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TEST SETUP

Testing was performed at the National Institute of Standards and
Technology (NIST) headquarters in Gaithersburg, MD, where
GreyPilgrim has experimental space available under a Cooperative
R&D Agreement (CRADA) with NIST. Under the CRADA, GreyPilgrim is
tasked with developing a version of EMMA suitable for deployment
of a stereo camera on a NIST RoboCrane, a mobile platform with
applications to several industrial environments (including
hazardous materials) based on the concept of the Stewart Platform,
a structure with great strength and a minimum of material.

Although the versions of EMMA intended for NIST and for WHC are
different in size and scope, the basic design is the same for each
-- and thus the results of testing are applicable for both.
Besides access to laboratory and shop facilities, NIST has made
available expertise to GreyPilgrim, particularly in areas in which
NIST has considerable experience, such as the development of
cable-driven mechanisms and control system/user interfaces (e.g
joysticks).

At NIST currently are two prototypes of EMMA: the first, referred
to as EMMA-A, is about eight feet in length and has six electric
winches mounted, each of those having a rated pull in the 1000 1lbf
range. EMMA-A has two stages, and the electric winches are
connected to stage one. Hand winches are mounted for stage two --
six more electric winches are available but were not mounted for
this round of tests. The cables used on EMMA-A were 1/8" aircraft
cable, which was sized to be suitable for the electric winches.
EMMA-A was used for the completion of tests 4.0 and 5.0.

The second prototype, referred to as EMMA-B, is the root from
which the NIST CRADA is expected to be fulfilled. EMMA~B is also
about eight feet in length, and has twelve hand winches mounted,
each of those having a rated pull of about 2000 lbf. The larger
pull was considered necessary for the completion of tests 2.0 and
3.0 ~- although some of test 5.0 was performed with EMMA-B as
well. The cables used on EMMA-B were 3/16" aircraft cable, which
has a breaking tension load of 4200 1bf. Such a load is beyond
the rated capacity of all the winches used, but if a single cable
even bears half this breaking load, it's still beyond the
capability of the available electric winches. For this reason,
tests 2.0 and 3.0 were completed with hand winches.

EMMA-B was mounted in a pit in the test cell, with clamps to
secure its wooden support structure in place, as shown in Figure
1. This was necessary to prevent the support structure from
responding to vibration inputs in the tests under section 3.0.



WHC-SD-WM-TD-012, Rev 0

Figure 1. EMMA-B featuring Support Structure and Dynamic Setup.
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1.0 Payload Accommodation

Preparation

Observations taken in tests under other sections
(particularly sections 2.0 and 3.0) will enable us to
determine the ability of a 30-foot EMMA to accommodate
the expected waste-dislodging end-effector. In
particular, what we are interested in is the separation
between EMMA and end-effector resonance freguencies, and
in the effect of the end-effector static load on cable
tension. Testing in section 4.0 will result in an
estimate of winch rate resolution -- something we can
use to determine stand-off capability.

What we know about potential end-effectors to date can be
summarized in communications from WHC concerning the Combined
Sluicing End-Effector (CSEE). The CSEE operates at 100 Hz,
causing an eguivalent load at that frequency of magnitude 70 1bf.

Conclusions

Testing under section 2.0 showed us that EMMA could position a
static load of 60 lbf, supported by a single cable, with
repeatability of less than 0.5 inches based solely on stage two
motion through 120 degrees of rotation; and based on stage one
motion through 90 degrees with even better repeatability.

Testing under section 3.0 revealed an EMMA resonant frequency
close to 3.5 Hz; that that frequency changes relatively little as
EMMA's orientation is changed; that excitation at frequencies of 1
Hz or less will not result in large vibration amplitudes unless
the excitation is provided by a force much larger than expected
from the CSEE; and that EMMA orientations with large vibration
amplitudes tend also to large damping ratios.

At higher fregquencies, such as those expected from the CSEE, the
smaller amplitudes of vibration that can be expected should have
minimal impact on end-effector pointing accuracy. Even if a cable
should fail as a result of CSEE cycling, EMMA can accommodate the
failure with small loss in accuracy and repeatability.

Testing under section 4.0 resulted in a joystick design which,
with some few modifications, can for WHC's application can be made
to control cable travel rate to an almost arbitrarily small
(within the capability of the winches) accuracy. Controlling to
small rates means that tight stand-off accuracy can be achieved.

The fact that EMMA is hollow throughout its length makes payload
accommodation simple in terms of deployment and conveyance.
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2.0 Static Cable Tension
Determination and Scale-up

Stage One Preparation

This series of tests will be performed with a scale
dynamometer mounted alternately on the 12-o'clock stage
one and l2-o'clock stage two segment cables. These
cables can be assumed for purposes of this test to
undergo the largest static loads -- though the tests
will be designed to ensure that these cables will be in
full tension even though others may be relaxed. In the
place of an end-effector will be a static load of 0, 30,
or 60 1bf.

Two position cases will be considered:

¢ Case #1: stage one locked in horizontal position;
stage two rotated 90 degrees to vertical

* Case #2: stage one rotated 90 degrees to vertical;
stage two in-line

These position cases are probably the worst cases that will be
faced by a two-stage EMMA. (It is unfortunate that the numbering
of cases and that of stages are reversed.)

While these position cases can be arguably the worst an EMMA will
face, they were not sufficient for the completion of this test.

We thought more data points were needed to guide scale-up efforts.
The two cases above instead served as end-points for the static
test actually performed -- with the exception that for Case #1,
stage two was rotated through 120 degrees.

For Case #2 (the test of stage one), stage two was held in tension
by six cables, each run through conduit through stage one to
ensure their decoupling from stage one motion (and this behavior
was checked periodically, and qualitatively, in keeping with
requirements of section 5.0). Stage one was supported by a single
cable, at 12 o'clock.

