .. 1 .. i" 

TP .- 1 :-:~ _ _.._.':.. __J{ 

~·=j'=..2SS the ·::.-;ec:SOr·- h'lst~:2!r-esis b';," a.PP;,,··c.3.c..-hl:··J9 +r"CI;!1 tt-'ie 
ijc~siti\/e and nEgative ~,id.=· Df the (-E:Jf!~rei'-:ce .:;tnglt=.i: 

.... : _J._ 
".:.:;'J<o, :...)c; '1,C', ~: ~~.: ;,..CJ·d. C h pelS 1. -t i ·,·!e TF'.... ~. ~3 ;; . . .. _.__. .._~~ 

/:'i;:::; r" C 2-C. h C·.S'9a·;.:i "1:2 T F'- :. 3 ~ .__._....._.._.__.__._~.~ 

i:':; p ~: ,.- C) a c :-, p os r :'; j. \/G' ~,i·je '1 T F'...- ::. :=;: ~ __. ._...-::__..__.__ :i.. 

Cippr- (Jach -;: rom nEq~ati \ie side, 

Pi~!p'(-oach .of t- (jIT~ positive side, TF-l.3: . ~ __.__Y... 

Ap p r- ::Jach f r- O~TI negc:~t i \/e side, TFl..- 1::;: ._._..._. ~l-

}:ippr-cfach fr-ofn p oss i t a v e ~)idt?, Tp·-l~5~ __._.~_.__{ 
Ap~::r-'o2,ch f r orn negati v e si de, TFI-13: ._.__~~. 

{:;ppr-Da.ch f j.- 0 m p O'-S i t i ~I e side, TP-l :3: . :.~ 

{; p ~~"" r" 0 c;~ r; h f rOin ne~;at i '"e side, TP - 13: .._._...._.__._~ . .~l 

i~r"~'E'~ra()e "poc i t i ves s i de " out pu t . -----~--_._-~~:. 
;.::;\.... E-"~t-age flnaga.ti\/e side" output: -----_...--~._,~~~ 

;-{ys tet-{:s is == -[ (Vpo~·~ _.. ~-ineg) / 1o . h 1 C~~;:J~ ~ __. . ..._i':. 



--------

:~"S .. 1- 4.	 Cs.I :.br·,:ltion; Record CJLttPLlt as .::( 'fL~r'~ctiDn OT kr10~",~\'-~ 1 CipLrt 
.:.~.;-;!;j 1 es.. Inc1 ude som2 o\/e;---r- angr~ dat -.:1-;': 

(a) up to 5 degrees belo~~ the rnir11:T1U.m .·?-ngle~ 

(bJ up to 5 degr-ee~3 ab ove ·the iTI.:;;-::i:T:Lt\T! ~;_r:(;lE~ .. 

Anq 1 e <d l2 q.l... -rF'-'13 

I I 
'.1 

_______~_i 

_._.. .. V 
...	 '_V 

V--_._._---­
\.) 

__ ~ ---51 
___. ~L 

J I 
_._._.-_--_:~ 

._----_.~ 
_ ..__..._--~ 

\.,/___0.	 - ­

\,i _..__ .~.._--_.-_I I 
.. 

v _..._--_.._-­
__..... V_l 

V

-_._-------~ 
_. --.:J.. 
______...2 
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FORCE AND JOINT ANGLE SENSOR 

file c:\wp\notebook\for_angl.sen 
Revi sed ~ 17ec-;--1C?G) 

~ I 3 :fA ~ 19 9 2. 

:3ensor I D;	 (TOI /V T #- ~_I± /v ~L-£" __. _ 

j-1 ,4-5 rs-e: 

ROOfH Temper-atL\t-e 

Reference voltage +12V 
......15'9' pO\t4a~ S - 7 lie?' 779G C' e. 

rr--ov 15V power e-- 7 ReTl P9 I S IE t$C!?v 0 L:: 77" G. t:32 
TF'-()8 Brourid 

LE.D--I LED £urt-ent t.r Lrnp o t; (R2) 
TP--()l LED current testpoints. 

LED val tage x	 2 

§.en~.or- I.ernpel·-'atL\re ~~:Jrnpensa't1 en c:. i (-·CU.: t
 
STC Q.f f set tt- i mp o t; , ~oarse (F~ 12)
 
STC Qf -fset tr i mp ot. 'J [i n e (F: i:~)
 

STC Offset testpoint
 
STC-·G STG, §.a i n 'tir- i mp ol; (G~ 1o : 
'fFI_09 STC OLltPU.t 

TP-(14· Sensor voltage (direct) 
3--Z §.en'50r' out.pu t; Ier-cj tr:-impot (F~1.7) 

Serisor ou t p u t; afte,"" STC b u t pr-icJr t('j [fTC c i rc u i t, 

TF'--13 E;ensor QL\tPLtt aftE·r BTC c i r ou i t; (to c.oropu t er : 
S c Sensor output §pan trimpot (R27)
T~~Ob "5 -z v'Ot-rPeG-E 

BTC ~oard Iempet-atur-e ~ompEnsati on ci rcu i t
 
BTC-[1-C BTC Qffset t.rt mpcrt , kCiarse (R30)
 
BTC"-O-F BTC Qffset trimpot, Eine (R31}
 
TP-1l BTC O·f f set testpoi rat
 
BTC-G BTC §.ai 11 tr- i mpot (R36)
 
TF'-12 B-rC outp o t,
 

TP -07 TH ~ M {~rSll... VOl- /ft-G··C 



M2
 

r1CU~-it ~;1.3\ie or: rnaster finger- on te::=;tbed (or (:Jther"- rilJ5~d 

··jt("Uctur-e) to pet-~Tcit p r e Li mi n ar v ca.libration o·r a,n~;ll2 and fi:Jr-ce 
·SE:i"·3sors .. 

1. ~ET SENSOR CURREN~ 

Set ser'iSOir- L.ED current (TF'-(>i) for desir'ed or~·e(·d.t,irH] j'-ange ~~ith 

t-e~"i'3to~- Rl and tr'i,TuTier R'"::' 

E;-:: amp 1 t~S:; 

Typical force sensor current range: II o 14mPi 
Resultant sensor voltage (TP-4): 6V 

Typical angle sensor current range:
 
Resultant sensor voltage (TP-4):
 

3, ) ._,i\ 
__.__.. InH 

,'''''..,-r-> , .
~-)et TF'-()9 to 0 .. Ornv wi th STC"-'O--C/F and .::;: t..... -·t.:J
 

~3et TF'-'12 to O. ()aTlV ,~rJi th BTC-O-C/F and BTC-G
 
Set TP-'13 to O.C4k\1JLwi t h S-Z
 

V 

Force Sensor-;: 
De~;.it-ed spa.r1 (TF'-13) is -,-5 to +5\/, SD u.se 5--5 trilT:p::Jt to 
a.dju.st gain un t i I c~t least one elf the spa.n r-'~:~ils .'.:~ r-eac:hed: 

TP--04: ~L-.I-r= .. ~ -
-F; ~ ~ 

__ 

TF'-04~~_

An!;} :-'2 SenS01'-: 
Desired span (TP-13) 15 0 to +5~'-/ , Use ~::3- Z t. r-'j n.p o t ::0 set 
TF'-13 to z er o when i-=irlgelr o is set '5pan 
so TF'-1:3 is 5.0'-j V'-Jherl ·f'iclger 

TF'·-()4:; o. ~9 ' TF·-l:~:': o i o 1. 1:) . 1.) ''; ·jesir--ed) 
TF'·-c)4: -2-.~-B_t[ TF&-l:::;: =S=,_O~~ (5" O'V OI2Si(-ed) 



3 .. 1. Comp en s ate -fol'- inherent arnplifiet- offset in de"/ice U2--D and 
r-ender STC ou·tput (TF'-()9) independent e)f ga i r~. .:. STC--G) ~ 

Set TF"-05	 to ().~)tTIV u:5in: iJ c o ars.e (ST:'.:-C-C) ar.d fine (STC-O-F) 
t.ra mp o t e • (i~djList CDa.r-~;e pot SCI finE' p o t; i·s appl·-c.;-~iiTla.tely 

in the center" clf its ('tinge .. ) 

-:r ., r; 
-,:: .. j, .. L. Set STC--·G to z ero (fLtll CCl;J) and record '-r'F'-()9~ ?~~i11"t 

(TF'-05 at ZEt-O) 

3 .. 1 N ::::;. 

~.:::. 1 .. 4 ..	 l~dju.st STC-O-F {and STC'-O-C i-f nec2ssar-''/f ~~o th.~t TF'--09 is
 
;=tt the SiSJ.fne value as at procedur-E' sts·p '::' •.~ ... L ..
 

TF'--(}5: - 0:.7 i1iV' 
TF'-()9: ------o~~ 

3. 1 .. ~~ .. TP-05: - 0.7 mV
 
T F _... C 9 ~ _...__.~~~.Q-~-.JJ.:t.J
 

·~-his l.a~·jt	 reaolng for TF'····09 shoLlld be the sa.ITit? a·~· t hs.t. 
'::lbtained in step 3 .. 1u2 .. ., t.r\ereby r n o i c eti nr; th.:?t thE' ~IL.... 

out.p u t, has been SL~ccf.:!ssfu Ll y ITt~\c1(2 i ndepl?ndent CJf the g2~i n 
s.tage. 

~:~ .. 2" Ad jus t, g a i i-~ inSTee i ~.r- C u it·:.:.:, 0 l:': )-- c!p e i'- 1 i P ~I r- "(-'.J r rn t:. :=.:.: \Tip e r- -=.~ t; i....~;r :~ 

COii:!:i2i·;S.~t i c!n f ur.c t i 01'1, ari d \.ier if''/ Opt.=?t- ati on ~ 

F'l':::.cE:i 5 f.Jnso\·- in QV(2r, itJi t.h therrrlc:cc.upl::i! t:Ddching dE'vice c~nd 

not in direct air flow. Close oven and 211o~ a few minutes 
"tor equi 1 i brati or. at r o om ternper-atur-e" L.eave i nt.i?rnal fan 
OF~ during this procedure~ 

7 r; .-~ '-'_7 ....:'" ..:.:'....::...	 Set TF'--10 to ()"CH)V using ~ .:.... 

-- •• ~ -T" ..:> .. ~. w .:;. •• Tur'n overi ON and i rlter-nc::~l f an ON and t.·J~\iL d.pp·(-Cl::< ~:o r.-ii ;-~ f CJi'­

initial equilibt-a.lcionn -fhen tLtrn ·fan OFF aCid ""J5'.it for- --Find.l 
equilibration .. Best indic.~tor- c:rf eq,-~ilibriLHn is st2.:bil'!.ty 
o-f TP-(>5 .. 

TF'-()2 ; _~_06_2_,_~:{ 



P,djust STC-G to ini~ke TF'-l<) t--t2a.ding the S·c·uT;e dS that:. r r. st.ep 

3~2.2, then record values: 

3.2.5.	 Tur-n over. off, open it up and r:an····cool until equilibr-ation 
at room temperature is achieved. 

:~ .. 20 6 ~	 \!er' i f \f STC c i r cu i t oper..·2~'L 1 (In b')" ~~ub j E:C -~~. i ;"~(~~ ':;en sur- to anot r-i2t­

te\Tiper-ature :::ycle (n(J tt"ifnpot -=:~djLtSl":'i1iE'r;i.:s) <' FDll.cli,:4,J .~~bO\le 

pr'ocedLlr-e -For t.her··fod.l E·1q~..~i 3. i b r ati ;~n ar1ct iL3.ke (-t:::ad:i rig'=:, {·~t 

r oorn tefOp., l()(JF ~ and bE~ck t.o r-CJC)Ii": te;npE~f·.S.l.~~~-E~: 

Tramp Cornp ..2n·5c~ti on: --2- 0 % 



112. 
4.. COr,JF I GUF~E BOARD TEt1F'EF~ATtJRE COMF'EN.f3Ar I ON C I F~h.U I ~[ 

4.1 .. CocnpE'f"ls.:'1te -ror- inherent ainpli'fiE~t- Ct++set :.:..n dE'<iice L.!iO-·S and
 
render- B-rC ou.tpu·:: (TFr-12) independt?nt of ge.in (BTC-G);
 

'-./Thermistor substitution resistor used? i 

(Don't use unless needed - see 4.1.3.> 

4. i . 1 .. Set TP'-11 to aroLtnd at.) u-s i ng coarse (BTC"'-[l-C) and fine (BTC­
G·-F) trirnpots .. T?='-11: 0 .. 0 rn'..) 

II.; .. i " 2.	 Set BTC:-·G to zero (fi_\ll CC\,.tJ) arrd rec or o TF'·--j,2~ - 0 2.. m\J 

(TF'-ll at	 zer-o) 

,-' ., -;r
'-t. ~ .....>.	 Set ETC'-G to rn i dpo i n t (lC> t urn e eLlJ) TF:-.i2~ ._~-.f~r:;fn\)
 

~~ote: If out.pu t; is too sensi ti ve t o t.emper- .3. t U t-- E? 1 then
 
r ep Lace thertTlistor- v-,;ith like-'IJ-alued r-esistc,(' 0,- tj'-ifnpot and
 
do procedure 4.1 again.
 

4.].4 ..	 AdjL~'"5t BTC-O-F (and BTC-O-C 1'1" necc~ss.:..~(·Y') ':::!D th2~t TP--1'-:;-' ii=:_ 
at the Sal11e valLte a.s c..:..t prr.JcedtJ.i'''e sts'p 4" 1 .. ::" 

T:=',-:; i ; =_.l_:_.~[ntJ 
TP--'l 2; .__=__ Q~ ITI'..) 

If a substitution resistor was used, then ~effiove it and 
;--eplace the -thermistor-. Adj;zt offsf_~t BTC--O-F '=-D U-,at TF'-ll 
is the saine as 4,1"4. ~t1~ Tr'--·.. 1.1:_._._.__-_. .~~ 

.> 

-l .. 2 ..	 Ac;:ju,~.t. gain in EITC c i r-cu it; to prl"Jperly pel-·f.D'--il'l t.efjjper\~.t~u.r-·2 

cO{Hpensati on f uric t i on, a.rid vet- if y oper-a.{:i ori ~ 

4· .. 2 .. 1.	 F'l ace b o ard in overv, E1u r- y t.hej--rriocoupl e l n-;:o b o.s.r d tfJ shi el d 
f it- 0 IT~ d ireeta i. t- flo v~ • Set. TP -- 13 t 0 (~a () (; \/ L~ ~~:, i n 9 S _.Z .. Inse r t 
in:5ulated triri1pct't adju~.::;t.fnent to;~l in~:c~ tiTC--E; ·~R36) ,::~nd c l o a e 

CJ\":=:.on wi trc tr-i cnpot t.oo I p r o t.ru.d i ng thrGi..!.'J~··; t op .. 

;:'~l.ICjw.a fe~'\l rni rru t e s f()l-- eqL~-~l~.bt"-ation a.t r-C)Ofi-! 'teiiipEII'-atLtr-·e. 

t··JcJte: lea.ve· i rrterr.e I fan OFF urlles-s bOc:d..··d It.:i 11 be fO('ce­
cooled in actual ~S2c 

TF'-07; ._LU9 \/ 
Titne __ J-llJrd) T(serlL TFf-10 TF'-·:l TP'--12 TP--13 

O_2-.:.iJ. ~9,7F ]0(.££ =l.J.~jJtl/{ . =-9J~ tftV- ·=-~-(L....l_.r11::; =_:.0.01:1.. 

