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Deployment Repeatability of a Space Telescope
Reflector Petal

Johanne C. Heald* and Lee D. Peterson’
University of Colorado, Boulder, Colorado 80309-0429

An experimental investigation of the deployment repeatability of a reflector petal intended for a 3-m-diam space
telescope is presented. The petal incorporates second-generation precision joint and hinge mechanisms that were
designed for optical-level stability and hysteresis. The objective of the experiments was to determine the role of
mechanism repeatability and structural kinematics in structural deployment repeatability. The deployment tests
were performed in a thermally and mechanically isolated test chamber. A high-precision videometry system was
used to measure the position of the petal tip in the two relevant degrees of freedom. The position of the petal
for a total of 12 stow-and-deploy measurements are reported, from which the statistics of the petal position for
any initial deployment are determined. The 95 % confidence region for the deployed position is an ellipse 8.6 pxm
tall in the deploy/latch direction and 0.8 m wide in the direction parallel to the hinge axis. The accuracy of the
telescope petal’s deployment is compared to that of a previously tested truss, and the telescope petal is found to
have better repeatability in the hinge direction but less repeatability in the deploy/atch direction. The repeatability
of the latch mechanism was found to account for fully the repeatability of the test article when projected through
the kinematics of the structure. Indeed, the use of simple kinematics was conservative because it over-predicted

the repeatability of the structure by 224 %.

Nomenclature

= length of base structure (see Fig. 11), m
length of reflector support (see Fig. 11), m
length of hinging structure (see Fig. 11), m
depth of structure, m

displacement, um

displacement, pixels

constant for videometry image calibration
length of structure, m

number of samples

confidence interval probability, %

sample standard deviation of x-direction
displacements, m

standard deviation of the mean of x-direction
displacements, m

= sample standard deviation of y-direction
displacements, m

standard deviation of the mean of y-direction
displacements, m

time, s

Student-¢ estimator for confidence intervals
panel tip displacementin y direction

(see Fig. 11), m

= target horizontal axis (see Fig. 4), m
sample displacementin x direction, m
mean displacementin x direction, m

= target vertical axis (see Fig. 4), m
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sample displacementin y direction, m

mean displacementin y direction, m

axis perpendicularto target (see Fig. 4), m
angle of structure deployment (see Fig. 11), deg
angle of petal deployment (see Fig. 4), deg
statistical degrees of freedom

error in calibration constant

Opixels target displacement error, pixels

Oum = target displacementerror, um
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Introduction

HE Hubble Space Telescope has demonstrated the enormous

benefit of space telescopes in astronomy, and it is sure to be
followed by other spaceborne observatories with improved sensitiv-
ity and resolution. One planned future observatory of this typeis the
Next Generation Space Telescope (NGST). NGST is projected to
have a primary mirror diameter over three times larger than that of
Hubble, to gain greater sensitivity and, therefore, image more dis-
tant objects.! This primary mirror will not fit monolithically in any
current launch vehicle; rather it must be segmented and deployed.
This segmentation means that a fundamental technical challenge for
imaging space telescopes will be to deploy and position the pieces
of the primary mirror to within a small fraction of the wavelength of
light it collects. The precision of this deploymentis of the highest
concern, because if the primary mirror is even marginally out of
alignment, the telescope will not focus and will produce a distorted
image.

Previous work by Warren and Peterson? and Warren et al.> on
the deployment of support structures for optical space instruments
has demonstrated that a conventionalapproachto the design of such
purely passive structures will not achieve the nanometer-level pre-
cision desired in optical space telescope design. Specifically, it was
found that a metering structure, when repeatedly deployed to its
operational position, had a repeatability of a few microns at best.
Warren and Peterson® then found that the deployment repeatability
could be improved somewhat by applying small, impulsive loads
that appeared to remove residual frictional stresses from the mech-
anisms and to allow the structure to settle into a somewhat more
precise equilibrium zone.

In the intervening years, improvements in active optical posi-
tioning actuators effectively render this passive level of deployment
repeatability well within the practical capability of any future active
mirror controlsystem. Several proprietarydesignsfor such actuators
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exist, all apparently sharing the common characteristic of having
multiple stages of adjustment, with resolutions of nanometers and
dynamic ranges (strokes) of many thousands of waves.