A board was set up alongside EMMA. On this board was indicated
each ten degrees of rotation from 0 through 90: this was done with
a laser pointer mounted at the end-effector location and pointed
toward the board. Using the pointer's beam as the center, a one-
inch diameter circle was marked on the board. These circles
represented targets for repeatability: if the beam was inside the

circle, pointing error was less than one degree. (More often than
not, the beam hit a bulls-eye.)
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As the testing progressed, we noticed stage one would actually sag
a few degrees near the origin, for large static loads -- but stage
two could still hit the target if stage one was adjusted to
compensate. This phenomenon convinced us to "randomize" the order
of the static loads introduced (0, 30, 60, 30, 60, 0, 60, 0, 30)
during nine runs of this test, thus overcoming this and any other
time-related effect on the resulting data.

The test will be performed as follows:

* rotate stage one through ten-degree increments from
neutral to final position, using only the 12 o’clock
cable

®* measure tension in target cable immediately
®* allow coupling to reach final load
®* measure tension in target cable again

The data taken in this test enables us to predict cable tension
under various conditions (and for various sizes of EMMAs); and to
predict pointing accuracy with some confidence.

Stage One Conclusions

* As static load increases, the angle at which cable tension is
maximized decreases -- but it took a substantial load (e.g. more
than 30 lbf) to decrease that angle appreciably from 90 degrees.

* The maximum cable tension encountered during this portion of the

test was under 1700 1bf -- for 60 1lbf static load. If more than
one cable were to bear this load, the tension would decrease
dramatically.

* The maximum amount of load transferred from cable tension to
coupling support during the one-minute waiting period between
measurements was under 200 lbf -- just above ten percent of the
maximum tension. The load-bearing nature of the couplings adds
to EMMA's structural stability.

The maximum pointing uncertainty expected from couplings not
sharing stage rotation "perfectly" (i.e. rotations of 35, 30 and
25 degrees instead of 30, 30 and 30 for a total of 90) is three
inches. This means that if one assumes three couplings sharing
rotation perfectly, we could predict end-effector position to
within three inches after a 90-degree rotation. An example is
shown in Figure 2 (all data is given in Appendix B). Such
predictions simplify analysis, and suggest that good pointing
accuracy can be achieved even through coarse motion commands.
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Figure 2. Example of Stage One Tension and Coupling Effort
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One important point to note is that with a single cable supporting
the EMMA and its static load, there was a tendency for the EMMA to
twist at large rotations, thus changing the end-effector position.
A second cable is sufficient to overcome this twist, which is the
prime contributor to the three-inch prediction above, and make the
resulting prediction of accuracy much finer.

Stage Two Preparation

The test was repeated for Case #1 (for the stage two) -~ in this
case, stage one was locked by six cables in tension and stage two
supported by a single cable, again at 12 o'clock. For this test,
since the sag in stage one was a function of static load, three
sets of targets were drawn on the board, one for each load. Once
again, the application of those loads was randomized to remove
time-varying effects from the data.

Stage Two Conclusions

For stage two, the following trends were observed:

¢ Maximum cable tension was not as strongly a function of static
load as of rotation angle. This shows that as rotation angle
increases, proportion of load due to resistance of couplings to
rotation increases dramatically. The couplings behave as
nonlinear clock-springs under preload.

* Repeatability was so good, both for cable tension and rotation
of individual couplings, that the test runs were only performed
twice for each static load.

* Once again, a coarse approximation of individual coupling
rotations -- and thus, a coarse motion command -- can achieve
pointing accuracy to within less than three inches.

It’s important to recognize that coarse accuracy is achievable
using only a single cable to support EMMA and its static load. We
say to a stage, "rotate 90 degrees at your fastest rate, while
bearing your load with one cable instead of all six cables working
in concert," and the end-effector happens to get to within three
inches of a desired final position. Much finer accuracy may be
achieved with very little effort.

In Appendix A are included scaled up maximum cable tension and
coupling loads for four larger versions of EMMA: 30 feet in length
(with either 0.5 or 1.5 feet radius); and 60 feet in length with
1.5 feet in radius.

10
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3.0 Dynamic Cable Tension
Requirements and Scale-up

Preparation

This series of tests will be performed with a small
rotating machine (weighing less than about 30 1bf)
holding an eccentric load (weighing less than about 1
1bf, and offset from the rotational axis by less than
about three inches) attached to the end of the stage
two. Exact specs of the rotating machine are still
under discussion, and should be resoclved in a week.

The rotating machine used was one of the winches intended for
demonstration for section 4.0 on EMMA-A. When wired to a VARIAC
voltage regulator, this winch was capable of delivering rotational
frequencies from 0.1 to 1.0 Hz with good accuracy and
repeatability. Mounted on the winch's shaft was a rotating
eccentric weight -- the offset could be varied but was held
constant at one foot; the weight was set to five or ten 1lbf.

Seven dynamic load fregquencies to be examined: 0.01,
0.02, 0.05, 0.1, 0.2, 0.5, 1 Hz. These frequencies are
chosen to be within the capability of whatever rotating
machine is used in the tests; and to represent a
selection of frequencies expected to be in the
neighborhood of EMMA resonance. Higher frequencies will
be added if needed.

Unfortunately, frequencies above 1.0 Hz were beyond the speed
capability of this winch; and frequencies below 0.1 Hz were beyond
the winch's resolution. During testing, however, we learned that
1.0 Hz was sufficiently close to EMMA-B's resonant freguency
(found to be in the range of 3.0 to 4.0 Hz) that 1.0 Hz could be
used to estimate resonance characteristics without shaking loose
the measurement apparatus. We further found that frequencies
below 0.1 Hz did not excite EMMA at all.

We were able to add another form of test to the one originally
proposed here, based on the control we had on the winch: by
suddenly stopping the winch, we were able to induce a free~
vibration transient, from which could be deduced the natural
frequency and damping ratio of the fundamental mode.