..:1..2.3.	 TLu'-n O\fen ON and fan Ot~ d,nG ~4Jait 3(J lr£::.n -fc)r i o i k ie l thet'-;nal 
t:2Quilibt-'ation ·to OCCLo--. TL~(-n "r(;.~n OF'F (if ~·:;Dcu·-d i;~ force 
cooled in ac t.ua l u.se, then leave fa.n jJt\~) a:-~c~ ~.o..i3.it: until 
fi~al equilibrium occurs. The most se~sitive indicator of 
stability is TP-!l. 

TP'-07 ~ ,-lJ~7 \/ 
TitHe T(br-d) l'(sen) TF'-l() TFI-l1 TF'_1:~ TFt-l2~ 

TQ~ 100.7F r, ~ ~-~. ~ rnV -=:M---a- ml
{ =~-_.Q_!_~-;;;v- -----O-y5v 

http:l.ICjw.a


M2 
4 .. 2.4. Adjust BTC-G to Ill~~ke TF'-i~~ reao i.rvq the ':::;·;;mi:? a I:=;. thdt. In step 

4 • :~: • 2, then r-ec 0 i'" d V.3.1 u e s ; 

l' ....... E:::'" 
"1' .. L .. .....,} .. TLtr-n o\/en o-ff, open it Llp (inclLtding Li.:~~dct-·:::.i.de elf cY'·~en:: and 

c oo I ~~ith mu Lt i p Le fan'=:; u.ntil eqL~ilib,ation a+:. ;'-ODm 

temper~~tL\re i£, achie"",'ed. F:e-clc]se ·:J';.;en .::It-\c a,l1. ~-JVj ('2-­

eqLtilibt-a.tion at r ciorn terTlper'at.ui·-e .. L_ea'-/E l;-;"t.E;t··ndl Tan OF:-F 
ur-I ess boar-d i:; fOr-ce coo l ed in d.ctua} U.·3E: .. 

4.2.6.	 Verify BTC circuit operation by subjecting sensor to another 
temperature cycle. Follow above procedure (but omitting 
tiro- i rnp o t; adj ustments) f (Jr therrnal eqL{i 1 i b~··· at. i on and (n~t~·;:e 

j'-eadings at r oom ternp ~ 1<){)F ~ and bac.k i.·.CJ j·-·aCii·; te!Tlper'atur"e: 

1. f't1oL:.nt ther-iTiistor as far as possible frCliTl a.dj!.JstrHent pots (per-haps 
on the Llnder-side?) 

::~. Select R36 (B·TC-..G) to rna t.c h c()ir:pensaticn-f r-equ.ir-ed (-=,,::;'e TF-'-'li)) 

3" 
.1 

.a...r-a 



S:. 1.. FOr-ce Sensor': 

~j" 1 • 1 •	 Re-mount finger on testbed. E ;-; e t- cis.e c c~, -i t, :;.i, e \/12 r 1 n Doth 
d i r ec t Lon s , then set out.put; (TF'-13) 'i.:CI 0 .. ()t)f..j L.~sin9 S-Z 
tr- i mpot .. 

~ ~ 

.....1 • 
-,
.1. • ..::... ..	 Apply known dead-weight loads to cantilever and se~ output 

span with tr-irnpot S-S to +/-. 5.CH)'·.) C1·F'-·1~;). If the r-esponse 
is aSyfflJTJetrical., then set the rno s t; .J-espor·~:==,i. 'vE dE~·f~,:.:.tion to 
5.0c)V and let the other' d i r-ec t i ori f.::\11 ~~her-e it. m3"~l .. Recor-d 
span limits below: 

+- F Or-ce:	 ~.--l.P_~ 

_._--~ .....Forc e e -.lL~ los	 TF'- 1 ~~: _._.__._._~ V_ 

convert 1< 9 toNE.\~"J to,'; , IT;L~ 1 tip 1 '/ t< q b ,./ 9., E:~)-;f 

car-iv2rt 1 b to r'-ie~\it on , 111Ltltipl'; lb by 4,,448 
1 b t.o ~<g, mu l ti p i Y b v 
02. to gii"l, rnu I tip l'y b y 28.34 

Readjust zet-a (Procedur-f:' 5.1.1) i+ neCE:SS~cU--Y .S.t the 
conclusion .. 

~. 1 .. 3 ~	 Assess the sensor hysteresis by applying 
.arid recor-ding the OL~tPLlt v~hen the loads 

After- + Fo,--ce, TF·-13: ._.. __~_
 

After Forc e , TF'-13: __~__. y.
 

! JP;f ter + F'or c e , TF'-'-l ~5:: .______~_"~_._2.. 

Afte:-- Force , TF"- 13: --~---=.---_\:~ 

:.J •	 ~TJ __ .e~~Aft2r + f':"c:rcE~ 
~ TF'-1 ,_1 __._",,_,,_'___ 

I rAfter- Force , TP-· 13~ _.-----_._..............__....
 

Aftel' ­ + FCJ1...·CE:, TF'-·13 :: _... ~,~
 

Aft.eY- FDt-CE t :[-:'-13: _, ._&__.. .':l
 

After ·t· Force, TF'- 13 :: __..__'" ~{ 

l;fter Force, TF'-13: ..:-. __ .__~ 

After- -1­ F or c e , TF'-·13 ~ '_'_"' "_' ~!-

After F-·o;···ce ., TF'-13: ~ ~'i
 

~\v'er'age "After + F'or c e " ciut.p u t e _~~_ i,,}pOS; 

Aver-a.ge "Aftet- For c e " out.p u t.e , .~.,~. ~~ Vr-;eg 

Hysteresis = {(Vpos - Vneg) / 10} ;.~ lCH)%:_. . ~ 

Load s 



5 .. i . 4.	 CaliOr-a.tion: F~ecord oucpu t ·;:,5 d. fu.nc.ti.cn Cji- kC,O'r'Jii i npu t; 
-fOl'-ces. Inc1 ude OVE'r'-t- a.nge of at-ce:=. th2,t e>~ c:eed 'the bot h 
n ormeI operd,ting range Li mi t s. by +,/- 5 Or" 10';-<, .. 

"''\r'"-_..~.-----._..__.._.­

__....__..... ._.1 
' ..j--_...._ ­
: 
..../ 

i 

\.'-------. ­
I; __.._~. ....Y. 

------V
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M2. 
5.2 .. Joir-:t Angle Sensor: 

5 .. 1. i , 

~~t rni n i LlIT~Lt~T, i:.-\ng 1 e (f in 9 er ':5t; (" ai gh t) 7 ~:;;·E<·_ CjU t .. u t. CrF'-- ~ :3) to 
o , O~)~.j u s i ng tri mp o t, S-Z" At me xi lT1Ufri :.~ri~~:.l i::: 1 ~et ='~;Ei"l 'i'Jl tt; 
t.r i mp o t; S-S to 5.(J()Vu \/er"if'y' z er o , F:E,peat P;"··DC'2d.L~:--·e if
 
necessary~ Record final value~:
 

==:..:~::.:.:::..:: .,:' 

:·;'~a;·~ -3,;-":',;; 1. :,?;; .__._~_~._~. ...__d E~.g. 

;:"=:1'=..255 the ::~E?nsor" h\/St~21""t~si':3 D·:./ appf- G.3.chl :'-:~; ~: f"l~m the 
positive and negative side of the reference angle: 

Reference angle:~~ deg 

Approach from positive side, TP-13: ~.go V 
i;ppr-·C3.ch ft'-Dm negative side, TP-1.3:-- 9.90'~~ 

l;pp(-()ach 'f r CJiTJ p oz i t .. i \,Ii.;;' ::,i de., TP-1. 3 ~ __. ,<?_.~:_~.,_~. __ ~l 

["~ p pro' c a c ", ~::. r-0 m n ..::'gat i v·2 ~:; ide ~ TF'_.1=; _._ _._.._Q~__ .~_ L__ .J:-:.~ 

-'':;;:'_:P (-oach .of t'- Dill posi t.~. '-,.' E' side, TP·--l::. ~ .,._._-.__~......;: .9,l__'J. 
App r o e c h f rom negc.tt i \'/E~ Sl d e , TF'-··13 ~ ._,Q..!...9..J ~~L 

{:q:Jpr'-oach ·fr"ol1·1 p o a i t.a v e 51,de., TF··-13~ O.YO·V 
Appr-02,ch fr"om nega.ti 'ole s.i de, -rF:-13:= ~_o~...9J __ ~~ 

;::;pprDa.ch f r om p o-s i t r ve side, TF'-1:3: __ 0.,~2..._.~:L 

(iPPr'·c{c~ch ft-Oin negat i ve si de., TP-13: ~_, ..._,~,_~9_.~ ...~~ 

o ~9oa.\.);::-:·:.rt::':t-dlJE' il pc,s:i t i "'-'E.' si de 'I ciu t p u t , ___.._--...__.. ..I.L.:.!-. 

;-i\/E~t- age n nagat i ve 5 ide U OL\tPLtt: ----,_.Q~_I __~~ 
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APPENPIX C
 

OPERATION INSTRUCTIONS for
 
SINGLE FINGER CONTROLLER and
 
TACTILE TELEPRESENCE SYSTEM
 

C,1 Single-Finger Gloye Controller Prototype 

Note that the top of both enclosures must be removed to access either the 
glove control protoboard area or the sensor calibration potentiometers, so rack 
mounting is not initially recommended, The following items describe how to use 
the system, and describe its capabilities and limitations: 

•	 On POWER-UP, manually hold the finger to prevent 
initial joint angle excursions from jamming the joint at one 
extreme of travel. Maintain manual restraint until the 
circuit stabilizes after a few second, then release, If 
stable behavior is not achieved within 30 seconds, adjust 
the pertinent force ZERO adjustment pot ("SZ") on the 
sensor signal conditioning board, 

•	 The torque sensor output voltages have been set to
 
range from approximately -S to +SV, whereas the angle
 
sensor output ranges from 0 - 5V (where 0 represents a
 
straight finger joint), Additionally, the motors respond to
 
control voltages applied to pins MM1, MM2, MM3, and
 
SM1 on the prototype board (located within the
 
Master/Slave Interface enclosure) ranging from -5 to +5
 
volts, The motors may be driven in two modes, the first
 
being a simple analog power-amplifier mode in which the
 
motor voltage ranges from -12 to +12V, and the second
 
being the PWM mode (1000Hz fundamental frequency).
 
As shipped, all motors are operating in the analog drive
 
mode. The PWM mode was found to be somewhat
 
helpful in overcoming stiction at low drive levels. The
 
drive modes are easily changed by shifting a jumper on
 
each motor drive board,
 

•	 Note that the torque and angle sensor for the master 
joint 2 are absent, as they were removed in the course of 
development and installed on the slave joint. 
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•	 The range of lateral finger motion at the main knuckle is 
approximately 35 degrees and covers -5 to +30 degrees 
(where the plus direction corresponds to spread fingers). 
The -/+ values may be adjusted by loosening the 
setscrew in the middle of the encoder and utilizing trial 
and error to obtain the desired values, e.g., repetitively 
loosen, jiggle the joint, and retighten the encoder. The 
magnitude of the range is fixed by the six-segment 
encoder disc, and cannot be changed without changing 
the disc. 

•	 The simplest mode of motor control is DIRECT. This is 
accomplished by connecting the leads on the prototyping 
board from the motor control potentiometers directly to 
the motor control pins, as indicated below: 

Potentiometer Motor 
MP1 MM1 
MP2 MM2 
MP3 MM3 
SP1 SM1 

The potentiometers provide a +/- 5V control signal 
capable of driving the master or slave motors in either 
direction at speeds from zero to the maximum. The 
direction of joint motion corresponds to the knob rotation 
direction on each pot. Care should be taken when 
approaching the hard travel limits, as the joints can bind 
so tightly that simple reversal of the motor will not free it. 

•	 Should a joint bind (e.g., due to a high-speed encounter 
with a hard mechanical stop), the joint can be freed by 
using a sharp scribe or other pointed implement to 
access and turn the worm shaft backwards. Should 
access be precluded, then partial disassembly involving 
removal of one side plate may be required. 
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•	 The other simple mode of master or slave control is 
open-loop control of the motor with the torque sensor. In 
the torque-feedback mode, the joint moves compliantly 
with regard to any applied force/torque to the finger 
joints. It may be implemented by removing the manual 
control potentiometer connections to MM1, MM3, and 
SM1, and making the following connections instead: 

Sensor Motor 
MT1 MM1 
MP2 MM2 
MT3 MM3 
ST1 SM1 

This connects the torque sensor output (+/- 5 V output 
span) to the corresponding joint motor (+/- 5V input 
control range). Drift in the sensors and sensor signal 
conditioning boards is significant during warmup, so 
approximately 10-15 minutes should be allowed after 
turn-on for the system to stabilize. If the sensors are not 
nulled out at that time (as indicated by a zero voltage 
output), then the zero level should be adjusted at the 
"SZ" pot in the appropriate sensor signal conditioning 
circuit section. 

•	 Due to the non-linear nature of the conditioned sensor 
signals, no provisions have been made for master/slave 
control at this time (only master QL slave) 

•	 Use care to insure that only one source is being use to 
drive each motor, as simultaneous sources (e.g., torque 
sensor output and manual control potentiometer) may 
result in unpredictable behavior and/or damage to the 
signal conditioning boards. 
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C.2 Fjnged'ip Tactile Telepresence System Prototype 

It has been determined that the latex display elements in the fingertip­
shaped tactile display device have deteriorated significantly since their date of 
manufacture 7 years ago, and that activation under the original design operating 
pressure will result in rapid destruction by over-inflation. Approximately 4 taxels 
out of 37 were destroyed before this problem was recognized, and 3 additional 
units destroyed in the course of determining a new safe pressure of 
70kPal10psi. At this reduced pressure, the tactile stimulation provided by the 
elements is significantly weaker than experienced at the original operating 
pressure of 240kPal35psi, though readily discernible under conditions involving 
light finger pressure against the tactile display. 

The level of tactile stimulation may be increased by increasing the taxel 
operating pressure. This is accomplished by removing the cover from the 
TACTILE SENSOR/DISPLAY INTERFACE enclosure and re-adjusting the 
pressure regulator. However, this is expected to cause additional taxels to fail 
by ballooning. (Note that once a taxel has ballooned, its threshold for that mode 
of failure will be significantly decreased, and for all practical purposes the taxel 
can be considered irreparably damaged and useless.) The Phase-I tactile 
display was designed and fabricated with the intent of proving the feasibility of 
the concept, with minimal regard given to serviceability. As such, the tactile 
display was a fabricated as an integral unit not designed for servicing, and 
therefore not repairable without a level of effort equivalent to fabricating a new 
display. 

The system was shipped ready for operation: see Section 4.5 of Phase-I 
report for re-calibration instructions, if needed. The following steps are required 
to use the system: 

•	 Set illuminator output control to lowest setting, and turn
 
ON.
 

•	 Attach air supply (note limits on airline). Operating
 
pressure is preset by an internal regulator to 70kPa
 
(10psi).
 

•	 Turn main switch ON. 