Why, then, is there still interest in deployment repeatability?
Three factors are behind this interest. First, there are missions (such
as an Earth-observinglidar) in which the demonstrated passive pre-
cision is nearly sufficient for the requirements of the mission, elim-
inating the need for actuators to position the optics. Second, if the
passivedeploymentrange of the structureis sufficiently tight, it may
be possible to eliminate the coarse precision adjustment even for
diffraction-limited infrared and visible telescopes such as NGST.
This might save some of the cost, complexity, and mass in these
systems. Third, and most important, it has been suggested® that
deploymentrepeatability might be related to other significant struc-
tural response phenomena, such as postdeployment stability and
spontaneous vibrations.

When the work of Warren et al.> was reported, it was unknown
whether their measurements were unique to their test article, the
Engineering Science Development Model (ESDM). The degree
to which the observed imprecision was really the measurement
error was also uncertain. Since then, the deployment repeatabil-
ity of another structure consisting of a single boom, mirror and
hinge, and latch mechanisms, the Precision Deployable Optical
Structure (PDOS), was reported by Kozola et al.,* simultaneously
with the initial presentation of the current study.’ The repeatabil-
ity of the PDOS structure was an order of magnitude less than that
of the ESDM, with a repeatability on the order of tens of microns
over a longer deployed structure. It is difficult to compare these
results without some kind of normalization for the size of the struc-
ture. Therefore, the Warren et al. results are still the most repeatable
results available in the literature.

To see whether results comparable to these* can be achieved
with a different structure, a new test article has been designed
and constructed. The design of this test article is that of a flight-
realizable metering structure for a 3-m-class deployable telescope.
This test article is, therefore, a more mature design than the ESDM,
which was never intended for flight but was a research test bed
built with the aim of developing a micron-repeatable structure that
would be suitable for spaceborne applications. Although the meter-
ing structure of the ESDM is more trusslike than that of the new
test article, it deploys in a similar fashion, with the reflector sup-
port structure rotated about two precision hinges and latched into
place.

The Warren et al. experiments showed® that the deployment re-
peatability of the ESDM could be correlated, to within 80%, with
an imprecision in the latch projected through the kinematics of the
truss. Thus, different kinematics should alter the deployment re-
peatability of the structure. In addition to the differing kinemat-
ics of the new test article and the ESDM, the two structures have
differing mechanisms. The hinge joints of the two structures have
similar, although not identical, designs. The latch joints, however,
are quite different because the latch of the new test article was
designed based on the principle of load path management. Essen-
tially,load pathmanagementsays thatstructuralinterfacesand joints
should be designed to minimize the loss of total energy in internal
inelastic mechanisms in the structure®’ With the mechanism de-
signed using this philosophy, the postdeployment stability of the
structure should improve. Do other performance metrics, such as
deployment repeatability, likewise improve? The present study ex-
perimentally explores the relationship between the kinematics and
mechanisms of a structure and its deployment repeatability. The
objective of the study is to determine whether mechanism repeata-
bility can be used to predict the deploymentrepeatability of the full
structure.

This paperis organizedas follows: A descriptionof the test article
used in these experiments is given in the next section, followed
by a description of the experimental apparatus and protocols that
were used. Next, a characterizationof the videometry system used
to obtain displacement measurements is given. The results of the
repeatability experiments are reported in the following section, and,
in the next section, the results are compared to those obtained by
Warren and Peterson” and Warrenetal.? in theirexperimentswith the

4 — Reflector Panel

‘ A-Frame
— Hinged Strut

@—— Base Structure

Fig. 1a Fully deployed panel that serves as the test article.

Fig. 1b Telescope, 3-m class, us-
ing six panels of the type shown in
Fig. 1a.

ESDM. Finally, the latch mechanism on the test article is examined
to determine its role in the test article’s repeatability.

Test Article

The test article used for the experiments of the present study is
one petal of a seven-panel 3-m-class space telescope? It is called
the lidar prototype because one possible use of such a telescope is
for the collection of atmospheric backscatter from a remote sensing
lidarinstrument. Figure 1a shows this single telescopepetal standing
alone, whereas Fig. 1b shows this single panel assembled with five
others abouta central mirror, as the full telescope would appear with
all of its petals deployed. The average areal density of the mirror,
includingall hardware, and with six petals attached to a center body,
isabout20kg/m?. This designis a significantly less massive than the
Hubble primary mirror, which has an areal density of approximately
160 kg/m?.

The main components of the test article are shown in Fig. 1a. The
metering structure consists of a base structure (upright in Fig. 1a)
and a supporting A-frame (inclined in Fig. 1a) that rotate about a
common hinge line determined by two precision joints. A reflector
panel is attached to this metering structure by three flexures. A
strut attaches the outboard end of the A-frame to the base structure
with precision hinges at either end. This strut controls the A-frame
deployment.