Three position cases will be considered:

* Case #1: stage one rotated 90 degrees to vertical;
stage two in-line

* Case #2: stage one rotated 90 degrees horizontally;
stage two in-line

11
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* Case #3: stage one rotated 90 degrees horizontally;
stage two rotated 90 degrees in the opposite direction
("s~curve") '

These position cases are probably the worst cases that

will be faced by a two-stage EMMA.

While these position cases are arguably the worst cases in terms
of dynamic response, they were found to be insufficient for
completing the test. The reason was that, given the short range
of excitation frequencies available from the winch, more data
points were needed from other parameters.

Two mountings of dynamic load (both normal to axis of
stage two): rotational axis in plane of manipulator and
rotational axis normal to manipulator plane. These
mountings will ensure end-effector displacement in two
directions normal to the stage two axis.

Two mountings did not supply extra parameters for testing, since a
rotating eccentric mass already provides excitation in two
directions.

Four cable tensions to be tested: 750, 1000, 1250, 1500
1bf; for a total of sixteen tests.

These cable tensions were immeasurable. While there are now load
cells available at NIST for tension feedback, it was impossible to
obtain and install them in time to complete the testing. For this
reason, it was necessary to set cable tensions in a more
subjective way: with the use of a tuning fork to judge their
pitch. Since such measurements come with inherent uncertainty, it
was necessary to scale back to two types of tension: "high" and
"low."” Extra test runs were obtained, however, by mixing the
tension combination between stage one and stage two (e.g. stage
one high/stage two low, etc.). The orientations for two runs
under this test are illustrated in Figure 3.

Seven runs per test, sixteen tests is 112 runs total.
Each will be carried out over sufficient duration to
ensure steady-state oscillation. Each run will be
repeated as necessary to ensure repeatability of result.

It was questionable whether 112 runs would tell us significantly
more than we could learn in a few -- especially since our
measurement apparatus (which was not designed for this
application) was by no means certain to complete the test. (The
apparatus is shown in Figure 4.) Instead, we opted to envelope
the dynamic behavior of the manipulator with a Taguchi-style
experiment design. Given a final selection of seven parameters
(namely, stage one and stage two cable tension; azimuth and
elevation of each stage; and weight of eccentric mass to the
winch), we could envelope the dynamic behavior of EMMA-B with
eight test runs. To convince ourselves of the validity of those

12
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runs, we actually made 11 ~- and the combinations of experiment
parameters associated with those runs are listed in Appendix C.

Conclusions

The results of those 1l runs -- in terms of natural frequency,
damping ratio and amplitude of free vibration; and of amplitude of
response to winch motion are also given in Appendices C and D.

The highlights of the results are as follows:

* The natural frequency of vibration for each run was in the 3.0
to 4.0 Hz range, which indicates at least that the parameters
studied here (especially tension) could not be varied to such
extremes as to yield significant differences in frequency. It
should be noted, however, that the tensions chosen fell within
what is expected to be an operating range for an EMMA of this
size, and the operating range will be limited by design.

* The damping ratio for free vibration falls within the 10 to 35
percent range for each run, and is most significantly impacted
by dynamic load (the larger the offset weight, the more highly
damped the mode); and by manipulator position (the tighter the
curve, the more highly damped the mode). BAs we saw in the test
under section 2.0, the couplings had greater stiffness when EMMA
is fully extended; this result shows the couplings provide more
damping when EMMA is contracted into a tight curve.

* The amplitude of free vibration was greatest for a case where
stage one was rotated 90 degrees to vertical and stage two kept
in-line. For this case, the peak-to-peak amplitude was 5.4
inches. For seven of the 11 runs, the peak-to-peak amplitude
did not exceed 1 1/2 inches. o

As for scaling up to a 30-foot version of EMMA, we made the
following assumption: that the modal damping ratio is matched.
This assumption is likely, given that the static test scale-up
matches stiffness -- and that the couplings provide both. For the
case which provides the largest vibration amplitude, if EMMA were
scaled up to 30 feet and the same excitation provided, the likely
result is (in rough terms) a frequency of (still) about 3.0 Hz and
a peak-to-peak amplitude of about two feet at that frequency.

One should keep in mind that it takes a large rotating weight,
with a large offset, to cause such vibration. A scenario such as
that demonstrated in this test is unlikely to occur in service.
The CSEE (for sake of comparison) provides 70 lbf of dynamic load
at 100 Hz. This dynamic load is separated from EMMA resonance.
EMMA will not break under such loads, and the manipulator can also
attenuate vibration if its control system is uséd to manipulate
cable tension (and thus stiffness) in response to unwanted motion.
For this reason, EMMA can be designed to be robust.

13
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Figure 3. Orientations for two Dynamic Test Runs.

Runs #1A, 1B and 1C
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Figure 4. Dynamic Test Measurement Apparatus.
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4.0 Kinematics and Control

Preparation

This series of tests will be performed with electric
winches engaged to stage one. A preliminary joystick
design has been successfully tested with the six winches
on stage one, and now the previous testing will be
extended in the following ways:

* The joystick will be calibrated to ensure no winch
motion with the joystick at the neutral position.

* The joystick will be used to rotate stage one 90
degrees alternately along two different directions,
with cable tension monitored in the shortest cable.

Six more winches. will be added to stage two section, and
the joystick operation will be tested on stage two
section in the same ways.

The joystick, shown in Figure 5, while working very well in its
own right, was poorly matched to the winches mounted on EMMA-A.
Those winches do not have appropriate resolution for joystick
control. We found we were able to move stage one with the
joystick in control, and actually could move at a very small rate
(we didn't measure it -- but it would allow for small stand-off
accuracy such as the 0.25 inches desired for the CSEE). We
learned, however, that because the joystick resolution was so much
finer than that of the winches, the winches could only be made to
cease motion with the joystick at rest with great difficulty.