•	 Adjust illuminator intensity to just below the threshold for
 
turning any of the taxels ON (use the sound of the driver
 
valves or the visual LED display as an indicator of tactile
 
display activity).
 

•	 The system is ready for use. 
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APPENDIX D 

MECHANICAL DRAWINGS of THUMB-JOINT COMPONENTS 

The following 26 pages contain detailed mechanical drawings describing 
various the components that comprise the thumb joint of the proposed glove 
controller described in Figures 24 to 27. The drawings are current but do not 
describe a complete working device, as additional design work must be 
performed to achieve that state. 
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OTY PART/D NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONFDENTIAL AND PROPRETARY If\FORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THRD ANGLE PRO£CTlON 

~--E3
 
TOL: X :to.! mm 

x.x !:O.05mm 
X.XX ±0.02rnm 

CONTRACT NO. 
NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FNAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TELIFAX: (303) 932-2186 

TITLE 
LEFT SIDEPLATE FOR THUMB
 

SIZE: I DWG. NO. GLOVEOI9.GCD I REV. 31 DEC 92I 
SCALE: L5X I LAYER: 019 I~ET: I OF 2 
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OTY PART/ID NO. NOMENCLATLRE OR DESCRIPTION MATERIAl SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt'--FIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORATION liTTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
RIGHT SIDEPLATE FOR THUMB 

THIRD ANGLE PROJECTION 

~--e APPROVALS DATE 

TOl: X ±OJ mm 
X.X ~O.05rrvn 

X.XX to.02mm 

SIZE: I I DWG. NO. GlOVEOI9.GCD IREV. 31 DEC 92 

SCALE: I lAYER: 019 ISHEET: 2 OF 2FINAL: 
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_ _ 

IDLER SUPPORT BE ARINGS 

~MOTOR MOUNT 

...--- - - ----, ...---- - -----, 

WORM 

.---- --.- _..-.- _ _- -_ _ . 

OPTICAL ENCODER 

10 mm
SCALE: 1<E----/?1 

DISTRIBUTION STATEMENT: COtFOENTIAL AND PROPRETARY ItFORMATlON. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TELIFAX: (3031 932-2186 

TITLE 
HORiZONTAL MOTOR MOUNT ASSEMBLY 

THIRD ANGLE PRO...ECTIQN 

~--Et APPROVALS DATlE 

TOL: X to.l mm 
XX to.0511Yl1 SIZE: I DWG. NO. GLOVE006.GCD REV. 08 DEC 92 

XXX to.02mm FINAL: SCALE: LAYER: Sf-EET: I OF I 
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2X 2-S6UNC x 4.1DP on 10.92D 

3 MCRO-MO ISI6EOl2S MOTOR WITH 15/5 76:1 GEARl-EAD 
OTY PART/D NO. NOMENCLAT~E OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt\FIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD 
BEGEJ CORPORA TION LITTLETON. CO 80127 

TaIFAX: (303) 932-2186 

TITLE 
ACTUATOR FOR MID-FINGER OR THUMB JOINT 

THIRD ANGLE PROJECTION 

$-----Ej- APPROVALS DATE 

TOL: X to.l mm 
X.X to.OS"", 
X.XX to.02mm 

SIZE: I I DWG. NO. GLOVEOIO.GCD IREV. 22 SEPT 93 

SCALE: 2X ILAYER: 010 ISHEET: I OF IFINAL: 
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6 HORIZONTAL MOTOR MOUNT (for Micro-Mo motors) AlUMI~M. 6061-T6 

OTY PART/ID NO. NOtvENClATURE OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTlAl ANJ PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 

NA9-18SS8 
PH-2 GLOVE CONTR.THRD ANGLE PROJECTION 

~----E3 APPROVALS DATE 

TOl: X ~O.l mm 
X.X ±0.05mm 
X.XX ±0.02mm FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
HORIZONTAL MOTOR MOUNT 

SIZE: I DWG. NO. GLOVE0I3 IREV. 22 SEP 93I 
SCALE: 2X I lAYER: 013 ISHEET: I OF I 
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3mm BORE 

NOTES: 
I.	 Attach to shaft with LOCTITE 324 adhesive. 

Measured breaking torque = 336 oz-in 
3mm shaft, thermal cure 20-30 min @ 300F. 
Clean wiacetone then 240 qrit SIC random finish. 
Calculated axial capacity = 5690 oz (355 Ibl 

I WORM (NW SHORTLINE 309-6) 
OTY PART/D NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"'ENT: CONFDENTIAL AND PROPRETARY It'-FORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THRD ANGLE PRo£cnON 

~--Ej-

TOl: X :to.l mm 

X.X !:0.05mm 
X.XX :to.02mm 

CONTRACT NO. 

NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FNAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
WORM 

SIZE:	 I DWG. NO. GLOVEOI7.GCD 1REV. 13 JAN 93 I 
SCALE: 5X I LAYER: 017 ISl-EET: I OF I 
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NOT FOR PUBLIC RELEASE. 
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I WORMGEAR (NW SHORTLINE 309-6. 13.60PD. 34 TEETH) 
OTY PART/ID NO. NOrvENCLATURE OR DESCRPTION MA TERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. 

METRIC CONTRACT NO. 
NA9-18558 BEGEJ CORPORATION 

THIRD ANGLE PROJECTION PH-2 GLOVE CONTR. 

~--E3 APPROVALS DATE TITLE 
IDLER WORMGEAR AND SHAFT 

TOL: X to.i mm SIZE: I DWG. NO. GLOVEOI6.GCDXX ~0 .05mm 
XXX ~0 .02rrrn FINAL: SCALE: 5X LAYER: 016 
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RESTRICTED DISTRIBUTION. 

5 CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

REV. 04 DEC 92 

SHEET: I OF I 
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METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
SLIDER ASSEMBLY (ROLLER-BEARING SUPPORT) 

THRD ANG..E PROJECTION 

$---EJ­ APPROVALS DATE 

TOl: X ~O.l tm\ 

X.X :!:O.05mm SIZE: I I DWG. NO. GLOVEOO7.GCD I REV. 23 DEC 92 

SCALE: 2X I LAYER: 007 r S~ET: I OF Ix.xx ~.02mm FNAl: 
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OTY PART/D NO. NOMENCLATLRE OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COf\FIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTRTHIRD ANGLE PROJECTION 

$---E]­ APPROVALS DATE 

TOL: X :to.! mm 
X.X !0.051M1 
X.XX ±0.02mm FINAL: 

5 CLARET ASH ROAD 
LITTLETON. CO 80127BEGEJ CORPORATION 
TEL/FAX: (303) 932-2186 

TITLE 
SLIDER FOR THUMB (VERSION D 

SIZE: 

SCALE: 
I I DWG. NO. 

I LAYER: 

GLOVE020 

020 

I REV. 23 DEC 93 

I SHEET: I OF I 
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DISTRIBUTION STATEMENT: COt\FIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ±o.! mm 
x.x ±O.05nm 
x.xx to.02111n FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
SHELL GEAR FOR SLIDER 

SIZE: I I DWG. NO. GlOVE023.GCD IREV. 23 DEC 92 

SCALE: I LAYER: 023 I SHEET: I OF I 

122
 



4 
2.381, 

14.00mmI- -I 
~ 

11.930mm
1 1 0 -, 

DOWEL PIN
 
(BEARING PRESS FIT)
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OTY PART/ID NO. NOMENCLATUiE OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CON=IDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

5 CLARET ASH ROADMETRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

$---E3 APPROVALS DATE 

TOL: X ±o.! mm 
X.X ~O.05rrrn 
X.XX ±O.02mm FINAL: 

BEGEJ CORPORATION LITTLETON. CO 80127 
TELIFAX: (303) 932-2186 

TITLE 
MAIN SLIDER BEARING (WITH SHAFT) 

SIZE: I IDWG. NO. GLOVE021 IREV. 16 DEC 92 

SCALE: 5X I LAYER: 021 I SHEET: I OF I 
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aTY PART/ID NO. NOMENCLAT~E OR DESCRIPTION MATERIAL SPEOFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CO~IDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

$----E3
 
TOL: X ~.1 mm 

X.X ±O.05rrvn 
X.XX to.02mm 

CONTRACT NO. 
NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 
SIDE BEARING FOR SLIDER 

SIZE: 

SCALE: 5X 
I I DWG. NO. GLOVE022.GCD 

ILAYER: 022 

IREV. 16 DEC 92 

ISHEET: I OF I 
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..- _ _. . 1 ______._______._. . ..__.. _.._._._ .._.1. - _.... n.J I[-'----'----------'----­
~----------56.50mm ---------~.1 

12.50DEG 
2.50 

-, r
46.00DEG 

COUNTERBOKE SLOT ­
ON INSIDE SURFACE ...-..-_......-.._---_ ...-----_..__......- ....--..... -".... ,_......-.....-_ .....4.76DIA 2.IODF) 

,~~:~~::/: ==- ===~:_+-~~) 
-: R s.so 

// \ ----t-----y­.: 
+ 

R 47.00 

~ 
0.40 

o 
l1"'! 

o~R 39.50 o
R 55.00 to 

on 
o 
0) 
N 

~-------- 42.50mm ------~.1-5.50 
I. 14.00 

E 
E 

a 
a 
<.0 
0-J 

OTY PART/IO NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATlON ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt-'ENT: CONRDENTIAl AND PROPRIETARY It\FORMATION. NOT FOR PLBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

l1TlE 
LEFT BEARING SLOT FOR SLIDER 

THRD ANQ.E PROJECTION 

$---E} APPROVALS DATE 

TOl: X ±OJ nm 
x.x :!:O.OSmm SIZE: I 

SCALE: 2X 

DWG. NO. GLOVE024 IREV. 31 DEC 92 

LAYER: 024 IS~ET: I OF 2x.xx to.02mm FNAl: 
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[ lm m.ummn.tm.mnumuuuuumnumum..mmu.u muum.mmmmmuuu um·l·mmmuummmmmu-! I 
t, 56.50mm .1 

R 55.00 

- - . 

R 47.00 
R 39.50 

----­
_ 12.50DEG 

+ ------­

R 5.50 

...,..----+------ j 

5.50~~"'-------
~I14.00 ---~ 

2.50 

-j r46.00DEG 

COUNTERBORE SLOT 
ON INSIDE SURFACE 

4.76DIA 2.IODP 

E 
E o 

o 
~ 
N 

····~0+'··j 
........•..........:
 

., 
0.40 

42.50mm -------~ 

OTY PART/ID NO. NOrENCLATURE OR DESCRPTION MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ~O.l mm 
X.X ±O.OSmm 
X.XX ±O.02rrrn FINAL: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
RIGHT BEARING SLOT FOR SLIDER
 

SIZE: I I DWG. NO. GlOVE024 I REV. 31 DEC 92 

SCALE: 2X I lAYER: 024 I StEET: 2 OF 2 
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l..nuuuuum_mun!mumnnnnmmm__nnnnunmn__mn__u_nm_nm mnnumu__ lumm_umnmnunnmJ II ...L..-- ------'----­

~---------- 56.50mm ----------~.. II. 

46.00DEG 

COUNTERBORE Sl_OT _ _ -.._.._ _ .. 
ON INSIDE SURF ACE 
4.76DIA 2.10DP /.._./,... -:> ---_.... -_..----------_..-_.­

.../.... ,/ 

.: / .../. //// 

o 
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...... -..._;--,'~ 
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--+ )----_._------._-.. 
2.50 

--j r 

~ 
0.40 

R 50.00mm 

R 56.00mm 
o~ 
o 
Q) 

on 
o 
ol 
N 

---- 47.50mm --------~.I 
~I.-- 14.00 ~ 

E 
E 

o 
o 
<0 
N 

OTY PART110 NO. NOrvENClATURE OR DESCRPTION MATERlAl SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

$---f3 APPROVALS DATE 

TOl: X ±o.! mm 
X.X !O.OSmm 
x.xx ±0.02nrn FINAL: 

BEGEJ CORPORATION 
5 CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
LEFT BEARING SLOT FOR SLIDER (VER. 2)
 

SIZE: I I DWG. NO. GlOVE024.GCD I REV. 15 JAN 93 

SCALE: 2X I LAYER: 024 I SHEET: I OF 2 
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I Lu.. ._n ._.n..__nn__...... ._luu_......._._u._. n uu._._n.. u_._..n n. ._.n.__ n_nn -----....----l----.
.U..

I.. 56.50mm ----------~..I 
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-, I --------- 46.00DEG 

COUNTERBORE SLOT 
ON INSIDE SURFACE 

+--­ 4.76DIA 2.10DP 

E
E ---.­

o o 
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~ 
0.40 

R 50.00mm 

o 
I.f1 
~o 

R 56.00mm 
o 
(.() 
no 

o 
0) 
N 

1--..-------- 47.50mm ----- ._-~ 
~ 14.00 ---.1 

OTY PART/ID NO. NOMENClATURE OR DESCRIPTION MATERIAL SPECIFICATlON ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTlAl AW PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-t8558 
PH-2 aOVE CONTR.THRD ANG..E PROJECnON 

41----Et APPROVALS DATE 

TOl: X !:O.l nm 
X.X ±O.05mm 
X.XX ±O.02mm RNAl: 

S CLARE T ASH ROAD
 
LITTLETON. CO 80127
BEGEJ CORPORATION 
TEL/FAX: (303) 932-2186 

TITLE 
RIGHT BEARING SLOT FOR SLIDER (VER. 2) 

SIZE: ~ IDWG. NO. GLOVE024.GCD 1REV. 15 JAN 93 

SCALE: 2X ILAYER: 024 ISHEET: 2 OF 2 
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'3.50mmll
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~---+-f---"'c-----+--~!r------···-·····\,·,'..i 
R 2.50 
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o 
g 

SI.63dego 

) 

-'-----'----L.--.J-lt R 2.50 

~---9.00 

OTY PARTI[) NO. NOMENQATURE OR DESCRIPTION MATERIAL SPEORCATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: COt--F[)ENTIAL AND PROPRETARY It'-FORMAnON. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUllON. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PRO£CTION 

$---E3 APPROVALS DATE 

TOL: X :!:o.! mm 
X.X ±0.05mm 
x.xx :!:0.02mm FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
CORNER SUPPORT FOR THUMB SIDEPLATES 

SIZE: 

SCALE: 4X 
I IDWG. NO. 

I LAYER: 

GLOVE026.GCD 

026 

1REV. 31 DEC 92 

I~ET: I OF I 
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~--16.00--~ 

38.10mm 

r 
6.00 

-'-­
~ L.­

3.00 
2X M2 4DP ON IO.92DIA 

I, 
, 
I 
I 

\ 

o 

@ 
o /

............ ---",; 

I MOTOR. MICRO-MO 15160125. WITH 15/S 262:1 GEARHEAD 
OTY PART/ID NO. NOMENCLAT~E OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt\FIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18SS8 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--Ej- APPROVALS DATE 

TOL: X tOJ mm 
X.X :!:O.OSnn 
X.XX !:O.02mm FINAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TELIFAX: (303) 932-2186 

TITLE 
ACTUATOR FOR LATERAL THUMB MOTION
 

SIZE: 

SCALE: 2X 
I I DWG. NO. GLOVE028.GCD 

ILAYER: 028 

IREV. 31 DEC 92 

ISHEET: I OF I 

130 



7.94 DIA10-32 UNF 

10.00 DIA 
II 
II 
II 
II 
II 
II 
II 
II 
II

I'II 
II 
II 

II 
I 
I,
I 
I 
I 
I 
I 
I 
I 

i t 
It 
II 
II 
II 

II 
II 
II 

-L.J.._...l-J....-._.l......-. 