In its stowed position, the A-frame and the base structure lie in
a plane, with the strut lying against the A-frame. As the panel is
deployed, the base of the strut moves away from the A-frame along
a worm screw driven by a small motor. The A-frame, in turn, rotates
about the two precision joints connecting it to the base structure. As
the strut travels along the worm screw, it reaches the end of the base
structure, and a latch is engaged to lock it in place. This latch drops
the motor out of the load path. A full deploymentrotates the reflector
panel through approximately 75 deg. The metering structure in its
deployed-and-latched configurationduring manufactureis shownin
Fig. 2.

The design of the hinge joint of the lidar prototype is detailed in
Ref. 9; the design and fabrication of the latch for the lidar prototype
can be found in Ref. 10. The latch is shown in Fig. 3 in its working
position in the test article. It consists of a tapered bearing latch
half-assembly, a locking mechanism assembly, and a lug latch half-
assembly. To release the latch, the two flangelike lock fittings must
be depressed, and the lug latch assembly must be moved forward
over these two lock fittings by turning the worm-screw drive. This
must be done manually because there is no motorized mechanism
for depressing the lock fittings. Engaging the latch, in contrast, is a
wholly automated process. The lug latch assembly is simply driven
back over the locking mechanism by a motor that drives the worm-
screw shaft. When the lug latch half has cleared the lock fittings,
they snap into place, applying preload to the lug latch and forcing
it to seat completely on the tapered bearing.

Experimental Apparatus and Protocol

In previous tests with other test articles, the environment proved
to have a strong effect on the measured results. These experiments



HEALD AND PETERSON 773

et P

Lug Latch Hall

Locking
Mechanism

Laock fitting

Tapered Bearing
Latch Half

Fig. 3 Precision latch in lidar prototype test article.

were limited by an environmentally induced background vibration
with an amplitude of 0.25-0.5 um (Refs. 2 and 3). To reduce the
effects of these disturbances, the lidar prototype was isolated from
the environmentby mounting it on an optics bench inside a thermal
and acoustic stabilization chamber, where nanometer-level resolu-
tion has been previously achieved.!! This chamber has a long-term
thermal stability of 0.1°C and a short term stability of 0.01°C or
better.

Figure 4 is a side view of the test article on the optics bench.
The structural test article is anchored to the optics bench by four
optical pedestals, at four symmetrically placed attachment points.
The anchoring screws traverse from the bolt holes in the structure,
through the pedestals, and directly into the optics bench, in an at-
tempt to minimize the number of frictionallinkages between the test
article and the optics bench, which serves as reference for the mea-
surements. A linear deployment actuator turns a worm-screw shaft
located inside the base structure. This worm-screw shaft guides one
end of the hinged strut along the base of the structure, in the a direc-
tion. The other end of the strut guides the outboard end of the panel

Reflector
panel

A-frame
structure

Hinged
Strut

Linear
Actuator

Video Camera

s

Fig. 4 Experimental apparatus for deployment repeatability experi-
ments.

Base
Structure

Optics bench

from its stowed position to its deployed position. Once the panel is
in its deployed position, the strut engages the precision latch.

A videometry system was used to measure the position of the
tip of the panel. A mount for the sensor target was attached to the
panel with cyanoacrylate glue, and a target plate was attached to
this mount with two screws. A 2.5 x 2.5 cm target was mounted
on the target plate. The vertical and horizontal positions of this
target, in its own plane, are measured by the videometry system
and compared with earlier measurements to determine a shift in
position. A mirror positioned at the base of the panel reflected
the image of the target back to a video camera, which recorded
the target position. The optical train was positioned and adjusted
by hand; therefore, the misalignment of the mirror and camera
with respect to the plane of the target is a possible source of er-
ror in the measurements. Other sensors were placed in the isola-
tion chamber to monitor the temperature, humidity, atmospheric
pressure, and local vibration environment during the deployments.
Data collection from the videometry system took place at a rate of
approximately 1 Hz.

The test protocol used in these tests is similar to that described
in Ref. 2. It consists of a 24-h close-out period, in which the tem-
perature and pressure inside the isolation chamber are allowed to
equilibrate, followed by multiple deployments and stowings of the
panel. A minimum of 2.5 h was allowed between each stow-and-
deploy cycle, to permit thermal equilibration of the structure.