Conclusions

Since the winches mounted on EMMA-A will not prove suitable for
final versions of EMMA (either for NIST or WHC), their lack of
resolution is not considered a problem. It did, however, teach us
how to improve the control system design:

* A dead zone (associated with winch brakes) would ensure that the
winches would not turn on unless some minimum motion of the
joystick were sensed. (Winches with somewhat finer resolution
could still achieve stand-off accuracy.)

* Combined joystick control (for positioning) and load cell
feedback with computer control (for tension balancing) would
make the next generation of EMMA control robust. Since the
initial joystick testing was completed, some load cells were
installed and their feedback used to successfully control EMMA
in tension. (The updated control system hardware is shown in

16
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Figure 6.) A likely procedure for the control system would be
as follows:

1) EMMA kept nominally under tension control for
disturbance rejection.

2) When the joystick is manipulated, continued tension
feedback enables the cables to be let out or pulled in
by the winches while still being kept close to desired
tension.

3) When joystick is released, pure tension control is
reinstated.

We intend for future control of EMMA to be governed by a graphical
user interface (such as is afforded by LabVIEW) and to in part
rely on a kinematics model (such as is afforded by TGRIP) for
precise motion determination. Such a system is currently used
with the NIST RoboCrane.

Figure 5. Prototype of Joystick used for Testing.

BEST AVAILABLE COPY 17
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Figure 6. Updated Joystick/Load Cells Control Hardware.
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5.0 Pretension and Stability

Preparation

The primary data necessary for testing here is as
follows:

* observations of stage one cable conduit behavior in
tests under other sections;

* observations of winch suitability in tests performed
in section 4.0.

A pull cable system, consisting of conduit and cable, as shown in
Figure 7, is highly desirable for final versions of EMMA, both for
WHC and NIST. Although we have shown that conduit will isolate
stage one motion from stage two cables, the conduit and cable we
have were not specifically designed for use with one another. 1In
an engineered system, there would be a specification on the amount
of tension that can be lost by the cable to the conduit, given the
length of conduit and amount of tension.

Conclusions

We had no such spec during testing, and excessive tension was lost
to the conduit we used in these tests. A vendor has since been
identified for the pull cable system we need. This system will
improve pull cable performance a great deal.

We have observed that such a system, even though it may perform
well under curves at its minimum bend radius, also improves in
performance when conduit is mounted with smooth, gentle curves.
With such mounting, conduit also allows better access to other
control components than if the mounting were rigid.

Observations of cable conduit indicate that it is suitable for
running stage two cable through stage one and medial stages (and
medial through stage one) without stage two cable (or medial)
being adversely impacted by stage one motion.

19
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Figure 7. Conduit and Winches on EMMA-A.

BEST AVAILABLE COPY .,



1z

WHC-SD-WM-TD-012, Rev 0

88TIE 00¥T 09 z8 168€ 8SZ 00T 09 14 1 £ 1
Z€9Z 00¥1T 09 z8 €12 8ST 00T 09 (174 z1 € 1
€966 0071 09 4:! 168€ 8SZ 00T 09 sz Z1 1 1
968L 00FVT ~ 09  Z8 £1Z€ 8SC 00T 09 o0z 2l T 1
S ZA T} A 09 z8 169€ 8GT 09 09 sz Z1 € T
89%Z 00%1 09 Z8 £T0E 8SZ 09 09 (1}4 zt £ 1
ZL06 00T 09 z8 169 8SZ 09 09 sz ozt 1 1
SobL  00%I 09 Z8 €10€ 8SZ 09 09 0¢ 1 1 1
vESE  00DI 09 S8 1vGE €02 ot o€ 14 Zt £ 1
LG8Z 00F1T 09 G8 €982 €0C o€ ot 0z Z1 € 1
£090T 00%T 09 S8 1PGE €02 o€ o€ T4 zt 1 T
LS8 0091 09 S8 €987 €0Z ot o€ 0z Zt 1 1
paTedsS 31891 pPeTROS 3Ssol1 pa1eds 3soL paTeds 3sol patTeds 3s9] paTeds 3sal
(3q1) (Te303 30 %) (33-3971) (3q1) (33/391) (13)
UoTSUaL JUSUWOR JUSWOW PpeoT OT3Ie3S yzbusT/am I939weIq
atqed but1dnop JybTom SOT}STIDIORIRYD VWWH

YHNE 3003-0€f Fo aup abejs

*93I1y3 pue auo sobels Jo sbersae aq 03 paunsse snipeld 3s8@3 om3 abelsg (f

*3S93 WOIJ PauUTe3lqo UOTSUa3 auo abels uo paseq om3 abeag (9

*pasn are saotbue xebaey 3T ‘xebie] aq ueo speol seIy3z abeasg (g

‘uoT3el0x 991bep-06 © UO paseq aiv suoTieTNOTED (B

*3sourslne ST PITY3 89yl ‘ssbels 981yl Uy3zTM °921yy o3 sebeirs om3 woxy dn burieos aie oM (g
*@a0Qge pPo3eDTPUT se soT3sTI9jdexeyo dn-aleos paITsap asooyd (z

*S3TNSSI 31893 WOIJ UOTSUS]} STqed pue peol oT3ieas ‘y3zbusT 3Tuny/aybrtem pue yazbusl juswbas (T
:SUOT3ONIISUL

*s3Tnsay dn-oTeds oT3e3s vV x1Tpuaddy

21




WHC-SD-WM-TD-012, Rev O

(44

10LZ 00T
€922 00T
- Z0T8 007T
06L9 00¥%I
S6%¥Z  00bT
850Z 00%T
S8YL 00¥T
€419 00¥%1
6TEE  00V1
6692 00¥1
8566 00VT
8608 00VT
peaTeos 3sal
(3q1)
uoTsualg,
21qed