E 
E 

o 
o 
~ 

r 
+- ....I...J....--------L..I----' 

t-~-_1_5._00_- 2900mm ----J 

R 050 

l' 

I I I I 

r 
E 
E 

Lf)\ 4-40 UNC I'-... 

~ 

f 
/"--" ...., I 
~\"..,,," 0

If) 

n

3.00 
~ 

>----, 00 
: + I : Lf)~(~),/\\. 01"-­\<:' ...._-.," 

~- ~1 

• 
14 22.00
 

29.00mm
 

----r-~---- ~ 

I I I' 

.:.===--.:.: .:~:~::: ::~: ~:: .======= ==== 

_____________ Ll-­ -­ -~-~--------------------------- i-:------ ---i-~--------------

II II ,-r ,-r 

OTY PART/10 NO. NOMENClATURE OR DESCRIPTION MATERIAl SPECFICAnON ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 G..OVE CONTR.THRD ANGLE PROJECTION 

$---E3 APPROVALS DATE 

TOl: X to.l rrrn 
X.X ±O.05mm 
X.XX ~.02mm RNAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
SUPPORT PILLAR FOR LATERAL THUMB JOINT 

SIZE: I I DWG. NO. GlOVE031.GCD I REV. 31 DEC 92
 

SCALE: 3X I lAYER: 031 I SHEET: I OF 1
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t2L ::::: : 

I II 
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: !I 
I II 

~m--------------------­

OTY PARTI() NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONFDENTIAL AND PROPRETAAY I~ORMATION. NOT FOR PLELIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD 
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
MAIN MOUNT BLOCK FOR LATERAL THUMB JOINT 

THRD ANGLE PRO£CTlON 

~--E3 APPROVALS DATE 

TOL.: X :to.! mm 
X.X !:0.05mm 
X.XX :to.02mm 

SIZE: I IDWG. NO. G..OVE032.GCD IREV. 03 DEC 92 

SCALE: ILAYER: 032 ISH:ET: I OF IFNAL: 
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DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

$---E3 APPROVALS DATE 

TOL: x :!:o.! mm 
X.X ±O.05mm 
X.XX :!:0.02rrwn FINAL: 

S CLARET ASH ROAD
 
LITTLETON. CO 80127
BEGEJ CORPORATION 
TEL/FAX: (303) 932-2186 

TITLE 
MOTOR MOUNT FOR LATERAL THUMB JOINT 

SIZE: 

SCALE: 2X 
I I DWG. NO. 

I LAYER: 

GLOVE033.GCD 

033 

IREV. 31 

ISHEET: 

DEC 92 

I OF 2 
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/ (2) 3.50 DIA 

~ ~ 
go (0 + 

~ t 925 ­ 21.75 30.00mm J ~3.18~ 

aTY PARTlID NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIFICAnON ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTIAL AN) PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 aOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 

MOTOR MOUNT SPACER FOR LATERAL THUMB JOINT 

THRD ANCLE PROJECnON 

W--E3 APPROVALS DATE 

TOl: X ~OJ nrn 
x.x ±O.05mm 
x.xx to.02mm 

SIZE: I IDWG. NO. GLOVE033.GCD IREV. 31 DEC 92 

SCALE: ILAYER: 033 ISHEET: 2 OF 2RNAL: 
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~---13.90mm -----t~1 0.60 

~7.94mm~
 
~-- 12.70mm --~ 

I I IFLANGED BEARING (DYNAROLL SFRI810ZZS. FULL SHIELD)I I 
OTY t PART/ID NO. I NOMENCLATURE OR DESCRIPllON I MATERIAL SPECIFICAnON liTEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTIAL At'V PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 aOVE CONTR.THRD ANGLE PROJECTION 

$----Et APPROVALS DATE 

TOl: X !:O.l rrvn 
X.X ±O.05mm 
X.XX !:O.02mm RNAl: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
LATERAL THUMB BEARING 

SIZE: I IDWG. NO. GlOVE027.GCD 'REV. 07 DEC 92
 

SCALE: ILAYER: 027 ISHEET: I OF I
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......---,, 14.00mm -I 
._'­

..--.•.....__ .._-_ ..__.._._._-----------_._---­

R 7.50mm 

E 
E 

o 
o 
!:O 

R 14.66mm 

R 4.35mm 

OTY PART/[) NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONFDENTIAL AND PROPRETARY It\FORMATION. NOT FOR Pl13LIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 
GEAR SEGMENT FOR LATERAL THUMB DRIVE 

THRD ANGLE PROvECnON 

$---Ej- APPROVALS DATE 

roc X ±o.! mm 
x.x ~0.05mm 
X.XX ±0.02mm 

SIZE: I IDWG. NO. G..OVE030.GCD IREV. 07 DEC 92 

SCALE: 4X I LAYER: 030 IStEET: I OF I FNAL: 
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OUTSIDE DIA 11.62 

PITCH DIA IO.3Smm 
SHAFT DIA 3.00mm 

ROOT DIA 9.07mm 

2.S0mm 

PINION GEAR. 20 TEETH. 10.35 PITCH DIAMETER 
OTY PARTI() NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCATOO ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONFDENTIAL AND PROPRETARY I~ORMATION. NOT FOR PLA3L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THRD ANGLE PROvEcnON 

$---Ej- APPROVALS DATE 

TOl: X ~O.l mm 
X.X !:O.OSmm 
X.XX !:O.02mm FNAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
PINION GEAR FOR LATERAL THUMB JOINT
 

SIZE: 

SCALE: 5X 
I IDWG. NO. GLOVE029.GCD 

ILAYER: 029 

IREV. 07 DEC 92 

I~ET: I OF I 
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2.6
 

_L
 

• 3.4 

1.5 

I PHOTOTRANSISTOR REFLECTIVE SWITCH (MARKTECH MTRS9080) 
aTY PART/ID NO. NOMENCLATLRE OR DESCRIPTION MATERIAL SPEOFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COf\FIDENTIAl AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ~.1 mm 
X.X ±O.OSrrrn 
X.XX !:0.02rnm FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 

SIZE: 

SCALE: lOX 
1 

PHOTOELECTRIC SWITCH 

IDWG. NO. GLOVE035.GCD 

I LAYER: 035 

1REV. 

t SHEE

21 

T: 

JAN 93 

I OF I 
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APPENDIX E 

MECHANICAL PRAwlNGS of TACTILE SENSoR COMPONENTS 

The following 10 pages contain detailed mechanical drawings describing 
the various components comprising the Phase-II tactile sensor shown in Figures 
35, 36, and 38. 

139
 



----------_._-----------_._--_.__._._---.~ 

-"-, 

00 "\ 
\ 
\ 

00	 
I 

l
I 

!
I 

/ 

00 / 
._-_._-_.__._-_.__ ._---_._--_._-_•••.....-: 

.1	 -"'\.. 

9.53 RAD 

0.53 RAD 

_____. 

\ 
\ 

000 0 d
\ 

I 
! 

0000	 O/lJ 
.kZ/ 

. O __O O---O----J-JJ-­

----'---0--0---0---0'-----,----.-; 
------------------j ~ 
-----·-·-------·-----1	 -. 

00100	 O\~ 
i	 \J 
I	 \ 

MATERIAL: 6061-T6 ALUMINUM00100	 0 d 
I	 I 

!	 ,~
00100	 0/

---------.---.-.--__.i	 ..,/ 

~.~~~=C;=OI-O--O--../.kZ 

DISTRI3UTION STATEMENT: CONRDENTlAl Af\O PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ~O.l rrvn 
X.X ±O.05mm 
X.XX ±O.02mm FINAL: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
SENSOR COVER 

SIZE: I I DWG. NO. TSEN2021.GCD I REV. 28 JAN 93 

SCALE: 2.5X I lAYER: 021 I SHEET: 1OF I 

140
 



(-3M. 90. -90) 

IOnm, 60. -go) 

-9nn. 90. -90) 

(Omm. 30. -90)(-9lwL 90. -60) 

(Omm. 30.0) 

..-~-'- '--. 1(::, :', ~:~))/ ~
\ ~(Omm,60.01 

(Onn. 90. -60) 

101M. 90. -30) 

(ON\. 90.0) 
(-6ImI, 90. -30) I-3M. 90. -30) 

(-3Irm. 90. 0) 

FRONT VIEW 

(-3tNn. 90. -90) 
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HS",".90. -30} (Omm, 60. -60) 
(-9NI. 90. -30) <, ~~~~~---=--/-._---~. (Omm. 60. -30) 
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..~ ". /"~ (Omm, 30. -90) 
(-3mn, 90. O) " /"~ (Omm. 30. -45) 

", (011111.90,0) 
(-9l1li. 90. 0 ) 

~XIS 
1-6NI,90. 0) (Omm. 0.0) 

,. (Orrvn. 60.0) 
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./. ~ (Omm. 30. 45) 
.... »: (Omm. 30. 90) 

(Omm. 60. 30) 
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ION\. 90. 30) 

(Olll!\, 90.601 

(CNI. 90. 90) 

BOTTOM VIEW 

(Omn. O. O) 

(Omm, 30. -90) 
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(Omm. 90. 90)
(Omm 90. -90) 
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(Omm, 90. 30) 

(Omm. 90. -30) 
Wmm. 60. 0) 

(Omm. 30. O} 
(Omm. 90. 0) 

RIGHT VIEW 

(41) HOLES IN COVER STRUCT~E. 2.0Omm DIA. 

OTY PART/D NO. NOMENClATURE OR DESCRIPTION MATERIAl SPECIRCATION ITEM NO. 

PARTS lIST 

DISTRIBUTION STATEt-'ENT: CONFDENTIAL AND PROPRETARY It\FORMATION. NOT FOR Pl13L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THRD ANGLE PROvECllON 

~--E3 APPROVALS DATE 

TOl: X ±o.! mm 
X.X ±O.OSmm 
X.XX ±O.02mm Ff\JAl: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
SENSOR COVER (HOLE PLACEMENT) 

SIZE: IDWG. NO. TSEN2021.GCD IREV. 28 JAN 93 I 
SCALE: I LAYER: 021 IS~ET: I OF I 
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3.00 DIA 

(2) CB 2.80DIA X.XXXDP 

(2) 1.52 DlA 

CHA~EL FOR 
ILLUMNA TOR -

CHANt'EL FOR
 
MAGNG CABLE
 

R 12.89mm ­

~RI.O 

2X 3.00 DIA 

E 
E 
o 
n 11.00 RAD~ 

1 _ 

0-80UNF 

@
 ..
 
[1111

E 

o 
o 
eo 

L
 

~ 
~ 

····h""T't··_· 
-----_.~-_.~-------+-+------

l ~ ~ 1 
~-·----i---r-···--·-t·--1·------

DISTRIBUTION STATEMENT: COt\FIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

~--E3
 
TOL: X ~.1 mm 

X.X ±0.05mm 
X.XX !:O.02mm 

CONTRACT NO. 
NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

S CLARET ASH ROAD
 
LITTLETON. CO 80127
BEGEJ CORPORATION 
TELIFAX: (303) 932-2186 

TITLE 
IMAGING FIBER CONNECTOR (VER. 2: INT. ILLUMJ 

SIZE: 

SCALE: 3X 
I IDWG. NO. 

I LAYER: 

TSEN2013.GCD 

013 

IREV. 28 JAN 1993 

ISHEET: I OF I 
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r 
MATERIAL:
 
POLYCARBONATE (CENTRFUGE TUBE)
+ 

~---IO.40 

~6.00 

I:--------19.79mm 

R 9.39 

---- ------------j ------ -------,---'- R 7.69 
" I 

<. 
'\ 

+ I 

DISTRIBUTION STATEMENT: COf\FIDENnAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUnON. 

METRIC
 
THIRD ANGLE PROJECTION 

$---E3
 
TOl: X ±OJ mm 

X.X :!:O.05rmt 
X.XX ±O.02mm 

CONTRACT NO. 

NA9-18S58
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
WAVEGUIDE (INTERNAL ILLUMINATOR)
 

SIZE: I IDWG. NO. TSEN201l.GCD 1 REV. 28 JAN 1993 

SCALE: 3X I lAYER: 01 I SHEET: I OF I 
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(2) 0-80UNF 

o 
L.n 
n 

o 
L.n 
n 
--'-----+-·---+-~(~·'·l 

~ 1.0 RAD FILLET 

1~.521
 
~ 5.50
 
~8.s0

I--- 10.75 ----.I
 

1---13.00


I---- 17.50mm ---~ 

3.00 DIA 

CB 3.58DIA 2.50DP 

2.18 DIA 

o 0 
o Q 
n 0'> 

2J 

8X 2-S6UNC ON 7.S0RAD r~-T- 6.00 l 
0 

7.50 RAD--.---------+_ J--..----n--.,.,.---.------'. I. IRAD FILL; 

"'f"'---"T" --or­

o 
In 

<.0 I 

J--+-­

18.78 DIA 

o o 
N 

DISTRBUTION STATEtvENT: CONRDENTIAl At'{) PROPRIETARY INFORMATION. NOT FOR PLSLlC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THRD ANaE PROJECTION 

~--Et APPROVALS DATE 

TOl: X !:OJ nm 
X.X to.05mm 
X.XX :!:O.02mm FNAl: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
TACTILE SENSOR CORE 

SIZE: 

SCALE: 
I IDWG. NO. TSEN201O.GCD 

I lAYER: 010 

IREV. II JAN 93 

ISHEET: I OF I 
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DETAIL A 3.00/2.00 OD/ID TUBE 

2-56UNC 

7.25 RAD 

2-56UNC 

E 
E oo . 

oo 

0 
If} . 
~ W 

IIII1 

~ IIII 

LIL.JI 
3.00 

8.25mm 

~-- 14.00mm --~ 

~---16.50mm ---~ 

~POXY ANCHOR IROUGHS 
APPROX O.BOW 0.50DP 

1.00DIA. SDP 

0.50DIA10.7Smm ---j 
-r­
o 
o 
~ 

I--- 10.50mm 

1 3 
. 
001 

j 
o 

.-----------\--~+__+V+_H---------, 11o oo ot------'t---+---+-t--++---++----=..tt~_=-----+-____l__-~----"-- N 
N 

L 
ROUNDED CORNERS 
MINIMUM R I.OOmm 

R 6.30 EPOXY 

ROUNDED R 7.69 
INTERNAL I- 6.00 POLYCARBONATE SHELL 
EDGE MACHINED TO FIT INSIDE 

OF WAVEGUIDE. 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--Et APPROVALS DATE 

TOl: X ±o.! mm 
X.X ~O.05mm 
X.XX ±0.02rm1 FINAL: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
INPUT FIBER ARRAY ASSEMBLY
 

SIZE: I I DWG. NO. TSEN2012.GCD 1REV. I JAN 93 

SCALE: 3X I lAYER: 012 I SHEET: I OF I 
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(Onrn. 60. -90) 
-91Nn. 90. -90) 

(0rNn, 30. -90)(-9rMl 90. -60) 

1Onrn. O. 0) 

(Omm. 30. 0) 

(OrMI.. 60.-60) 

IOmm. 60. -30) 
(Omm. 60.0) 

(Ornm. 90. -60) 
(onvn. 90. -30) ~ IOmm. 90.0) 

I-31M\. 90. -30) 
(-3rml, 90. 0) 

FRONT VIEW 

(-6_(-~' ~~~'-~j6i-90) ~
 
1-6,,"",. 90. -(0)
 

(-9mrn. 90. -90)~
 
(-9mm. 90. -(0)
 

(-6mrn. 90. -30 ) ~~"""";"-~-+--------7<--

(-9mm. 90. -30)
 

(-3rnm. 90. 0) 

(-9mrn. 90. 0) -- ­

NOTCH 0 

(-6mrn. 90. 0) 

(-9IMI. 90. 30) __----,r- ­

(-~::':J60)~« J

(-9mm. 90. 90)
 

(-6mrn. 90. 60)
 
(-6mm. 90. 90)
 

(-3mm. 90. 30)
 
1-31NTl. 90. 90)
 

BOTTOM VIEW 

(Omm. o. 0) 

(Onm. 30. -90) (0rM'I. so. 90) 

~ 
(Omrn. 60. -90) < (Omm. 60. 90) 

>­

(Omm. 90. -90) IOmm. 90. 90) 

IOmm. 60. -60) ~-~--~--X AXIS 

(Omm. 60. 60) 

(Omm. 90. -60)----.... 
(Omm. 90. 60) 

(Omm. 30. -45) (Omm. 30. 45) 

IOmm. 60. 30) 

(Ornm. 60. -30) 
(Omm. 90. 30) 

IOnvn. 90. -30) 
(Ormt. 60.0) 

10mm. 30.0) 

RIGHT VIEW 

(41l HOLES f\J INPUT ARRAY SLBSTRATE. 0.32rMl DIA. 