Because the precision latch used in the lidar prototype must be
disengaged by hand, the isolation chamber had to be opened each
time the panel was stowed. Care was taken during this period, ap-
proximately 3 min in duration, to allow very little change in the en-
vironmental conditions. The door was opened narrowly to inhibitair
exchange with that outside the chamber. Other than the lamp needed
toilluminate the target, no lights were used in the chamber, to reduce
the amount of heat introduced into the environment. Nevertheless,
the heat introduced by the experimenter during latch manipulation,
as well as that given off by the motor during stow-and-deploycycles,
must have added to the overall temperature of the chamber. Because
this increase in temperature could not be avoided, it was monitored.
The time between stow—deploy cycles was determined to provide
sufficient thermal repeatability to within the resolution (40 nm) of
the videometry system.

Characterization of the Videometry System

The videometry system used to measure the displacement of the
test article between subsequent deployments measured the motion
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of a target in the plane of the target and compared the shift in the
image to a reference image to obtain displacement. The basic con-
cept for this sensor system was described originally by Hinkle'?
and by Warren and Peterson.? The sensor determines relative posi-
tion between two images, using a postprocessing shift-correlation
analysis.

An essential capability of this sensor is that it retains the origin,
or reference image, from deployment to deployment, even if the
line of sight to the measurement target is interrupted. The origin is
preserved by the stability of the optics and the targets. Other sen-
sors that could have been used to take these measurements, such as
interferometers, provide comparable resolution but do not measure
position,only displacement with respectto an arbitrary origin. That
origin is lost if the laser is interrupted. Other sensors, such as eddy-
current probes, rely on the stability of their voltage power supplies
for the long-term stability of their reference origin. The videometer
used in the present study avoids these problems and is a low-cost
solution for this type of measurement.

Because this measurement system was a somewhat unconven-
tional, it was important to find out whether its measurements would
be reliable. Therefore, an experiment was set up to evaluate those
measurements against an interferometer.

The camera was set up in the configurationshown in Fig. 5. A flat
target located on a displacement stage was moved in its own plane

Mirror Lamp

\“\
R L\
Interferometer % %
Q /
Q
255 degE; Y
-ili
| II I
_ ﬁm
B picomotor

Video Camera
] |
f A 1

46.5 cm

Target

Fig. 5 Videometry verification testing apparatus.

(verticallyin Fig. 5) by a motor in controlledsteps of approximately
300 nm and was illuminated by the lamp after every step. The cam-
era then took a series of images that were averaged and used to
determine the target’s displacement. These displacement measure-
ments were then compared with those taken simultaneously by a
laser interferometer with known sources of error. The interferom-
eter was positioned relative to the displacement stage such that it
measured the position of the stage in the direction of motion. The
camera can collectimages to form a single averaged image at a rate
of one per second.

Postprocessingof the images made it possible to measure shiftsin
the target with a resolution on the order of 0.001 pixels. The results
(in pixels) of the image postprocessing are plotted against the dis-
placement (in nanometers) measured by the interferometeras circles
in Fig. 6. The image calibration line in Fig. 6 is the result of a cali-
bration, in which the target was replaced by the American National
Standards Institute/International Standards Organization Test Chart
No. 2.1% This test chart has different sizes of lines of known spacing
in both the horizontal and vertical directions. From an image of this
test chart, the number of nanometers represented by each pixel was
foundto be 9490 & 500 nm. The image calibrationline in Fig. 6 has,
therefore,a zero interceptand a 9490 nm/pixel slope. The £500-nm
error in this slope is represented by the dashed lines in Fig. 6. Note
that the videometry data are quite accurate, although they clearly
have a wandering bias with respect to the image calibration line.
All of the deployment measurements reported in this paper are less
than 1 pixel, and so a correcting algorithm using an estimator was
applied to avoid underestimating the measurements. It is estimated
that the accuracy of this algorithmis +0.006 pixels, or 100 nm.

Results and Discussion

The datafroma typical stow-and-deploycycleare shownin Fig. 7.
The y directionreferred to in Fig. 7 is the vertical axis of the target.
That axis is tangent to the tip of the panel as it deploys. (See Fig. 4
for the orientation of the y axis.) The x motion in Fig. 7 represents
the motion in the horizontal axis of the target, which is the direction
outof the plane in Fig. 4. Because the deploymenttakes place in the
directionof the angle 6 of Fig. 4, motionin the x directionrepresents
motion out of the plane of the deployment.

Figure 7 is a plot of the y position and x position of the tip
target against time for a 2.5-h period (9000 s). Note the difference
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Fig. 8 Calibration image for deployment data.

in the scales of the ordinates. The position measurements are taken
at 5 min intervals, at which time 10 images of the position target
are captured. Note that the measurements are in units of pixels, as
this is the unit the algorithm used to compute the shift in the image
from one time step to the next.