09
09
09
09
09
09
09
09
09
09
09
09

88
88
88
88
88
88
88
88
6
[49
43
6

paTedss 388
(Te3o3 3o §)

JUSUOR

puttdnop

6z9z 991
002z 991
SZ9Z 991
00ZZ 9971
szZvez 991
000Z 99T
szve 991
000Z 991
GLzZ 111
05881 TTT
SLZT TITT
0S8T TTT
paTeos 3sal
(33-3971)
JUSWORW
aybrem

001
001
00T
001
09
09
09
09
133
o€
113
o€

09
09
09
09
09
09
09
09
0€
o€
o€
0€

paTens 3153l

(3qT1)

peOT OT3e]g

14 Z1
0z Zt
74 AN
02 Z1
Gz z
0z 21
sz zt
0z 21
sz 21
0e Zt
¥4 zt
0z Z1
paTedsg 3sal
(33/391)
ysbuat/am

Lo B o B e BN B T o T B B o T o )
L e B B B B T T B B

1 1
paTeos 189l
(33)
JajaweTd

SOTISTIa}ORIRYD YWNA

*3sowra3no ST PITYZ @yl ‘sabeis soayz yitm

VHHI 31003-0f£ JO omI abeis

*99IYy3 pue suoc sobejls Jo obeioae aq o3 paunsse snIpel 3593 omy abejs (¢

*3§83 WOJJ pauTeldqo UOTsua] asuo abejs uo paseq omjy abeisg (9
*pesn a1e salbue Iebxe JT ‘Iebie] aq ued speo] I9Iy3z abeis (g
*uOT31e30I 88IbBpP-(6 B UO paseq 9Ie SUOTIRTNOTED (§

-@9I1Yy3 03 sabe3s om3 woxy dn burTeos axe apm (¢

*9A0ge pajeDTPUT S SoT3IsTIS3ORIRYD dn—afeds paITsap @sooy) (7
*s3TRS8I 3583 WOJIJ UOTSuUsl a[ged pue peoy oTaeis ‘yabuey 3tuny/azybtem pue yzbual juswbag (T

$SUOTIONIJSUT

(ponutjuon) sjyynsay du-afens oT3e3lS

22



€T

WHC-SD-WM-TD-012, Rev O

vEZZ 00LT 09 06 062z TLI 00T 09 ¥4 A € 1
988T 00LT 09 06 006T TLT 00T 09 0z Zt € T
1049 O00LT 09 © 06 0627 TLI - 00T 09 T AR A 1 1
8696 00LT 09 06 006T TLI 00T 09 (114 A 1 1
SE0Z 00LT 09 06 0502 TLI1 09 09 (4 Z1 € 1
889T O0O0LT 09 06 00LT TLI 09 09 0z 2t € 1
S019 00LI 09 06 050z TLI 09 09 14 Z1 T 1
€905 00LI 09 06 00LT  TLI 09 09 0z Z1 1 1
¥€9Z 00LT 09 £6 0061 9TI ot o€ ¥4 z1 € 1
6V1Z 00LT 09 £6 06ST 9711 o€ o€ 0z A1 € 1
2064 00LI 09 £6 0067 91T o€ o€ ¥4 AN 1 1
Iry9  00LI 09 £6 0SST  9TI o€ o€ 0z Z1 1 1
paTedss 3sel poeTeds 3sol paTeds 3sal PaTeds jsal paTedos 3s9l poeTedsS 389l
(391) (Te303 3O %) (33-397) (3a1) (33/3491) (33)
UOTSU8g JUSUOKW JUBUOCKW peoT O5T3els EPUE@H\#B JojaweTq
aTqed butydno) ybteom SOT3ISTIBRORIRYD YWWI

YHWWI 300F-0€ JO 9aayl abejs

*292IY3 pue suo sebels Jo obexsae aq 03 pawnsse snIpel 3593 om3 abeis (/1

*3S83 WOIJ pauTe3qo UOTsuUs) auo abeis uo peseq omj abeis (9

*pasn oxe safbue Iebrel 3T ‘iebieT aq ued speoT @o1yz obeig (g

*uoT3e301 @81bsp-(Q © U0 paseq aie suoTjernoTe)d (p

s3sours3ino ST pPATY3 oYy ‘ssbeis 8sIyy Y3TM ‘991Ul 03 sabeys omy woiy dn burTeos a1e oM (¢
*oaoqe pajedTpuT Se soT3isTIojdeieyo dn-seds pailsep asooyd (z

*S3TNS8I 3S93 WOIJ UOTSuel STded pue peol oTie3s ‘yzbusT 3Tun/aybrem pue yzbusT juswbes (I
$SUOT3ONIFSUT

(penuTjuoo) szyusay dn-aTess oT3esls

23




WHC-SD-WM-TD-012, Rev 0

Appendix B. Static Test

Results.

Stage Onmne 0 1lbf Load

Angle Initial Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"

(deg) Tension Tension (deg)
0 320 320 -6 2 5
10 570 525 - =3 5 8 3
20 700 640 2 8 11 7
30 820 740 7 12 12 10
40 900 830 11 15 14 13
50 970 875 16 18 16 17
60 1045 910 21 21 18 20
70 1120 1020 26 24 20 23
80 1210 1075 31 27 22 27
90 1380 1250 36 29 25 30

Peak & Steady-State Tension v. Angle

1
I

Peak Tension (Ibf) 1 ‘
. — — — - Steady-State Tension (Ibf) | !

Tension (1bf)
[(e)
s
s

0 10 20 30 40 50 60 70 80 90
Angle (deg)

Coupling Rotation v. Angle

~ 40 _|———=-C1 (deg) !