NOTE: PRIOR TO DlLLtJG. 
FIT INPUT ARRAY TO ACTUAL WAVEGUDE FIRST. 
THEN TRANSFER ~MISPHERE CENTER LOCATION 
FROM WG TO IA (VIA MOLD DIVIDNG LNE) 
OTHERWISE. FNAL SENSOR WILL BE APPRO X IrMl SHORT. 

DISTRBUTION STATEMENT: CONRDENTIAL At'{) PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 <LOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
INPUT FIBER ARRAY HOLE LOCATIONS 

THRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ~O.l rrrn 
X.X ±O.05rnm SIZE: I IDWG. NO. TSEN2012.GCD IREV. II JAN 93 

SCALE: 1.75X I lAYER: 012 ISHEET: I OF IX.XX ±O.02mm FINAL: 

146 



DISPERSER CONE 3.00 DIA 

~--10.40 

~------- 19.79mm 

R 9.39 

R 7.69 

/~,,::7 
o 
N 
<0 

+ 

DISTRBUTION STATEMENT: CONFIDENTIAL A~ PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 

NA9-18SS8 
PH-2 GLOVE CONTR.THRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ±o.! mm 
X.X :!:O.05mm 
X.XX ±0.02mm FINAL: 

BEGEJ CORPORATION 
5 QARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
WAVEGUIDE (EXTERNAL ILLUMINATOR)
 

SIZE: 

SCALE: 3X 
I IDWG. NO. TSEN2011.GCD 

ILAYER: Oil 

IREV. 05 JAN 1993 

ISHEET: I OF I 
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0-80UNF 

@ 

o 
~ 

filii 
~ II II 
~ II II 
L 11.11 

45.0 

35.0 

(2) 0-80UNF 

-~---

DISTRIBUTION STATEf"ENT: CONFIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

nTLE 
IMAGING FIBER CONNECTOR (VER I: EXT. ILLUMJ 

THRD ANGLE PROJECnON 

$---E3­ APPROVALS DATE 

TOl: X tOJ mm 
X.X ~0.05mm 

SIZE: I IDWG. NO. TSEN2013.GCD 1REV. 04 JAN 1993 

SCALE: 3X I LAYER: 013 1SHEET: I OF IX.XX ~O.02mm FNAL: 
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0-80UNF 
3.00 D1A 

~
 
filii 

~ IIII ©»
LILJI 

R 9.5Omm 

45.0-­ 35.0 

(2) 1.52DIA 

(2) CB 2.80DIA 1.75DP 

OTY PART/ID NO. NOI"ENClATURE OR DESCRPTION MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ±o.! mm 
X.X ~O.OSmm 

X.XX ±O.02mm FINAL: 

5 QARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
ILLUMINATION CABLE CONNECTOR (VER. I) 

SIZE: I I DWG. NO. TSEN2018.GCD IREV. OS JAN 93 

SCALE: 3X I LAYER: 000 t SHEET: I OF I 
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APPENPIX F
 

MECHANICAL DRAwiNGS of the
 
TACTILE PISPLAY PRIVER COMPONENTS
 

The following 31 pages contain detailed mechanical drawings describing 
the three tactile display driver modules that were fabricated on this program and 
illustrated in Figure 36. See Appendix G for drawings describing the 
modifications that must be made to upgrade the modules to include the PCB­
version of the PWM controller/driver card. 
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NOTES: 
I. X 
2. X 
3. X 
4. X 

tj
/ . . 1:1.. , 

FRONT 

DISTRIBUTION STATEt1:NT: CONFDENTIAL AND PROPRETARY If'FORMAllON. NOT FOR PU3L1C RELEASE. RESTRICTED DISTRIBUTION. 

CONTRACT NO.METRIC NA9-18558
 
THRD ANGLE PROvECTIQN
 PH-2 GLOVE CONTR. 

APPROVALS TITLEDATE$---Ej 
TOL: X to.l nvn SIZE:X.X to .05mm
 

XXX to .02mm
 FNAL: SCALE: 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TACTILE DRIVER ASSEMBLY (48 TAXELS) 

REV. 28 JJNE 93 I IDWG. NO. TDRV2002.GCD 

Sl-EET: I OF 3 I LAYER: M\1..TI 
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-- --- - -_ . ..--- -------- - - - ­

NOTES: 
I. X 
2. X 
3. X 
4. X 

DiSTRIBUTION STATEMENT: COt-FOENTIAL AND PROPRETARY It-FORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTREUTION. 

METRIC 
THIRD ANGLE PROvECTION 

CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR 

BEGEJ CORPORATION 
5 CLARET ASH ROAD 
LITTLETON. CO 80127 
TELIFAX: (3031 932-2186 

$---£3 APPROVALS DATE TITLE 
TACTILE DRIVER ASSEMBLY (48 TAXELS) 

TOL: X ~O .l mm 
XX ~0 .05"", 

XX X ~ O.0 2mm FINAL: 

SIZE: 

SCALE: 
I IDWG. NO. TDRV2002.GCD 

ILAYER: MULTI 

IREV. 28 ,JJNE 93 

ISHEET: 2 OF 3 
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NOTES: 
I. X 
2. X 
3. X 
4. X 

o 

o 

o 

o 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X :to.! mm 
X.X :!:O.05mm 
X.XX ±O.02mm FINAL: 

5 CLARET ASH ROAD
BEGEJ CORPORATION UTTlETON. co 80127 

TEL/FAX: (303) 932-2186 

TITLE 
TACTILE DRIVER ASSEMBLY (48 TAXELS) 

SIZE: 1 I DWG. NO. TDRV2002.GCD 1REV. 28 Jlj\JE 93 

SCALE: I lAYER: MULTI r SHEET: 3 OF 3 
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NOTES: 

& FACE ENTIRE TOP SURFACE FOR VALVE O-RING SEALS. 

6X CROSS FEEDER LINES 
4.04 DIA THRU HOLE. 6 PL EO SP. ISmm CTR 
IO-32UNF THREAD BOTH ENDS. 4.0mm DEEP 

~-------90.00mm-------~ 

FRONT VIEW 

MALE COt\NECTOR. 1/8"NPT X 1/4-TUBE 
12 SOCKET SET SCREW. IO-32lX'JF x 4rTm (CUSTOM LENGTH) 

PRESSURE MANFOLD. 48 TAXELS. ALUMINJM. 6061-T6 OR EOUV. 
OTY PART/ID NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCAT10N ITEM NO. 

PARTS LIST 

DISTRIBUTION STATErvENT: CONFIJENTIAL AND PROPRIETARY If\FORMATION. NOT FOR PlJ3L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
PRESSURE MANIFOLD FOR DISPLAY DRIVER (48TX) 

THRD ANGLE PROvECnON 

~--Et APPROVALS DATE 

TOL: X ±O.l mm 
X.X ±O.05mm SIZE: I IDWG. NO. TDRV2100 IREV. 21 JU~ 93 

SCALE: ILAYER: 100 1StEEl: I OF 4x.xx ~.02mm FNAL: 
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~ o o 
o 
~ 

~ o o 
vi 
Q 

r 
A 

VALVE INLET AND OUTLET PORTS 
48 PLACES 15mm CTRS. 
SEE DETAILS IN SECTION A-A 

TOP VIEW 

~--------------90.OOrrvn-----" 

~ 
A 

DISTRIBUTION STATEMENT: COt'FIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 
PRESSURE MANIFOLD FOR DISPLAY DRIVER (48TX) 

THIRD ANGLE PROJECTION 

$----£3 APPROVALS DATE 

TOL: X ±OJ mm 
X.X :!:0.05nrn SIZE: I IDWG. NO. TDRV2100 I REV. 21 JJNE 93 

SCALE: I LAYER: 100 I SHEET: 2 OF 4X.XX !:O.02mm FINAL: 
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6X 4-4OUNC x I I mm DEEP MAX 

MAIN FEEDER LINE 
8.33 DIA HOLE X 82.5 DP 
1/8-27 NPT X 9mm DEEP 

75.00 (FEAT~E ON RIGHT SIDE)-----~ 

.....-------------105.00------~ 

......-----------------120.00mm----~ 

LEFT SIDE-VIEW 

DISTRBUTION STATEMENT: CONRDENTIAL At-{) PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC 
THRD ANGLE PROJECTION 

CONTRACT NO. 
NA9-18558 
PH-2 GlOVE CONTR. 

BEGEJ CORPORATION 
S QARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

~----E3 APPROVALS DATE TITLE 
PRESSURE MANIFOLD FOR DISPLAY DRIVER (48TX) 

TOl: X ~O.l rTIT1 

X.X ±O.05mm 
X.XX ~O.02mm RNAl: 

SIZE: 

SCALE: 
I IDWG. NO. 

I lAYER: 

TDRV2100 

100 

IREV. 21 

ISHEET: 

JlJ'.JE 93 

3 OF 4 
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VALVENLET PORT:
 
CB FOR O-RING SEAT
 

3.57 DIA x 1.1 DEEP
 
VALVE ~EAD
 

2.69 DIA x 6.0 DEEP
 
6-32UNC2B TO BOTTOM
 

CROSS FEEDER LINE 

OUTLET PORT: 
1.0 DIA Tr-HU 
4.04 DIA
 
10-32UNF x 5.0 DEEP
 
DO NOT BOTTOM-QUT THREAD
 
ON TAXEL GASKET SURFACE
 

SECTION A-A 

x 5.5 DEEP 

GASKET SLRFACE 

DISTRIBUTION STATEt1"::NT: CONFDENTIAL AND PROPRIETARY INFORMAnON. NOT FOR Pl13LIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
PRESSURE MANIFOLD FOR DISPLAY DRIVER (48TX) 

THRD ANGLE PRO£CTION 

$---8 APPROVALS DATE 

TOL: X ~O.l mm 
X.X to.05mm 
X.XX ~O.02mm 

SIZE: I IDWG. NO. TDRV2100 IREV. 21 JUNE 93 

SCALE: ILAYER: 100 IS~ET: 4 OF 4FNAL: 
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6X CROSS FEEDER LINES 
5.41 DIA THRU HOLE. 15mm SPACING 
1/4-28 UNF THREAD BOTH ENDS. 5.0mm DE7 

FRONT VIEW
 

MALE CONt\ECTOR. 1/8-t\PT X 1/4-TUBE 
12 SOCKET SET SCREWS. 1/4-28UNF X 4.8rrwn 

VACWM MANFOlD. 48 TAXElS. AllJ1NUM. 6061-T6 OR EQlJIV. 

OTY PART/ID NO. NOrvENCLATURE OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT A: COf\FIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
VACUUM MANIFOLD FOR DISPLAY DRIVER (48 TX) 

THRD ANGLE PROJECTION 

~--Et APPROVALS DATE 

TOl: X ±o.! "'" 
X.X ~.05mm 
X.XX ±O.02mm 

SIZE: I IDWG. NO. TDRV2101 IREV. 28 JUNE 93 

SCALE: IlAYER: 101 I SHEET: I OF 5RNAL: 
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MAIN FEEDER LINE 
MANIFOLD HOLDDOWN BOLTHOLES

8.33 DIA X 82.5 DP 
1/8-27 NPT X 9.0 DP CONNECTOR STANDOFF HOLES 

.:"--.-."- -- - - __ ~ - - - - -~ _ - _ -- _ - -~. -. _ ~ __ - - -.- -- _ - - - - -. _ - _ -T"':" - ---......- - - -- - - - -- - - - - -- - - - -- - - -~- - - ~ - -. -. - - - ~ - -- - -~ - - -. - - ,.----- ­
'I I I , '\ I I t I 

:: :: " + \ ::: : 
-:::.~ -:-----t- -cr- --r-r---~--_. -- ----!:-~\ /B:. --------os--1-{-;I:..:t:::"-t----+--~~~~~-

,•....--1.: : CJ : : t- ~ .r._.._~ "'- ." ,,' j.---L J.···.·..L:: .l L: : t _". 

~----60.00nwn----~

~----------12Q.QQmm------+--------""I: 
VACUUM PORTS: SEE DETAIL I 

LEFT SIDE-VIEW
 

DISTRIBUTION STATEMENT A: CONFDENTIAL AND PROPRETARY It\FORMATION. NOT FOR PLBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
VACUUM MANIFOLD FOR DISPLAY DRIVER (48 TX) 

THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ±OJ mm 
X.X ~O.05mm 

X.XX to.02nwn 

SIZE: I I DWG. NO. TDRV2101 IREV. 28 JLNE 93 

SCALE: I LAYER: 101 ISHEET: 2 OF 5FINAL: 
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lOX HOLDDOWN BOLT-HOLES
 
2 ROWS. EACH WITH 5 EO SP HOLES 15.Omm APART.
 
2.95 DIA THRU. 4.76 DIA CB 7.50 DP. 

STANDOFF HOLES FOR CON'JECTOR ADAPTER. 
2 ROWS. EACH WITH 2 HOLES SP 30.0rrm APART. 
6.Omm DIA THRU. 

.....-------~--87.00mm------+----- ... 

TOP VIEW 

E 
E o o 
o cs 

E 
E o E 

If) E 

" 
r') 

g0 
f") 

~<::'i 
.........-----+----I..f.+'I' .'+,',:\
 

'~:: ,:,~ 
It ",t ,_ 

7.50 

EXHAUST PORT CONNECTIONS. 
48 EO. SP. ON 15.0 CENTERS. 
SEE DETAIL CD 

DISTRBUTION STATEt"ENT A: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

S CLARET ASH ROAD 
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
VACUUM MANIFOLD FOR DISPLAY DRIVER (48 TX) 

THRD ANQ.E PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ~OJ rrm 
X.X :!:0.05mm 
x.xx !O.02mm 

SIZE: I IDWG. NO. TDRV2101 IREV. 28 JUt't 93 

SCALE: ILAYER: 101 ISHEET: 3 OF 5FNAL: 
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-- - --... 
" \. , 

-.--- ...... 
-

r 
I 

I 

, 
\
\

I 

I 
I GASKET SEAT S~ACE 

lI 1 
I I 
\ I 

(DDETAIl \ ,
I

I 

, ,, , ,-----T- 'I... t'" " 
1 1 
1 
1 ).----.l.. 