Initially, the structure is in its deployed and latched state. The
position measurements in Fig. 7 are consistent with this station-
ary state, although some small drift can be seen in the x direction.
Then, just before 4000 s, between measurements 12 and 13, the
latch was disengaged, the structure was stowed and it was then re-
deployed with reengagement of the latch. The measurements that
follow r =4000 s show a considerablechange in the y position and
a smaller change in the x position. Some settling of the position
then occurs, probably due to the change in the thermal environment
caused by opening the isolation chamber during the stow and de-
ploy. At the end of the time sequence, the measurements settle to
a final value. The change in deployed position is taken to be the
difference in the position before the deployment (measurement 12,
in this case) and at the end of the settling period (measurement25).
The change in deployed position is 0.3533 pixels in the y direction
and 0.0138 pixels in the x direction.

It would be more meaningful to record the changes in position
in micrometers rather than in pixels. The conversion from pixels to
micrometers is made by using a calibrating image (Fig. 8) as the

Table1 Sources of experimental error

Source of error Estimated value

Optical train misalignment £0.0005 pixels
Thermal settling +0.002 pixels
Videometry resolution £0.001 pixels
Videometry accuracy £0.006 pixels
Calibration error +200 nm

target. The same procedure that produced the image calibrationline
in Fig. 6 was used. The line spacing of this calibratingimage is 5.6
lines/mm in boththe x and y directions.Thus, the spacingof the lines
in pixels was determined (0.098 & 0.009 lines/pixel), and dividing
this by the line spacing in micrometers leads to a conversion of
17.440.2 pm/pixel. Therefore, for the stow-and-deploy sequence
in Fig. 7, the change in deployed positionis 6.15 4+ 0.07 um in the y
direction and 0.240 4 0.003 xm in the x direction, where the sited
uncertaintiesare due to calibration only.

The experimental error for each deployment measurement in-
cludes other uncertainties besides those due to the calibration. The
misalignments of the optical train, thermal variation, and uncer-
tainties introduced in processing the data must be included. The
estimates of these error values are givenin Table 1. These errors are
combined by noting that

dmicrons = deixcls (1)

where d is the measured position, and, therefore,

Omicrons — \/(Kapixcls)z + (dpixclsa-l()2 (2)

Using the maximum displacement in pixels, the maximum overall
uncertaintyof any deploymentmeasurementis calculated, therefore,
to be 120 nm.

Figure 9 is a scatter plot that displays the change in deployed
position, which occurred during 12 such stow-and-deploycycles. In
other words, each circle represents the relative change in position
from one deployment to the next (which is the difference between
positions 12 and 25 in Fig. 7). The data were collected over a period
of weeks. Outliers that were excluded from the analysis because of
mechanical or data acquisition failures are not shown on this graph.
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Fig. 9 Displacement data for 12 stow-and-deploy cycles.

Note that all of the data have now been converted from pixels to
microns.

As the example plotted in Fig. 7 would lead us to expect, the
changes in x position are much smaller than those in the y position.
The mean of these 12 deployments does not quite fall at the origin.
Rather, the mean is located at x = —0.099 um and y =0.172 pm,
marked by the plus sign in Fig. 9. The sample standard deviation of
the position measurements is calculated according to

1 N
S =y o = 3)
2 1 S o2
R DI ) )

i=1

where N is the total number of measurements and is equal to 12,
the barred quantities are the means, and x; and y; are the individual
measurements. Applying Egs. (3) and (4) to the lidar prototype data
resultsin an S, 0f 0.367 um and an S, of 3.902 um. These sample
standard deviations can be used to determine the standard deviation
of the mean of the deployed positions:

S: =S, /VN, S;=S,/vN (5)

The standard deviations of the deployed position means are, there-
fore,0.1 uminthe x directionand 1.1 um inthe y direction.Because
these standard deviations are greater than the means themselves, it
is concluded that there is no discernable positive or negative bias in
the deployment repeatability.

Comparison with ESDM Results

To compare the results of the lidar prototype with the ESDM
results, it is necessary to estimate statistically the infinite sample
statistics for each from the finite size sample sets involved. The set
for the lidar prototype has 12 measurements, and the ESDM results
have 40 measurements. To compare the infinite statistics of these
data sets of finite sample size, a statistical confidence interval is
determined for each set of results. This is done by assuming that the
distributionof measurements x is a normal distribution with a mean

value x; then the uncertaintyof a single sample x; can be determined
from

x, =%t S (P%) (6)

with a confidence probability of P%. In Eq. (6), v are the degrees of
freedomin the standarddeviation,and is the Student-f estimator for
the confidence interval of finite statistics. The Student-f estimator
corrects the Gaussian probability interval to obtain a larger interval
that accounts for the finite size of the sample set. The choice of
confidenceinterval P % is somewhatarbitrary. Following a common
convention, the 95% probability confidence interval was chosen.
Reference 14 lists a value of 2.201 for 7}, 954,. When Eq. (6) is
applied, the repeatability data for the lidar prototype have a 95%
confidence interval of 8.588 um in the y directionand 0.808 ym in
the x direction.