& | C2 (deg) | e
I C3 (deg) o —
e 20 77 = = "Perfect” (deq)| ___ mers==®-v-0""77 o

2 101 _.ecozaEEEES

3 0 - - n

o [ i i . t

% 10

o] 10 20 30 40 50 60 70 80 90
Angle (deg)
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Static Test Results (continued)

Stage One 30 1bf Load

Angle Initial Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"

(deg) Tension Tension (deg)

0 770 770 -7 3 5 0

10 1030 950 -3 6 8 3
20 1120 1050 0 10 11 7
30 1220 1140 4 13 15 10
40 1250 1150 10 14 17 13
50 1320 1210 15 19 17 17
60 1320 1210 20 21 20 20
70 1360 1180 25 24 21 23
80 1310 1170 31 26 23 27
90 1380 1200 35 29 26 30

Angle (deg)

1500 |
¢ |
Z 1200 T — !
= |
2 Peak Tension (Ibf)
g 900t )
: — — — - Steady-State Tensjon (ibf)
600 : : : . |
0 10 20 30 40 S0 60 70 80 90 !
Angle (deg)
Coupling Rotation v. Angle :
40 !
C :
| -
3 |
h) ¢
I i
.5 ———=-C1 (deg) |
i C2 (deg) !
< . ; T Bbh C3 (deg) ‘ |
o |- ~ T = 'Perfect” (deq) | !
-10 1 i
|
|

i
} 0 10 20 30 40 50 60 70 80 90
|
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Static Test Results (continued)

Stage One 60 1lbf Load
Angle Initial Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"
(deg) Tension Tension (deg)
0 1200 1200 -9 4 8 0
10 1500 1440 -6 8 10 3
20 1590 1520 0 11 13 7
30 1640 1540 4 14 16 10
40 1670 1570 8 17 18 13
50 1650 1500 15 18 20 17
60 1600 1490 19 23 21 20
70 1550 1450 25 23 24 23
80 1470 1300 30 26 24 27
90 1400 1320 35 29 26 30

Peak & Steady-State Tension v. Angle
! Peak Tension (Ibf) 1
‘ — — — - Steady-State Tension (Ibf) |

1800

1500

Tension (1bf)

1200

0 10 20 30 40 50 60 70 80 90
Angle (deg)

Coupling Rotation v. Angle

40
Lo
g 301 -z
S il
g 07T L oeeee=s =25 [=—==-C1 (deg)
'.: 10 tawnez==s C2 (deg)
' - —
e Ot = T T T : —lemem- C3 (deg)
& 10 __—.—’/ = = = "Perfect" (deg)!
o} 10 20 30 40 50 60 70 80 90

Angle (deg) . =
i
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Static Test Results (continued)

Stage One

Peak Tension v. Angle for various loads

2000
21500 4 eI T,
A4 ——./
£1000 1 =TT ———~ 01lbf load|
"] — |
£ 500t -~ 30 Ibf load}
= N EE LR 60 Ibf load
0 B
i 0 10 20 30 40 50 60 70 80 90
‘ Angle (deg)

Steady-State Tension v. Angle for various

loads | = === 0ibf load|
. 2000 i 30 Ibf load!
1 S 1500+ _oeem e ‘i‘ GOEf load
T - —_— T
§ 00| _—m T -
|2 ———
| @ 500 1 . ——
B ‘
‘ 0 10 20 30 40 50 60 70 80 90
: Angle (deg)
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Static Test Results (continued)

Stage Two

Initial

0 1bf Load

Angle Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"
(deqg) Tension Tension (deg)
0 0 0 0 0 0 0
10 65 50 -1 5 6 3
20 250 100 1 9 10 7
30 350 425 4 13 13 10
40 475 525 7 17 16 13
50 590 625 10 21 19 17
60 690 700 14 24 22 20
70 815 850 18 28 24 23
80 940 965 22 31 27 27
90 1075 1100 27 34 29 30
100 1240 1250 33 36 31 33
110 1465 1375 40 38 32 37
120 1725 1650 45 40 35 40
| Peak & Steady-State Tension v. Angle }

! o Peak Tension (Ibf) ‘1 §
£]%O — — — - Steady-State Tension (Ibf) |
&gl |
s 900 ;
w600 :

e 300 |

PR 0- : ; ; i

' 0 10 20 30 40 50 60 70 80 90 100 110 120

; Angle (deg)

i

L

Coupling Rotation v. Angle
—==—=C1 (deg)
= 1 C2 (deg)

! E S I P C3 (deg) _
< 40T | === "Perfect” (dea) | ___._maarerTe
5 207 =T =T
% 0 = —— '
£ 20

0O 10 20 30 40 50 60 70 80 90 100 110 120
Angle (deg)
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Static Test Results (continued)

Stage Two

30 1bf Load

0 10 20 30 40 50 60 70 80 90

100 110 120
Angle (deg)

29

Angle Initial Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"
(deqg) Tension Tension (deq)
0 155 155 -7 5 2 0
10 340 315 -5 6 9 3
20 475 465 -2 10 12 7
30 575 440 1 14 15 10
40 675 665 4 18 18 13
50 765 740 6 22 22 17
60 850 840 10 25 25 20
70 975 965 14 29 27 23
80 1150 1065 19 32 29 27
90 1265 1200 25 35 30 30
100 1400 1300 30 37 33 33
110 1525 1440 37 40 33 37
120 1750 1690 44 41 35 40
Peak & Steady-State Tension v. Angle
1800 3
% 1500 4 =
< 1200 il
€ 900 1 ‘
™ 600 1 — ‘ Peak Tension (Ibf) i
S 300 1 = | ———-Steady-State Tension (Ibf) |
0 . Il T
0 10 20 30 40 50 60 70 80 90 100 110 120
Angle (deg)
|
; Coupling Rotation v. Angle
— — —-C1 (deg)
50 ™
> 40 1 C2 (deg)
L
R N A C3 (deg)
.§ 20 4 = = = Perfect
% 107 . -czmzEE T
T oFEF- L -
& 0 =
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Static Test Results (continued)