I I:-------~:I 
I2.06 DIA I 

I
I
I 

----+--+---~---------~------+
1 I 1 I 
1 1 I 
1 1 ~----------~ 
1 1 I' ',I 

4.76 DIA (118- DRILL POINT) 

DISTRIBUTION 5TATEMENT A: CONRDENTIAL AN) PROPRIETARY INFORMATION. NOT FOR PUBUC RELEASE. RESTRICTED DISTRIBUTION. 

CONTRACT NO. S CLARET ASH ROAD 
NA9-18558 

METRIC 
LITTLETON. CO 80127BEGEJ CORPORATION

THRD ANGLE PROJECTION TELIFAX: (303) 932-2186PH-2 GLOVE CONTR. 

TITLEAPPROVALS DATE~--E3 VACUUM MANIFOLD FOR DISPLAY DRIVER (48 TX) 
TOl: X to.! nvn 

SIZE: I DWG. NO. TDRV2IOI I REV. 24 APR 93X.X ~O.05mm I 
X.XX ±0.02mm FINAL: SCALE: I LAYER: 101 I SHEET: 4 OF 5 
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NOTES: 
I. MOISTEN NSDE OF GASKET TO FACILITATE INSERTION OF CORE. 

ill BURNSH ENDS OF CORE TUBE WITH WIRE WHEEL TO ROUND AND REMOVE BURRS. 

3. ITEM 2 CUT WITH CORE TUBE INSTALLED. 

SUPERTHANE TU3NG 
L84 OD x 1.58 ID 3.10 OD x LSO D 
SS TUBE 

x 10.0 L7 x 5.0 LO~/ 328 OD N07 
o 

2 

@ @ 

r 1 
o 
Lri 

o 
Q II 

II 
II1 

FRONT VIEW 

INSTALLED SEAL 
NOMINAL APPEARANCE 
EDGE COMPRESSION O.54mm 

ASSEMBLED SEAL ADAPTER 

48 ADAPTER SEAL: 3.10 OD x 1.50 ID SlPERTHAtt TUBING. 1/16". 2 

48 ADAPTER CORE: 1.84 OD x 1.56 ID x 10.0 L THN-WALLED SS TUBE. ISGA I 

OTY PARTliD NO. NO~NCLA TURE OR DESCRPTION MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18SS8 
PH-2 GLOVE CONTR.THRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOL: X ~O.l mm 
x.x :to.OSmm 
X.XX ±0.02nm RNAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
VACUUM SEAL ADAPTER 

SIZE: 

SCALE: 
I I DWG. NO. TDRV2106.GCD 

ILAYER: 106 

IREV. 31 MAY 93 

IS..-EET: I OF 2 
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NOTES: 
I. JGGLE TOP MANFOLD DURNG ASSEt"BLY TO FACUTATE SEAL SEATING. 

0.81 NOf'1I\lAL GAP L 
(0.54 SEAL COI"PRJ ., 

CROSS-FEEDER LNE 

/TOP OF VALVE 

DISTRBUTION STATEMENT: CONRDENTIAL AN) PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THRD AN<1E PROJECTION 

~--E3 APPROVALS DATE 

TOL: X to.! rml 

X.X ~.05mm 
X.XX to.02mm RNAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
VACUUM SEAL ADAPTER - Assembly Detail 

SIZE: I IDWG. NO. TDRV2106.GCD IREV. 31 MAY 93 

SCALE: ILAYER: 106 ISHEET: 2 OF 2 
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L 
NOTES: 

CONNECTOR BODY (I) IS A MODIRED 10-32Ut\F x 3/32- BARB NYLON ADAPTER. 
2. SLIP (ROTATING) FIT REOUIRED BETWEEN CONNECTOR BODY (I) AND ADAPTER TUBE (2l. 
3. CEMENT ADAPTER TUBE (2) TO SEAL (3) WITH CYANOACRYLATE (CA) ADJ-ESIVE. 
4. ATTACH TAXEL TUBE TO ADAPTER TUBE (2) WITH CA ADHESIVE. THEN TRN IN-.ET END WITH RAZOR. 
5. TAXEL TUBING: KYNAR 0.54 OD x 0.25 () (30AWG WREWRAP WRE StEATHl. 

3.6 t 0.1 D; 
1.85 +0.01-0.057 

0.56+0.0~ 
TOP VIEW 

L8S +0.05/-0.0 DlA 

10-32lJ'JC STR7 
o 

o-o 
Q 

I 
I 
I 

I 
I 
I 

I 
I 
I 

I 
I 
I 

FRONT VIEW 

48 SEAL PVC TUBING 3 
48 ADAPTER TUBE PVC TUBING 2 
48 CONNECTOR BODY H- TECH CO. SA-220-01 (MOD) I 

OTY PART liD NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCAnON ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONRDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PLA3UC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--Et APPROVALS DATE 

TOl: X to.l mm 
X.X to.05mm 
x.xx to.02mm FNAl: 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
TAXEL CONNECTOR 

SIZE: I DWG. NO. TDRV2107.GCD IREV. 25 APR 93I 
SCALE: ILAYER: 107 ISJ-EET: 1OF 3 
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NOTES: 
I. X 
2. X 
3. X 
4. X 

W 
A 

W 
A 

TOP VEW 

®~SECAA 
ASSEMBLED CONNECTOR 

48 TAXEL CONNECTOR 

OTY PART/ID NO. NOMENCLATLRE OR DESCRPTION MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

$---E3
 
TOl: X ~.1 mm 

X.X !O.OSmm 
X.XX !:O.02rrrn 

CONTRACT NO. 

NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
TAXEL CONNECTOR - Assembly Detail 

SIZE: 

SCALE: 
I IDWG. NO. 

I LAYER: 

TDRV2107.GCD 

107 

IREV. 25 APR 93 

ISHEET: 2 OF 3 
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NOTES: 
I. X 
2. X 
3. X 
4. X 

PRESSURE MANFOLD ~ 

PRESSURE CROSS-FEEDER LNE 

TAXEL TlA3E 

OTY PART/IO NO. NOI"'ENCLATURE OR DESCRPTION MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENnAl AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

~--E3
 
TOl: X ±o.! mm 

X.X :to.05mm 
X.XX ±O.02nrn 

CONTRACT NO. 

NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
TAXEL CONNECTOR - Installation Detail 

SIZE: 

SCALE: 
I IDWG. NO. 

ILAYER: 

TDRV2107.GCD 

107 

IREV. 25 APR 93 

ISHEET: 3 OF 3 
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CD
 

r-, 

~ 

.L 

r il 
@ 

MANFOLD SCREW ADAPTER SUBSTRATE 
SCREW At'{) LOCKWASHER 

NOTES: 
I. NO WASHERS USED ON MANFOLD BOLTS. 
2. I mm MAXNLl1 SUBSTRATE-BOLT LOCKWASHER THICKNESS. 

/S.ODIA 

@ 

~ , .. 
, ~ .. ~ , .. 
L.3,~. 

4-40LNC x 9mm DP 

g E 

o 
If) 

4 CONNECTOR ADAPTER FASTENER: LOCKWASHER. SIZE 4-4OUNC. mm THK MAX. 4 
4 CONNECTOR ADAPTER FASTENER: 4-40LNC x 12.7mm BUTTOtH:AD SOCKET SCREWS 3 
4 

4 

OTY PART/ID NO. 

PRESSLRE MANFOLD/COt\NECTOR ADAPTER FASTENER: 

CONNECTOR ADAPTER STANDOFFS 

NOMENCLATURE OR DESCRIPnON 

4-40UNC x 12.7mm SOCKET CAP SCREW 

I STEEL 

I MATERIAL SPECIFICAnON 

2 

I 

ITEM NO. 

PARTS LIST 

DISTRBUTION STATEMENT: CONRDENTIAl Af\D PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 G...OVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

nTLE 
STANDOFFS and BOLTS FOR CONNECTOR ADAPTER 

THRD ANGLE PROJECTION 

$---E3 APPROVALS DATE 

TOL: X to.l rml 

X.X !O.OSmm SIZE: I IDWG. NO. TDRV2108 IREV. 29 Jl1'JE 93 

SCALE: I LAYER: 108 1SHEET: I OF IX.XX ±O.02mm RNAL: 

167
 



@ 
r-..... ••til::t If~ N ::-L ::e : I I 

~ : 
ri"llIi : 

L ~ @ 
PRESSURE 

MANIFOLD 
VACUlJ1 

MANFOLD 
SCREW SCREW 

NOTES: 
I. NO WASHERS USED ON MANFOLD SOLTS. 

/5.0 DIA 

@ 

TIV4-4OUNC x I2mm DP 
jl IIr jl II 
jl II 

= :
E 
E UL------<D
o 

Lf) 

N 
,." 

nll~4-4()lJNC 9mm DPx1 

10 PRESSURE MANIFOLD FASTEf\ER: 4-4OUNC x 12.7mm SOCKET CAP SCREW 3 
10 VACUUM MANFOLD FASTENER: 4-40UNC x 15.9mm SOCKET CAP SCREW 2 

10 THREADED STAt'DOFFS. 4-40UNC TI-READS (VARIABLE DEPTH). I STEEL I 

OTY PART/D NO. NOMENCLATURE OR DESCRIPTION I MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt-FIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
5TANDOFF5 and BOLT5 FOR MANIFOLDS 

THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOL: X ~O.l mm 
X.x ~0.05rrrn 

SIZE: I IDWG. NO. TDRV2I09 IREV. 29 JUt\E 93 

SCALE: ILAYER: 109 ISHEET: I OF I X.XX !:O.02mm FINAL: 
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0 CD 
NOTES: 8 8 
ill IMPART NON-DIRECTION RNISH WITH ·SCOTQ£RITE- PAD. T\-£N BLUE ANODIZE. 

r. ~ I'LLfL{) I2. ADJUST DIMENSIONS AS NECESSARY DEPENDING ON ACTUAL PLATE THICKNESS T. ~ :: 
oi ·TIL f 

6X 3.05D THRU 82-CS 6.75D 

8X RLLET 2.38 R 

2X SHOULDER 1.50 THK 

2X 3.05 DIA 

-r------~+-(+ 

E 
E o o 
-, 
(Jl 

1 

o 
If) 

N 
Q) 

o 
00 -, 
eo 

o 
If') 

~ 27.5 
~- 30.55 -----.I 
~--33.50 --.-.. 

~---45.00 -------.I 
.....-----57.00----~ 

......-- T + 60.00 (62.54 FOR T-2.54)-----..I 

@ 

Iffi 

@ 
~~ 
T - 2.54 

gL r-,~l=-.•.:r-s--/rs=::.-::r"'S<--I1I"'T""""""'T~---~--~----~~-~=C--~r---1-.,;1 .; , - . r-- ...j ..L ..1., /;t='\., /r~, I 

4 ENCLOS~E FASTEf'ER (SHORT): 4-40lJ'JC x 6.4mm FLATHEAD SOCKET SCREW 3 

2 ENCLOS~E FASTENER (LONG): 4-40UNC x 9.5mm FLATHEAD SOCKET SCREW 2 

I FRONT PANEL IALLt1NLt1. 6061-T6 2.54mm TH< I 

OTY PART/ID NO. NOt"'ENCLATURE OR DESCRPTION I MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

~--Et
 
TOL: X :to.l mm 

X.X ±0.05mm 
X.XX !:0.02rrm 

CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

APPROVALS DATE TITLE 
FRONT PANEL AND ATTACHMENT HW 

FINAL: 

SIZE: 

SCALE: 
I IDWG. NO. TDRV210 

I LAYER: 110 

IREV. 28 JLNE 93 

ISHEET: I OF I 
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(3) CDG G 
NOTES: 

v"ill NPART NON-DIRECTIONAL FINSH WITH -SCOTCHBRlTE- PAD. THEN BLUE ANODIZE. lfl ::aU L1j.. 
0) :: 

~ 

L .: t&.CUTOUT FOR STRAIN-RELIEF RETANER. 

6X 3.050 THRU 82-CS 6.750 

_------f--f- (f) 

_-+------I-® 

o 
~~ ~ I I. 40.04.1 I T - 2.54~--------90.00--------..-t 

• 114.00-----~· ..
 
4-.-------- 2·T + 120.00 025.08 FOR T - 2.54) -------~-,
 

4 ENCLOSURE FASTENER (SHORT): 4-4OUNC x 6.4mm FLATHEAD SOCKET SCREW 3 
2 ENCLOSURE FASTENER (LONG): 4-40UNC x 9.5mm FLATHEAD SOCKET SCREW 2 
I REAR PAttL IALUt1NlJ1. 6061-T6 2.54mm TH< I 

OTY PART/ID NO. NOMENCLATURE OR DESCRIPTION I MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt'-FIDENTIAL AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THIRD ANGLE PROJECTION 

~--£3
 
TOL: X ±OJ mm 

X.X ±O.05mm 
X.XX to.02mm 

CONTRACT NO. 

NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FINAL: 

BEGEJ CORPORA TION 
S CLARE T ASH ROAD 
LITTLETON. CO 80127 
TELIFAX: (303) 932-2186 

TITLE 
REAR PANEL AND ATTACHMENT HW
 

SIZE: I IOWG. NO. TDRV2 III 1 REV. 22 JLNE 93 

SCALE: I LAYER: III I SHEET: I OF 2 
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NOTES: 

& IMPART NON-DIRECTIONAL FNSH WITH -SCOTCI..BRlTE- PAD. TI-EN BLUE ANODIZE. 

0& 

7.0 R 

3.050 ll-flU 82-CS 6.750 
~~ 
T • 2.54 

~~ 
T • 2.54 

2 STRAIN-RELIEF RETANER FASTENER: 4-40lJ\JC x 9.5mm FLATHEAD SOCKET SCREW 3 
I STRAIN-RELIEF RETANER. RIGHT ELEMENT ALUMINJM. 6061-T6 2.54rrrn THK 2 

I STRAIN-RELIEF RETANER. LEFT ELEMENT ALUMINJM. 6061-T6 2.54rrrn THK I 

OTY PART/D NO. NOMENCLATURE OR DESCRIPTION MA TERIAL SPECIRCATOO ITEM NO. 

PARTS LIST 

DISTRIBUTION STATE~NT: CONFDENTIAL AND PROPRETARY I~ORMATION. NOT FOR PLELIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THRD ANGLE PROvECTION 

$---Et
 
TOL: X ±OJ mm 

X.X !:0.05mm 
X.XX ~.02mm 

CONTRACT NO. 

NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FNAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
STRAIN-RELIEF RETAINER ex ATTACHMENT HW 

SIZE: 

SCALE: 
I IDWG. NO. TDRV2 I II 

I LAYER: III 

1REV. 22 JJNE 93 

IS~ET: 2 OF 2 
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NOTES:
 

& WART NON-DRECTIONAl FNiSH WITH -SCOTCHBRITE- PAD. THEN BlLE ANODIZE.
 