These results can be compared with those obtained on the ESDM.
The standard deviation of the deployment repeatability is given in
Ref. 2 for both a left and a right tip target. There were 40 measure-
ments in those sample sets, not 12, and so the Student-# correctoris
different. The right tip targethad S, of 0.83 and S, of 1.73, whereas
the left tip targethad S, of 1.47 and S, of 1.47. The standard devia-
tions are multiplied by #49 955, = 2.021 to obtain the 95% confidence
intervals.

The results are compared graphically in Fig. 10. In Fig. 10, the
hinge-axis direction in both the ESDM and the lidar prototype are
in the horizontal direction on the page. Note that, whereas the lidar
repeatabilityresultsin Fig. 9 do not scatterinto a perfectly elliptical
shape, an elliptical confidence interval has been drawn in Fig. 10 to
facilitate the comparison with the ESDM. The ellipses of Fig. 10
show that, whereas the deployment repeatability of the lidar proto-
type is better than that of the ESDM in the direction of the hinge
axis (x direction), it is worse than that of the ESDM in direction of
the angle of the deployment (y direction).

This comparison of the absolute repeatability of the two struc-
tures is a good way of evaluating their relative performance, but it
presents an incomplete picture. The difference in the kinematics of
the linkages, that is, the lengths, of the two designs is not taken into
account. These differences lead to different sensitivities of the tip
position to position errors in the latch mechanisms. The kinematic
links in the two structuresare shownin Fig. 11 and Table 2. The lidar
prototype in Fig. 11 is in the same orientation as it was in Fig. 4.
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Fig. 10 Comparison of raw confidence intervals for lidar prototype and ESDM.

(Note that the length a in Fig. 11 is in the a direction indicated in
Fig. 4 and that « in Fig. 11 measures the angle between the base
structure and the hinged structure at the location of the latch. Note
also that the location of the latch in the two structures is different.)
The characteristicsof the ESDM as compared to the lidar prototype
are presented in Table 3. Note that the ESDM has a larger length-
to-depth (L/D) ratio than the lidar prototype. Table 3 also lists, for
both structures, the nominal values of a, b, ¢, and «, as shown in
Fig. 11. The kinematic differencesbetween the two structuresresult
in tip positions that have different sensitivities to different errors.

As a result, the following normalization procedure is proposed:
the ratio of the sensitivitiesof the tip position to the latch position is
used as a normalizing factor between the two structures. In Fig. 11,
the length w representsdisplacementin the deploymentdirection of
the structure. The latches for the lidar prototype and the ESDM are
located on the linkage a, at the joint indicated by the angle «. The
sensitivity of a change in w with respectto a change in the position
of the latch can be found by differentiating the expression for w
with respect to the variable of interest.

The derivatives with respectto changesin b and ¢ in Table 2 indi-
cate the sensitivity of the tip displacement to off-axis motion of the
latch. The geometry of the lidar prototype reduces this sensitivity
with respect to the ESDM. However, there is a tradeoff: the sen-
sitivity of the tip to the axial position of the latch (derivative with
respect to a in both cases) is higher for the lidar prototype than for
the ESDM. Therefore, errors in the direction of latch closure will
be magnified by the kinematics of the lidar prototype.

To normalize for the different kinematics, ratios of the sensitivi-
ties are formed as normalizing factors. Because the direction of latch
closure is the one in which the most variationin the lidar prototype
is expected, this sensitivity is selected, and a normalization factor
of (1.05 pum/pum)/(1.49 pum/pum) = 0.70 is formed. Thus, the lidar
prototype confidence interval of 8.59 um is comparable to a con-
fidence interval of 8.59 um x 0.70 =6.05 pum for a structure with
ESDM-like kinematics. Note that this confidence interval is still
twice as big as the 95% confidence interval of the ESDM results
shown in Fig. 10. Based on this difference, we must acknowledge
thatsomething beyondthe kinematicdifference of the two structures
has influenced the deployment repeatability results.