Stage Two 60 1bf Load
Angle Initial Steady Cl (deg) C2 (deg) C3 (deg) "Perfect"
(deg) Tension Tension (deg)
] 350 350 -10 2 8 0
10 565 550 -9 6 13 3
20 725 690 =7 10 17 7
30 800 790 -4 13 21 10
40 875 840 -1 15 26 13
50 965 940 2 21 27 17
60 1065 1040 5 27 28 20
70 1175 1125 10 30 30 23
80 1300 1260 15 34 31 27
90 1400 1315 21 36 33 30
100 1500 1425 25 39 36 33
110 1615 1525 35 41 34 37
120 1800 1715 43 42 35 40

Peak & Steady-State Tension v. Angle i

1800
21500—» i |
& 1200 1 gl ;
g 2007 | Peak Tension (Ibf) i
! E 300 ¥ | ——— - Steady-State Tension (Iof) |
0 — ' '
| 0 10 20 30 40 50 60 70 80 90 100 110 120
i
| Angle (d
| ngle (deg)
Coupling Rotation v. Angle
50
T 401
S 30T el
.§ 20 1 et C1 (deg)
< 101 C2 (deg)
R : — €3 (deg)
-3 "= = = "Perfect" (deg)
-10
0 10 20 30 40 SO 60 70 80 90 100 110 120

Angle (deg)
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Static Test Results (continued)

Stage Two

r

Peak Tension v. Angle for various loads

2000 0 Ibf load
E'ISOO i 30 Ibf load
E T |eene-- 60 Ibf load
§1000 1
W
S 1
8 500 1.

0 R

0O 10 20 30 40 S0 60 70 80 90 100 110 120
Angle (deg)

Steady-State Tension v. Angle for various

{oads

20001 {———=- 0Ibf load
I € 1500 - : 30 Ibf load: .
| S EREERE 60 Ibfload _a-e=22t
§ o0t T .
S B
¥ 500 1.
| I el
| 0 10 20 30 40 50 60 70 80 90 100 110 120

Angle (deg)
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Appendix C. Dynamic Test

Results

Summary of Runs Performed
Run # Load Stage One variables Stage Two variables Vibration

T A E T A E F D
1A 5 Low 0 0 Low 0 0 3.5 0.11
1B 5 High 0 0 High 0 0 3.8 0.17
1c 10 High 0 0 High 0 0 3.5 0.17
2 5 Low 45 45 High 0 90 3.0 0.24
3 5 High 0 High 45 45 3.4 0.10
4 5 High 45 45 Low 90 0 3.6 0.22
5 10 Low 0 90 Low 45 45 3.2 0.32
6 10 Low 90 0  High 90 0 3.9 0.16
7 10 High 0 90 High 0 0 3.2 0.32
8 10 High 90 0 Low 0 90 3.4 0.33
9 10 High 90 90 High 90 90 3.1 0.24
Legend
T = cable tension, based on subjective measure
A = azimuth, deg
E = elevation, deg
F = frequency of free vibration, Hz
D = damping ratio of free vibration, unitless
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Dynamic Test Results (continued)

Forced Vibration:
Measurements taken while rotating mass is in motion

Free Vibration:
Measurements taken after rotating mass has stopped

Maximum Amplitude (in, peak-to-peak)

Forced Vibration Free Vibration

Excitation Frequency (Hz) |Excitation Frequency (Hz)

Run #{ 0.10 0.20 0.50 1.00 { 0.10 0.20 0.50 1.00

1A 0.22 0.38 0.48 0.58 | 0.05 0.15 0.22 0.58
1B 0.10 0.19 0.19 0.54 | 0.05 0.14 0.24 0.39
1c 0.17 0.34 0.49 0.79 | 0.05 0.14 0.24 0.79
0.05 0.25 0.43 0.51 | 0.14 o0.18 0.33 0.51
0.05 0.26 0.55 0.90 | 0.19 0.19 0.28 0.60
0.05 0.05 0.19 0.21 1} 0.11 0.17 0.19 o0.21
0.05 0.35 0.62 1.60 } 0.05 0.18 0.28 1.60
0.05 0.25 0.45 0.70 | 0.05 0.05 0.15 0.30
0.23 0.63 0.86 4.10 | 0.23 0.29 0.86 4.10
0.32 0.60 0.76 2.75 | 0.32 0.34 0.62 2.75
0.19 0.64 1.16 2.00 | 0.05 -0.11 0.30 1.50

O W~ ! W N

Notes: Measurements of "0.05" should actually be interpreted as
“too small to be seen by the unaided eye"
Free Vibration maximum amplitude does not exceed
Forced Vibration maximum amplitude
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Dynamic Test Results (continued)

Notes: We faired curves through the Forced Vibration amplitudes to
predict amplitude at 3.5 Hz excitation frequency. Then we
assumed vibration amplitude to scale up linearly. This is a

: . —to-peak : S .
for two sizes of EMMA and for each set of run conditions.

Run # 8 ft 30 ft

2 0.70 2.63
3 1.45 5.44
4 0.30 1.13
5 2.10 7.88
6 1.25 4.69
7 5.40 20.25
8 3.25 12.19
9 2.50 9.38
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Strip charts from Run #1A

1AA, 1AB, 1AC,

Strip charts are labeled A, B, C and D (e.g.
1AD) to represent an excitation frequency of 0.1, 0.2, 0.5 and 1.0

Hz, respectively.

Note:
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Strip charts from Run #1B
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Strip charts from Run #1C
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Strip charts from Run #2

Note: on some runs, it was difficult to mount the measurement
apparatus such that the paper was parallel to the vibration.
Either the mode is at an angle to the apparatus (as is shown here)
or there is a-change of mode as the vibration damps out -- thus
making otherwise perfect alignment of measurement flawed.