.;s=='\., 

4X 3.05D THRU 82·CS 6.75D 

1& 

E 
E o o 

r-, 
(}l 

~~ 
T - 2.54.1---------90.00rrrn-----~ 

-----75.00--------~ 

8 ENCLOSLRE FASTEttR (SHORT): 4-40LNC x 6.4mm FLATHEAD SOCKET SCREW 2 

2 SDE PLATE IALLt1NUM. 6061-T6 2.54mm THK I 

OTY PARTlID NO. NOrvENClATURE OR DESCRPTION I MATERIAL SPECFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOl: X ±o.! mm 
x.x ~.05mm 
X.XX ±O.02rnn FINAL: 

5 CLARET ASH ROAD 
LITTLETON. CO 80127BEGEJ CORPORATION 
TEL/FAX: (303) 932-2186 

TITLE 
SIDE PANELS AND ATTACHMENT HW 

SIZE: IDWG. NO. TDRV212 IREV. 22 JUtt 93I 
SCALE: I lAYER: 112 ISHEET: 1OF I 
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NOTES:
 

& IMPART NON-DIRECTION FINISH WITH -SCOTCHBRITE- PAD. THEN BLUE ANODIZE.
 

4X 3.05D THRU 82-CS 6.75D 1& 

@ o 

~ 
If) 
('oj 

I 
I- ­

~ 
eo 
0 
ui 
~ 
0 
0 
0 
Ol 

8 8 
ui 0 
r-, r-, 

I- ­
N 

(±) ffi ~ (±) 

I. . 
I. 114.00 

l35.00 

145.00 

.1 . .I 
~~ 
T - 2.54 

8 ENCLOSURE FASTENER (SHORT): 4-40UNC x 6.4fm1 SOCKET FLATHEAD SCREW 2 

2 TOP/BOTTOM PANEL IALUMINJM. 6061-T6 2.54n1n THK I 

OTY PARTlID NO. NOMENCLATURE OR DESCRIPTION I MATERIAL SPECIRCAnON ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEt"ENT: CONFOENTIAL AND PROPRIETARY If\FORMATION. NOT FOR PL8LIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR. 

5 CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
TOP/BOTTOM PANELS AND ATTACHMENT HW 

THRD ANGLE PROvEcnON 

$---E3 APPROVALS DATE 

TOl: X ±OJ mm 
x.x ~O.05mm 

SIZE: I IDWG. NO. TDRV2113 IREV. 22 JJNE 93 

SCALE: ILAYER: 113 IS~ET: I OF I x.xx ±O.02mm FNAl: 
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2X 4-40LNC THRU 

2X 4-40LNC THRU 

---------80.00mm ----------.t 

.L 
g~(J)tlJj 

~.ool-
-----75.00-------~ 

----------90.00mn-----..-.I 

4 I 
OTY I PART/ID NO. 

I ENCLOSURE PANEL ATTACHMENT RAilS 

I NOMENCLATLRE OR DESCRIPTION 
I 
I 

ALUMNLN 6061-T6 

MATERIAL SPECFICATION 
I 
liTEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: COt--FIDENnAl AND PROPRIETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUnON. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

$----Et APPROVALS DATE 

TOl: X to.! mm 
X.X ~O.05rrrn 
x.xx !:O.021T1ll FINAL: 

BEGEJ CORPORATION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
ENCLOSURE PANEL ATTACHMENT RAILS
 

SIZE: IDWG. NO. TDRV2114 I REV. 25 APR 93I 
SCALE: I lAYER: 14 ISHEET: I OF I 
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NOTES: 
I. X 
2. X 
3. X 
4. X 

ANCHOR GROOVE 14 V x 2.5 WIDE 

START OF FLEX AREA 

10.9 DIA NOM 

6.5 DIA NOM 

LEFT FRONT RIG-IT 

AMP 212800-3 STRAIN RELEF. 8.9mm MAX CHORD DIA (NEWARK 89F267. v1l2. p630) ALT 
I AMP 212800-1 STRAIN RELEF. 6.51ml MAX CHORD DIA (NEWARK 89F266. v12. p630l I 

OTY PARTIV NO. NOMENCLAT~E OR DESCRIPTION MATERIAL SPECIFICATION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRETARY INFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRlBunON. 

METRIC CONTRACT NO. 

NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~----Et APPROVALS DATE 

TOLERANCES: X ±O.lnrn 
X.X ±O.05rrrn 
x.xx ~.02mm FINAL: 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 
STRAIN RELIEF FOR TAXEL CABLE 

SIZE: 

SCALE: 
I I DWG. NO. 

ILAYER: 

TDRV2I16 

16 

IREV. 21 

I SHEET: 

APR 93 

I OF I 
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TOP 
VIEW 

CONN 3 

CONN 2 
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00 
000 

LEFT VIEW 

CD 

~~..:..:..:." :: 

::::::/ :: 

'--- -----1 

FRONT VIEW 

2 CON'JECTOR. IDC. MALE. RT ANGLE WIREWRAP. 64 PINS. DWG: TDRV2102.GCD 3 
I VOLTREX HD-DL78S-RAPC CON'JECTOR. D-SUB RECEPTACLE. RT ANGLE. 78 PNS. DWG: TDRV2103.GCD 

DWG: TDRV2I04.GCD 

MATERIAL SPECFICATION 

2 

I CONNECTOR ADAPTER SUBSTRATE I 

OTY PARTliD NO. NOtv£NCLATURE OR DESCRPTION ITEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR. 

S QARET ASH ROAD 
BEGEJ CORPORATION UTTlETON. co 80127 

TEL/FAX: (303) 932-2186 

TITLE 

CONNECTOR ADAPTER FOR DISPLAY DRIVER (48-64TX) 

THIRD ANGLE PROJECTION 

$---Ej- APPROVALS DATE 

TOl: X :to.l mm 
x.x ±0.05mm 
X.XX ±O.02rrrn 

SIZE: I IDWG. NO. TDRV200l.GCD IREV. 28 JU'JE 93 

SCALE: I lAYER: MULTI 1SHEET: I OF 3FINAL: 
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/ PRESSURE MANIFOLD 

PATHWAY 

VALVE 

TOP VEW 

DISTRIBUTION STATEt"ENT: CONFDENTIAL AND PROPRETARY INFORMATION. NOT FOR PU3L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THRD ANGLE PRO.ECTION 

~----Ej
 
TOl: X :!:o.! mm 

x.x to.05mm 
x.xx :!:O.02mm 

CONTRACT NO. 
NA9-I8SS8
 
PH-2 GLOVE CONTR.
 

APPROVALS 

FNAL: 

DATE 

S CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 

CONNECTOR ADAPTER - VALVE NUMBER DESIGNATION 
SIZE: 

SCALE: 
I IDWG. NO. 

I LAYER: 

TDRV2001 

MLt.TI 

IREV. 28 JUt\E 93 

ISl-EET: 3 OF 3 
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NOTES: 
I. CLEARANCE lJ'JDER BOARD LIMITED TO 5mm MAX (NOT INCLUDING INSULATION). 
2. WIREWRAP CONf\ECTIONS WITH 28-30AWG WIREWRAP WIRE. THEN SOLDER EACH POST. 
3. MASS TERt1NATE VALVE LEADS NTO DC RECEPTACLE CONNECTORS IN THE FOLLOWNG SEOUENCE: 

VALVE I: CONN 2. PINS I AND 2
 
VALVE 2: COt\N 2. PINS 3 AND 4
 
ETC
 
VALVE 32: COt\N 2. PINS 63 AND 64
 
VALVE 33: CONN 3. PINS I AND 2
 
VALVE 34: CONN 3. PNS 3 AND 4
 
ETC
 
VALVE 64: CONN 3. PNS 63 AND 64
 

4. USE 18AWG SOLID WIRE AS "'RETURN- LINE. 

~PO NOT USE WASHERS ON TI-E FRONT OF THE FEMALE SCREWLOCKS. AS THE PAttL 
THCKNESS IS 1.5Omm. ALSO. ANCHOR TI-E SCREWLOCKS WITH A NUT AND LOCKWASHER ON 
T~ BACK SDE OF THE CONNECTOR (USE BACK LOCKt'UT REGARDLESS OF WHETHER COt\NECTOR BODY 
IS THREADED OR NOT). 

CONt-ECTOR WIRING: 

FROM TO FROM TO 
CONN I COt\N 2 CONN I CONN 3 

I --I 33--1 
2 --3 34--3 
3 --5 35--5 
4 --7 36--7 
5 --9 37--9 
6 --II 38--. 
7 --13 39 --13 
8 --15 40--15 
9 --17 41 --17 
10 --19 42 --19 
II --21 43--21 
12 --23 44--23 
13 --25 45 --25 
14 --27 46 --27 
15 --29 47 --29

(ORANGE WIRE TO ODD 16 --31 48 --31
BROWN WIRE TO EVEN) 17 --33 49--33 

18 --35 50 --35 
19 --37 51 --37 
20 --39 52 --39 
21 --41 53 --41 
22 --43 54 --43 
23 --45 55 --45 
24 --47 56 --47 
25 --49 57 --49 
26 --51 58 --51 
27 --53 59 --53 
28 --55 60--55 
29 --57 61 --57 
30 --59 62 --59 
31 --61 63 --61 
32 --63 64--63 

(VALVE)	 (ORANGE (VALVE) (ORANGE 
WRE) WRE) 

-E
PINS 65 - 78 ON CONN I 

-RET~N- ALL EVEN PINS ON CONN 2 
ALL EVEN PINS ON CONN 3 

DISTRIBUTION STATEf'1:NT: CONFDENTIAL AND PROPRETARY It'FORMATION. NOT FOR PU3L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PRO~CTION 

~--E3 APPROVALS DATE 

TOL: X :to.! mm 
X.X to.05mm 
X.XX ±0.02mm FINAL: 

5 CLARET ASH ROAD
BEGEJ CORPORA TION LITTLETON. CO 80127 

TELIFAX: (303) 932-2186 

TITLE 
CONNECTOR ADAPTER - WIRING LIST 

SIZE: 

SCALE: 
I I DWG. NO. 

I LAYER: 

TDRV2001 

MQTI 

IREV. 28 JJNE 93 

I *=ET: 2 OF 3 
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4X SLOT 3.05 DIA x 2.0L NOTES: 
I. ALL HOLES IN PRE-PUNO-ED BOARD SHOWN. 3.05 DIA 2.44 DIA 

0000 00 
000000 000 

0000000 0000 
00000 

00000 OO~ ooooo~ooo 00000 
.......----------+.,.,......,.....,.,....,..,...,1"++ + o.J 0 0 0000 d.--b 0 0 000000 

0000000 000000000000000000000 
00000000000000000000000000000 
000000 0000000000000000000000 
000000 000000000000000 000000 
00000 0000000000000000 000000 

~-----~~o-o~o~o-o~+oooooooooooooooo000000 

e 
E 

o 
~ 

E 
E 
o 
~ 
Q 

0000000000000000000000 000000 
~-------f""P'T"""l'~~~--""""'\0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

000 
000 
000 
000 
000 
000 
000 
000 
000 

TOP VIEW 000 
000 
000 
000 
000 
000 

E 
e 

000<0 
000~ 

00 000 

00000000000000 000000 
00000000000000 000000 
00000000000000 000000 
00000000000000 000000 
00000000000000 000000 
00000000000000 000000 
00000000000000 000000 
000000000000000000000 
000000000000000000000 
0·0000000000000'0000000 RIGHT
000000000000000000000 VEW000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 

......--- ---I~............ '---_-J 000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 
000000000000000000000 

000000 + 00 + 000000 
00000 000 000000 

00 000 0000 00000 
0000 0 0000 0 0000 
0000000 000 00 000 
0000000 0 0 000 00 

2.44 DIA 

...------- 44.0mm 

......--------- 56.8rrm -----4~ 

14-------------74.5mm-------I.-t 

FRONT VIEW 

I I ICOt\f\JECTOR ADAPTER SUBSTRATE 11.60TK. 1.07 D HOLES X 2.54GRD I 
OTY I PART/ID NO. I NOt"ENCLATURE OR DESCRPTION I MATERIAL SPECFICAliON liTEM NO. 

PARTS LIST 

DISTRIBUTION STATEMENT: CONFIDENllAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NA9-18558 
PH-2 GLOVE CONTR.THIRD ANGLE PROJECTION 

~--Et APPROVALS DATE 

TOL: X to.l mm 
X.X to.05mm 
X.XX ±O.02rrrn FINAL: 

S QARET ASH ROAD
BEGEJ CORPORATION UTlLETON. co 80127 

TEL/FAX: (303) 932-2186 

TITLE 
CONNECTOR ADAPTER SUBSTRATE 

SIZE: IDWG. NO. TDRV2104.GCD IREV. 28 JlJ'JE 93I 
SCALE: ILAYER: 104 ISHEET: I OF 2 
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NOTES: 
I. x 
2. X 
3. X 
4. X 

CONTRACT NO. S CLARET ASH ROADMETRIC BEGEJ CORPORATION LITTLETON. CO 80127NA9-18SS8 
TEL/FAX: (303) 932-2186PH-2 GLOVE CONTR.THRD ANGLE PROJECTION

OD TITLEAPPROVALS I DATE 
PWM CONTROLLER BOARD LAYOUT~--E3 

TOl: X :to.! rrvn SIZE: DWG. NO. TDRV2003 REV. 8 OCT 93
X.X ±O.OSmm 
X.XX ±O.02mm SCALE: LAYER: SHEET: I OF 2FNAL: 



I VECTOR 3662-2 aRCUIT BOARD. PREPUNCl-ED HOLES 2.54nvn CENTERS. DWG TDRV2I17 

2 DLPONT 71922-164 IDC CONtCCTOR. MALE. 64 PIN. RIGHT ANGLE WR (OR PCB). 

4 CONNECTOR FASTENER ASSEf'13LY: 2-56UNF x 12.7mm PANHEAD SCREW WITH LOCKWAS~R AND NUT 

I DLPONT 71922-140 IDC CONtCCTOR. MALE. 64 PIN. RIGHT ANGLE WR (OR PCB). DWG TDRV2I19 

4 COf\NECTOR FASTENER ASSEt13LY: 2-56UNF x 12.7mm PANHEAD SCREW WITH LOCKWASHER AND NUT 

I SPC HD-DL78S-RAPC D-SUB COt'l'JECTOR. RECEPTACLE. 78 PIN. RIGHT ANGLE PC MOUNT DWG TDRV2103 

2 CONNECTOR FASTENER ASSEMBLY: 4-40LNC x 8mm PANHEAD SCREWS WITH LOCKWASHER AND NUT 

20 DIP SOCKET. 14 PIN DWG TDRV2120 

8 DIP SOCKET. 18 PIN DWG TDRV2120 

2 BERGCON 68602-472 HEADER. DUAL. 2.54 CTR. 2X32 POSITIONS DWG TDRV2121 

I BERGCON 68002-436 HEADER. DUAL. 2.54 CTR. IX8 POSITIONS DWG TDRV2121 

- -

OTY PART/ID NO. NOMENCLATURE OR DESCRIPTION MATERIAL SPECIRCAnON ITEM NO. 