In all probability, that something is the repeatability of the latch
itself. Repeated deploymentsof the test article demonstrated vividly
that the “goodness,” or accuracy, of the latch fit was extremely

O Hinge joint
O Latch joint
(o]
:
1 )
c | Force of Force of
| gravity :
X gravity
b
o l
w o : o}
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Fig. 11 Kinematic sensitivity of the lidar prototype and ESDM.

Table 2 Kinematic sensitivity of the lidar

prototype and ESDM
Lidar prototype ESDM
w=csin(90° —a) —a w=>~bcos(180° —«)
dw dw
— =-149 —=-1.05
da da
dw dw
— =42.37 — =432
de db

sensitive to the manufacture and assembly of the latch parts. Sev-
eral adjustments were made on the assembled structure, and the
locking mechanism underwent some remachining, even though the
parts had been manufactured within the tolerances of 0.000254 m
(dimensional) and +0.5 deg (angular) stipulated in the original
design.!® The data presented were obtained after all adjustments
had been made. Nevertheless, it was observed that the latch did not
perform entirely as anticipated. In particular, the right flange lock
fitting did not extend as fully as the left-side flange. This asymmetry
may have altered the amount of preload applied to the lug half of the
latch and may, in part, account for the decreased repeatability com-
pared with that of the ESDM. Note also that the gravity loading, as
shown in Fig. 11, is different for the two structures and has a differ-
ent effect on the latch. For the lidar prototype, the gravity loading
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Table3 Comparison of the lidar prototype and ESDM test articles

Test
article Material Design L/D a,m bym c¢,m «,deg
Lidar KI135U/954-3  Strut 1.54 0.41 0.78 0.97 50.9
plated, layup deployment
[0/—60/60/
—60/0]
ESDM Graphite-epoxy Trusslike 344 0.26 1.10 1.14 93.0
tubes, layup deployment
unidirectional
Table4 Lidar prototype latch repeatability data
Cycle Ax, pum, £0.1 um Aa, pm, 0.1 pum
Data set 1
1 7.7 1.0
2 1.3 —0.1
3 =33 2.9
4 —0.4 1.1
Data set 2
1 0.3 4.2
2 —-1.3 —6.0
3 3.9 3.2
4 —1.8 -3.0
5 1.2 -3.2
Data set 3
1 1.8 3.7
2 —6.2 —9.6
3 3.1 13.5

tends to open the latch; for the ESDM, the gravity loading tends
to close the latch. Thus, gravity unfavorably biases the preload of
the lidar prototype latch with respect to the ESDM latch. Although
the force of gravity itself should not affect the repeatability of the
structures (because the orientation of the test article was constant
during all of the deployment experiments), it may indirectly affect
the results because of the differing magnitude and orientationof the
preload vector that gravity applies to the mechanisms. Changing
the setup of the lidar prototype so that its orientation would match
that of the ESDM was considered for these experiments, but was
found to be inadvisable because it would require a reorientation of
the optics bench as well.

Examination of the Lidar Prototype Latch

Previous work® determined that the uncertainty in the deployed
positionof the ESDM couldbe correlated to within 80%, with an im-
precisionin the latch projected through the kinematics of the truss.
Is it possible to account for the uncertainty in the deployed position
of the lidar prototype in the same way? To test the hypothesis that
an imprecision in the latch is responsible for the deployment un-
certainty of the structure, an experiment was conducted to test the
repeatability of the latch itself in situ.

The same apparatusshownin Fig. 4 was used for the latchrepeata-
bility tests, although, in this case, two targets were used: One was
fixed to the underside of the lidar prototype base structure, whereas
the other was mounted to the traveling part of the latch. (A special
bracket had to be designed and fixed to the latch to allow this.) The
mirror was repositioned under the latch, so that when the structure
is in the deployed-and-latchal position, both of the targets are in
the camera field of view. See Fig. 12 for one such image taken by
the camera. Thus, the position of the traveling part of the latch can
be compared with the position of the part that remains fixed to the
lidar prototype.