Also, mounting for some modes allowed the pen to 1lift from the
paper. In those cases, we switched to a pencil -- better contact
with the paper, but a very light trace.
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Strip charts from Run #3
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Strip charts from Run #4

Note: as vibration amplitude became larger, modes that were
difficult to measure were recorded with the paper held in a
clipboard and supported by hand. This is reflected in 4D (next
page) -- five repeats were used to give us confidence in the
vibration amplitude.
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Strip charts from Run #4 (continued)
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Strip charts from Run #5
Note: when a mode had large amplitude and even the pencil could
not record it along one dimension, we would take a repeat

measurement and let the trace cover two dimensions, as is seen for
5D (next page).
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Strip charts from Run #5 (continued)
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Strip charts from Run #6
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Strip charts from Run #7
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Strip charts from Run #7

(continued)
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Strip charts from Run #8
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Strip charts from Run #8 (continued)
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Strip charts from Run #9
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Appendix D. Original Statement
of Work

TEST PROCEDURE
1.0 Payload Accommodation

Observations taken in tests under other sections (particularly
sections 2.0 and 3.0) will enable us to determine the ability of a
30-foot EMMA to accommodate the expected waste-dislodging end-
effector. In particular, what we are interested in is the
separation between EMMA and end-effector resonance frequencies,
and in the effect of the end-effector static load on cable
tension. Testing in section 4.0 will result in an estimate of
winch rate resolution -- something we can use to determine stand-
off capability.

Regular interaction with individuals with cognizance about the
end-effector and its requirements will enable us to improve EMMA's
accommodation capability.

2.0 Static Cable Tension Determination and Scaie-up

This series of tests will be performed with a scale dynamometer
mounted alternately on the 12-o'clock proximal and 12-o'clock
distal segment cables. These cables can be assumed for purposes
of this test to undergo the largest static loads -- and the tests
will be designed to ensure that these cables will be in full
tension even though others may be relaxed. In the place of an
end-effector will be a static load of 0, 30 or 60 lbf.

Two position cases will be considered:

Case #1 -- proximal stage locked in horizontal position/distal
stage rotated 90 degrees to vertical
Case #2 -- proximal stage rotated 90 degrees to vertical/distal

stage in-line

These position cases are probably the worst cases that will be
faced by a two-stage EMMA.

The tests will be performed as follows:

~- rotate stage being tested through l0-degree increments from
neutral to final position, by pulling its 12-o'clock cable while
leaving other cables relaxed

- measure tension in 12-o'clock cable using attached dynamometer

This method will give an estimate of maximum tension in a single
cable, when that cable is bearing the entire load.
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Three static loads will be tested: 0, 30 and 60 1lbf, for a total
of six tests, which will be repeated as necessary to ensure
repeatability of result.

The measurements taken during these tests will enable us to
estimate cable sizes necessary for fulfilling static load
requirements in a 30-foot EMMA.

3.0 Dynamic Cable Tension Requirements and Scale-up

This series of tests will be performed with a small rotating
machine (characteristics TBD, although two are currently under
consideration) holding an eccentric load (with weight and offset
dependent on selection of rotating machine) attached to the end of
the distal stage. Exact specs of the rotating machine are still
under discussion, and should be resolved within a week. It is
possible that weight and offset will be attractive experimental
parameters, as well as those described here.

Three position cases will be considered:

Case #1 -- proximal stage rotated 90 degrees to vertical/distal
stage in-line

Case #2 -- proximal stage rotated 90 degrees horizontally/distal.
stage in-line

Case #3 -- proximal stage rotated 90 degrees horizontally/distal
stage rotated 90 degrees in the opposite direction ("s-
curve")

These position cases are probably the worst cases that will be
faced by a two-stage EMMA, but others will be added if necessary.

Two mountings of dynamic load (both normal to axis of distal
stage):

- Rotational axis in plane of manipulator
- Rotational axis normal to manipulator plane

These mountings will ensure end-effector displacement in two
directions normal to the distal stage axis.

Several cable tensions in the neighborhood of the nominal value
will be tested to examine flexibility.

Seven dynamic load frequencies to be examined:
0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 Hz

These frequencies are chosen to be within the capability of
whatever rotating machine is used in the tests; and to represent a
selection of frequencies expected to be in the neighborhood of
EMMA resonance. Other frequencies will be added if needed to
allow for resolution in the frequency domain.

More than 100 runs are expected, in order to adequately cover all
of these experimental parameters. Each will be carried out over
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sufficient duration to ensure steady-state oscillation. Each run
will be repeated as necessary to ensure repeatability of result.

Quantities to be measured:
- maximum end-effector displacement
- maximum cable tension (12-0'clock)

Quantities to be determined:
- maximum bending moment in each stage

The quantities measured during these tests, and the maximum
bending moments determined as a result, enable us to estimate
cable pretension required for dynamic stability in a 30-foot EMMA.

4.0 Kinematics and Control

This series of tests will be performed with electric winches
engaged to the proximal stage. A preliminary joystick design
will be prepared and tested with the six winches on the proximal
stage.

- The joystick will be calibrated to ensure no winch motion with
the joystick at the neutral position.

- The joystick will be used to rotate the proximal stage 90
degrees alternately along two different directions, with cable
tension monitored in the shortest cable.

Six more winches will ultimately be added to the distal stage, and
the joystick operation then retested on the distal stage.

These tests will enable us to determine a winch capacity and
proximal cable conduit size and type suitable for a 30-foot EMMA.

5.0 Pretension and Stability
The primary data necessary here is as follows:

- observations of proximal cable conduit behavior in other tests

- observations of winch suitability in tests performed in section
4.0

- Observations of cable performance in tension in section 2.0 and
3.0 tests ’

Observations taken during the current testing will enable us to
determine appropriate conduit size and stiffness, as well as an
appropriate amount of free play for the conduit. We will also be
able to assess placement of winches for best performance both of
winches and cables in a 30-foot EMMA.
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