PARTS LIST 

METRIC
 
THRD ANGLE PROvECTION 

~--E3-
TOL: X ±OJ mm 

X.X to.OSmm 
X.XX ~.02mm 

CONTRACT NO. 
NA9-18558
 
PH-2 GLOVE CONTR.
 

APPROVALS DATE 

FNAL: 

BEGEJ CORPORA TION 
S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 
PWM CONTROLLER BOARD LAYOUT 

SIZE: I IDWG. NO. TDRV2003 IREV. 8 OCT 93
 

SCALE: ILAYER: ISJ-EET: 2 OF 2
 

181 



APPENDIX G 

DRIVER MODULE MODIFICATIONS,
 
ELECTRICAL SCHEMATICS and PCB LAYoUTS of the
 

PWM VALVE CoNTRoLLER CIRCUIT BOARD
 

The following 16 pages contain: (1) the detailed mechanical drawings 
indicating the modified components that must be made to install the PCB-version 
of the PWM valve controller in the driver modules, and; (2) the electrical 
schematics and PCB layout drawings describing the PWM valve controller circuit 
board illustrated in Figure 47, A photograph of the final driver configuration that 
would be achieved is shown in Figure 50, 
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..L ...Ll.... / ..:;;1.....1... / \ 

o 
If) 

N 
Q) 

4X 1.60 (CONNECTOR MOUNTING SHOLLOERS) 

---._.t 

D3.18 

2X 03.18 

1 
E 
E o o 
~ 
0> 

@ 

@ 
o 
~ 45.00 8X FLlET R2.38 ~~ 

~--------53.0 

14-------- 50.00 

o 

10.2 
7.70 

5.8 

...-----47.2

~-----48.3-- ~._.t 

~---50.20----~""'-~ 

L 

6X 03.05 THRU 82-C5 D6.75 

....--- 52.7------ ......-~._..4 

....-----+----~0 

2X D1A2.38 

.-...-----57.00 4X RLLET R1.19 T - 2.54 
T+60.00-62.54 FOR T-2.54 (SEE NOTE 2) 2X D12.7 SEE NOTE 2

I. 2T + 120.00 • 125.08 FOR T-2.54 (SEE NOTE 2)--------.-t 

NOTES: 
I. IMPART NON-DRECllON FNISH WITH -SCOTCHBRITE- PAD. THEN BLLE ANODIZE.~ITEM 2 ITEM 3 ~Q'==\j ~V 2. ADJUST DIt"ENSIONS AS NECESSARY DEPEf\DING ON ACTUAL PLATE THICKNESS T. 

4 TDRV311O-PRT03 ENCLOSURE FASTENER: 4-40LNC x 1/4- FLATHEAD SOCKET SCREW 3 

2 TDRV3110-PRT02 ENCLOSURE FASTENER: 4-40U'JC x 3/8- FLATHEAD SOCKET SCREW 2 

I TDRV310-PRTOI FRONT PANEL IALUMINUM. 6061-T6 2.54mm THK I 

OTY PART/ID NO. NOMENClATURE OR DESCRIPTION I MATERIAl SPECIFICAnON ITEM NO. 

PARTS LIST (ONE MODULE) 

DISTRIBUTION STATEt'1:NT: CONFIDENTIAL Af\D PROPRIETARY INFORMATION. NOT FOR Pll:3L1C RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 

NAS9-18901 
PH-2 WAM TACT. DISP. 

5 CLARET ASH ROAD
BEGEJ CORPORATION LITTLETON. CO 80127 

TEl/FAX: (303) 932-2186 

TITLE 

FRONT ENCLOSURE PANEL (INT. PCB PWM VERSION) 

THRD ANG-E PROJECTION 

$---£3 APPROVALS DATE 

TOl: X to.! rrm 
X.X :!:0.05mm SIZE: I IDWG. NO. TDRV310 IREV. 19 DEC 94 

SCALE: I lAYER: 110 I SHEET: I OF I X.XX ±O.02mm FNAl: 
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PCB FASTENER 

·
·· /DS.O 

1AF @j jU U 

r T'TITEM 3J , ..ITEM 4 , .., .., .., .. u 
N 
w 
I-­ 4-40UNC x 9mm DPo 
Z 

il
w wl 

~ I I 

E 
E 

I I N 
~ 

t""r", <ri... 

i 
~ 

(=:-)' 
~ ., 
~ ., 
~ .,= = 

ITEM 2: MANIFOLD SCREW 11 ~ ITEM PCB STANDOFF~ 

NOTES: 

I. NO WASHERS ARE USED ON MANIFOLD SCREW. 

2. STANDOFF HEIGHT SELECTED TO PLACE TOP OF PWM PCB 
AT 79.00rnm FROM BOTTOM EDGE OF ENCLOSLRE.
 
A PCB THICKNESS OF I.S8mm WOULD RESULT IN A
 
CLEARANCE OF 3.92mm BETWEEN TI-E BOARD AND
 
VACWM MANFOLD.
 

2 TDRV3108-PRT04 PCB FASTENER: SPLIT LOCKWASHER 4-40UNC 4 

2 TDRV3108-PRT03 PCB FASTENER: 4-40UNC x 3/8- BUTTONHEAD SOCKET SCREW 3 
2 TDRV3108-PRT02 PRESSURE MANIFOLD FASTENER: 4-40UNC x 1/2- SOCKET CAP SCREW 2 

2 TDRV3108-PRTOI PCB STANDOFF I STEEL I 

OTY PART/ID NO. NOtvENCLATURE OR DESCRPTION I MATERIAL SPECFICATION ITEM NO. 

PARTS LIST (Of\E MODULE) 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NAS9-18901 
PH-2 WAM TACT. DRV. 

S CLARET ASH ROAD 
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 
PCB STANDOFFS (INTERNAL DRIVER VERSION) 

THIRD ANGLE PROJECTION 

~--E3 APPROVALS DATE 

TOL: X ~O.l mm 
X.X ~.05mm 
X.XX ~O.0211Y1\ 

SIZE: I IDWG. NO. TDRV3108 IREV. 17 NOV 94 

SCALE: ILAYER: 108 ISHEET: I OF IFINAL: 
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TOP VEW 
VALVE LEAD ROUTING PATHWAYS 

MAIN It'LET PORT VALVE PRESSURE MANIFOLD 

a a 

PLUG LNUSED VALVE PORTS (4) 

PIN 01 

a a 

PIN 63 

CON'JECTOR J I 
(FRONT VIEW) 

NOTES 

I.	 SOLDER Ot'-E LEAD (E.G. BROWN) OF EACH VALVE TO VALVE CASE. 
2.	 MASS-TERMNATE REMAINNG VALVE LEAD (E.G. ORANGE) NTO 2X32 DC RECEPTACLE CONt--ECTOR ( J I ):
 

VALVE 01 TO J 1-01
 
VALVE 02 TO J 1-02
 
ETC
 
VALVE 64 TO J 1-64
 

3.	 SPARE VALVES 65-68 ARE USED AS NEEDED BY DISASSEMBLING J I. REMOVING THE LEAD FROM THE DEFECTIVE 
VALVEe AND INSERTING THE LEAD FOR TI-E SUBSTITUTE VALVE IN ITS PLACE. 

4.	 FOLD CABLE OVER VACUUM MANIFOLD At'{) MATE J I WITH !-EADER P2 ON PWM PCB. 

DISTRIBUTION STATEMENT: CONFIDENTIAL AND PROPRIETARY NFORMATION. NOT FOR PUBLIC RELEASE. RESTRICTED DISTRBUTION. 

METRIC CONTRACT NO. 
NAS9-18901 
PH-2 WAM TACT. DRV. 

S CLARET ASH ROAD 
BEGEJ CORPORATION LITTLETON. CO 80127 

TEL/FAX: (303) 932-2186 

TITLE 

VALVE LEAD TERMINA TION (68 VALVES. 64 TAXELS) 

THIRD ANGLE PROJECTION 

~--Et APPROVALS DATE 

TOL: X ~O.l mm 
X.X ~.05mm 

SIZE: I IDWG. NO. TDRV3001 IREV. 17 JAN 95 

SCALE: ILAYER: MULTI ISHEET: I OF IX.XX ±O.02nrn FINAL: 
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2X D2.44 4X D3.18 
5.7 

++---+---.........
 

103.7 

RIGHT 
I07.0mm VIEWTOP VEW 

98.5 

37.0 

45.8 

28.5 

8.5 

~-----59.0----~ 

~----- 66.0rrrn -----~ 

FRONT VIEW 
III I I 

I I TDRV3140-PRTOI 

OTY I PART/ID NO. 

I PWM CONTROLLER/DRIVER PCB. DESIGN No. VALCTRL4 VER-I 

I NOMENCLATURE OR DESCRIPTION 
11.58mm thick 

I MATERIAL SPECIRCAnON 
1 I 

liTEM NO. 

PARTS LIST (ONE MODULE) 

DISTRIBUTION STATE~NT: CONRDENTIAl AND PROPRIETARY INFORMATION. NOT FOR PLSLlC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC CONTRACT NO. 
NAS9-18901 
PH-2 WAM TACT. DRV. 

BEGEJ CORPORATION 
TITLE 

PWM CONTROLLER DRIVER PCB 

SIZE: I IDWG. NO. TDRV3140 

SCALE: ILAYER: 140 

S CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

IREV. 17 JAN 95 

l Sl-EET: I OF 3 

THRD ANaE PROJECTION 

$-----E3 APPROVALS DATE 

TOl: X :!:O.l nm 
X.X :to.05mm 
x.xx :to.02mm FNAL: 
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TOP VIEW 

I,,, 
~: 
0' 

o 

o 

DISTRIBUTION STATEr"ENT: CONFDENTIAL AND PROPRETARY I~ORMAnON. NOT FOR PLBLIC RELEASE. RESTRICTED DISTRIBUTION. 

METRIC
 
THRD ANGLE PRO~CTION 

$---Ej-

TOL: X ±o.! mm 

X.X to.05mm 
X.XX ±O.02mm 

CONTRACT NO. 

NAS9-18901
 
PH-2 WAM TACT. DRV.
 

APPROVALS DATE 

FNAL: 

BEGEJ CORPORA TION 
5 CLARET ASH ROAD 
LITTLETON. CO 80127 
TEL/FAX: (303) 932-2186 

TITLE 

SIZE: 

SCALE: 

PWM CONTROLLER/DRIVER PCB: 

I I DWG. NO. TDRV3140 

ILAYER: 140 

SMT LAYOUT 

IREV. 17 JAN 95 

I~ET: 3 of 3 
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8egej Corporation (303) 932-2186 
5 Claret Ash Rd. Attn: Gordon White 
Uttleton, CO 80127 PN VALCTRL4 

O J1 U1 U2 UJ BEGEJ 

C1 -~- C2_~_ C3 -0- CORP. 
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Top Assembly Dwg. 

41 
TItle PWM CTRL and VALVE DRIVER 

Number 
VALCTRL4 

4 

A C 

Date Wed Oct 05 1994 
Filename VALCTRL4.PCB 
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111224' Begej Corporation (303) 932-2166 
(5.7) 5 Cloret Ash Rd . Att n: Gordon White 

4.213' I UttJeton. CO 601 27 PN VALCTRL4 
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FABRICATION NOTES: ~X~ XXXXXXX><XX + +
X X 

1.) Mat'l FR4 ~~X ++ -P- * $+ 
2.) 20z fi nished copper outer sig nal layers XQXQ + $ + + + 

10z f inished copper all inner layers ~~~ XXXXX XXXX X + +3,) SMOBC Construction 
4,) 60/40 Lead TIn over exposed Copper ~* ++ -P- * $+XQXQ + $ + + +5,) Soldermask = LPI 

~~X XXXXX XXXXX + +6,) Silkscreen = Yellow Epoxy Ink 

I 

7.) UL 94v-0 
B.) Stackup is as follows 

L1 = Component side 
L2 = Mid 1 
L3 = Gnd Plane 
L4 = Pwr Plane 
L5 = Mid 2 
L6 = Solder Side 

9.) Finished Thickness .062 

10.) Cover all Vias 
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Drill /Fob Dwg 

TItle PWM CTRL and VALVE DRIVER 

Drill Svmbols 
SYM COUNT SIZE in TOLERANCE 
+ 161 0.020 
X 150 0.035 +\- .003 
y 76 0.040 +\- .003 
T 6 0.125 +\- .003 
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GND -=­

V65 

cQ
~TAX.EL 

PRES 
VALVE3WAY 

cQ
~TAX.EL 

PRES 
VALVE3WAY 

V67 

ru 
~TAX.EL 

PRES 
VALVE3WAY 

V66 

J65 

J67 

J66 

TERMF 

TERMF 

TERMF 

SCSI68F 

Jl:66 
~6 
SCSI68F 

Jl :67 
~7 

SCSI68F 

Jl:68 

=:E 
SCSI68F 

eND -=­

--­ 7 

)1 
~~ 1 

r 
+24MAIN 

7 

VRl 
1 VI VO :5 + 12LOC 

""'T T34e-12T8 7 

""'T 
>
Ii) 

----.:----' 
I,{) + N 

39M 
~;:;;;:~ 

r-­
~ 

,",~I/"\ --,_ 

...L­

POWER/OSCILLATOR INTERFACE 

OSC 

SYSTEM GROUND PINS J68 

TERMF 

V68 

cQ
~TAX.EL 

PRES 
VALVE3WAY 

PCB NOTES: 

1. PRINCIPAL OBJECTIVE IS TO REDUCE BOARDLENGTH (~AX L = 78.0mm) 

J69 

TERMF 

V69 

~4.JTAXEL 
PRES 

VALVE3WAY 

2. SURFACE MOUNT DEVICES: 
LM3240 (SOIC) 
UON2982LW (SOIC) 
C1 TO C24: BYPASS CAPS 

THE FOLLOWINGCOMPONENTSREQUIRETHRU-HOLE MOUNTING: 
J100: SCSI-68 CONNECTOR 
Pl00: DB9M CONNECTOR 
VR1: LM430 1Zv REGULATOR, T0-220 PACKAGE 
RSIPl - RSIP8: SIP RESISTORS (NOTE: 6-PIN SIPS lilTS?) 
Pl - P64: 2X32 HEADER STRIP 

J70 

TERMF 

V70 

cQ
~TAX.EL 

PRES 
VALVE3WAY 

3. ALL Ie's MUST BE LOCATEDON FRONTOF THE BOARD FOR COOLINGPURPOSES. 

4. ALL OUTPUT DRIVER LINES (UDN2982) ~UST BE ABLE TO CARRYA MAXIMUM 
CURRENTOF 120mo. 

J71 

TERMF 

V71 

cQ
~e- TAXEL 

PRES 
VALVE3WAY 

5. THE FOLLOWINGNETS SHOULD BE PLACED ON INDMDUAL PCB LAYERS: 
+24MAlN 

GROUND 
J72 

TERMF 

V72 
VAC 

~r"El 
PRES 

VALVE.3WAY 

GND -=­

SPARE VALVES 

Title: PWM CTRL and VALVE DRIVER: Interface (PCB ver) I Dwg: VAL.CTRL4.S01 

BEGEJ CORPORATION I Classification: CONFIDE~~TIAL AND PROPRIETAR\' IhJFORMATION. 

Date: 15 SEPT 94 I By: GKW 

Distrib: II~TERNAL ONLY. j\JOT FOR PUBLIC RELEASE. 
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