The lidar prototype was cycled through several stow-and-deploy
sequences as before, only this time, it was the position of the latch
that was measured. Three sets of data were taken, as shown in
Table 4, with each set containing a number of stow-and-deploy cy-
cles. Very little drift of the measured position was detected in the
data. Table 4 lists the changes in position (in microns) for each of
the stow-and-deploy cycle. Note that x is the same direction used
in the earlier experiments but that the y direction has been replaced

o]
(@]

Image y-direction [pixels]

50 100 150 200 250 300
Image x-direction [pixels]

Fig. 12 Target image for latch repeatability experiments.

with the a direction (see Fig. 4 for the orientation of these vectors).
The change in position is taken to be the difference of the mean
sampled position immediately before the stow and deploy and the
mean sampled position immediately after the stow and deploy. This
is slightly different from the way the repeatability was measured
in the earlier repeatability tests, in which the final position was not
the one immediately after the stow and deploy but at the end of a
1.5-h postdeployment settling period. The postdeploymentsettling
accounts for the thermal changes introduced by opening the test
chamber during the stow and deploy. Because there seemed to be
no discernable drift in the latch position after the stow and deploy,
a postdeployment settling period was deemed unnecessary in this
case.

The mean of the measurements in the x and a directions are
0.55 and 0.64 pum, respectively. The sample standard deviations are
S, =3.59 um and S, =5.85 um. Because 12 sample points were
used to calculate these measurements, the 95% confidence interval
can be found using Eq. (6) and the same value of #;; 954, (Ref. 11)
as before, producing 95% confidence intervalsof 7.90 um in x and
12.89 um in a.

The a direction is the axis along which the mating of the two
halves of the latch takes place. This is the deployment direction
and the direction of the application of the preload. Thus, a lack of
repeatability of the preload application, as discussed earlier, would
account for the lack of repeatability of the latch in this direction.
Another factor that might influence the mechanism in this direc-
tion is the misalignment of the two halves of the latch. From the
sensitivity analysis in Table 2, dw/da = —1.49. Thus, by applying
simple kinematics, the 12.89-um confidence interval at the latch in
the a direction produces a confidence interval of 19.21 um at the
tip of the structure. This quite surpasses the confidence interval of
8.588 um that was actually measured at the tip, and overpredictsit
by 224%. In fact, the difference in the size of the confidence inter-
vals implies that the mechanics of the structure itself are reducing
the uncertainty that one would expect from a simple kinematic pro-
jection of the latch uncertainty. In other words, repeatability of the
mechanisms may not be the only factor in the repeatability of the
structure because the redundancy of the structureitself must also be
taken into account.

The x direction of the latch is perpendicular to the mating direc-
tion, in the plane of the table. The latch is very much constrained
in this direction, and it is unlikely that the measured imprecision is
due to translation of the latch. Rather, it seems much more likely
that the displacements measured in this direction are actually ro-
tations of the latch about the a axis, projected onto the x direc-
tion because neither part of the latch is well constrained against
such a rotation. Because of the two hinges connecting the A-frame
of the structure to the base, the rotation of the latch (and, therefore,
the strut connecting the base to the A-frame) has little effect on
the repeatability of the structure. However, too much rotation could
cause a misalignment of the latching halves, which would result in
greater a-direction imprecision.
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Conclusions

This paper reports on experiments that determined the structural
deployment repeatability of a deployable space telescope reflector
panel. In particular, these experiments measured the change in the
panel’s tip position as the test article went through multiple stow-
and-deploy cycles. The tip position was measured in both the di-
rection of the deployment (the latch—unlatch direction of the de-
ployment latch) and in the hinge—axis direction of the structure.
The repeatability of the lidar prototype is comparable to that of
the most precise structure of similar size measured to date, the
ESDM. Thus, the ESDM is not a unique structure in achieving
high deploymentrepeatability. The deployment repeatability in the
hinge—axis direction of the lidar prototype was significantly better
than that achieved on the ESDM. However, the level of deploy-
ment imprecision in the latch—unlatch direction was twice that of
the ESDM results. The latch—unlatch direction is the most criti-
cal for the performance of the telescope, and so repeatability in
this direction is of greater concern. When a normalization proce-
dure was applied to take the kinematic differences between the
two structures into account, the repeatability of the lidar prototype
was still not as good in the deployment direction as that of the
ESDM.

Examination of the lidar prototype latch showed that the uncer-
tainty of the position of the latch fully accounted for the uncertainty
in position measured at the tip of the panel. The ESDM uncertainty
has been correlated to within 80% with the uncertainty in its latch.
Thus, the repeatability of the latching mechanism dominates the re-
peatability of both of these structures. Consequently, an appropriate
method of predicting the repeatability of these structures would be
the projection of the repeatability of all of the mechanisms (mea-
sured with the proper vectoralloads applied) through the kinematics
of the structures. For some structures, this prediction may be con-
servative because it does not take the redundancy of the structure
into account. The lidar prototype is one such structure because the
uncertainty predicted by applying the kinematics of the structure
to the latch repeatability results exceeded the uncertainty that was
actually measured by 224%.
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