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Design Evaluation of a Large Deployable Mesh Reflector
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The deployment force over the deployment resistance force must be considered in the deployment force design
of deployable mesh reflectors. Deployment tests are usually conducted on the ground using gravitational force
compensation to evaluate the deployment force design. The design evaluations resulting from deployment tests
using a test object with a diameter of 7 m are described. Twenty-four magnetically suspended sliders were also
used to suspend the test object to reduce the frictional loss of horizontal motion and to compensate for gravita-
tional force. The deployment force is designed as three times the mesh reaction force and is generated by helical
coil springs. The complete deployment performance is confirmed by three deployment tests. An increase in the
deployment resistance force is verified through asynchronous deployment of the deployable structures and the
gravitational force compensation error of the mesh surface. Surface accuracy tests and static load tests under the
same configurations as the deployment test were conducted to confirm that a large deployable mesh reflector with
a 1.0-mm-rms error surface and 0.13-Hz structural rigidity can be achieved.
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Introduction

ARGE onboard antennas are required in the field of mobile

satellite communications using a geostationary orbit and mi-
crowave power transmissions, as well as for space observations.! —
These antennas require aperture diameters of over 10 m. Vari-
ous structural concepts have been proposed for large deployable
reflectors. These concepts can be classified into two categories:
inflatable-type reflectors*> and metal-mesh-type reflectors = The
inflatable-type reflector shape is maintained by a thin film surface,
which is expanded by gases. The shape of a metal-mesh-type re-
flector is maintained by the mesh surface, which is supported by
cable networks and rigid deployable structures. Different aspects of
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metal mesh surfaces have been studied to construct highly accurate
reflectors. Antennas for communication satellites also require an
offset-type reflector to avoid blocking by feeders.

The mesh surface generates the maximum reaction force just be-
fore deployment completion. Frictional force in the hinges and the
gravitational force acting on the structure act as resistance forces
that disturb the deployment. A deployable structure must exert suf-
ficient deployment force against these resistance forces. However,
increasingthe deploymentforce necessitatesa heavierreflector with
huge deploymentmechanisms. Therefore, the deployment force de-
sign must offer the optimum deployment force. Deployment tests
under quasi-staticconditions are necessary to compare the results of
the deploymentanalyses. Springs are suitable for generating the de-
ployment force. Motors and cables are also suitable for controlling
the deploying velocity when deploying a large mesh reflector.”~!!
Large deployable reflectors also require a 1.0-mm-rms surface ac-
curacy and over 0.1-Hz structuralrigidity. Evaluation of these char-
acteristicsunder microgravity conditionsis an importantelement in
developing large deployable antennas.

There are severalmethods to obtain microgravity conditions,such
as using the parabolicflight of an airplane,a space environment, free
fall in a vacuum tube, or the buoyant force in water. They each have
both advantages and disadvantages in terms of cost, facilitation,
testing time, dimensions of the test objects, and damage to the test
objects. For example, a microgravity experimentusing the parabolic
flight of an airplane is often conducted in deployment tests for de-
ployable space structures. This method offers a good microgravity
environment, but the scale of the test object is restricted to 20 m
(Iength) X5 m (width) X2.5 m (height), and the continuous testing
time is restricted to 30 s (in the case of the Airbus A300). Therefore,
this test method is mainly used to confirm the deployment functions
of a basic test object.

Various test methods on the groundhave been adopted to testlarge
spacedeployablestructures.For example,counterweightswere used
on the tension truss antennaof the MUSES-B satelliteto compensate
for the gravity effect of the six extendible masts; balloons were also
used for the reflector surface.” This method is suitable for a deploy-
able structure with a simple and straightforwarddeploymentlocus;
however, it is difficult to apply to an offset-type reflector because of
the complex deployment locus. The Hexa-Link Truss structure, an
offsetreflector, was suspendedby cables from a high ceiling during
the deploymenttest under gravity compensation.!? This test method
can follow a three-dimensional motion, but the resisting forces in-
crease as deployment progresses because the cable slant increases.
An appropriatetest method is required to obtain test data repeatedly
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in the research phase. Verification of the deployment characteristics
of alarge mesh reflector under high-precisiongravity-compensating
conditions has not yet been reported.

We have presented a deployment test method for a large deploy-
able mesh reflector using a newly developed deployment test sys-
tem, as described in Ref. 11. The paper clarified the high-precision
deployment test methods by comparing the suspension techniques
using magneticallysuspendedsliders. We will apply thattestmethod
to the deployment test of a test object with a diameter of 7 m and
evaluate the deployment characteristics. This process is essential to
establish the design method for a full-scale reflector (aperture di-
ameter of 10 m) with the same design concept. This paper aims to
estimate the deploymentcharacteristics,surface accuracy,and struc-
tural rigidity of a 10-m-class deployablereflector that is difficult to
test on the ground. This will be achieved through tests and calcula-
tions using a 7-m-diam test object, representing the center part of
a full-scale reflector. Practical knowledge regarding the character-
istics of a full-scale reflector can obtained from the test object. The
mechanicalcharacteristicsof a full-scalereflectorare also estimated
in this study.

We will first describe the structural concept of the 7-m-diam test
object. Next, we characterize the deployment test methods for the
test object, applying the results obtained in previous research'! that
verified that the most effective hanging method uses magnetically
suspended sliders. The deployment characteristicsare then clarified
by an evaluationof the deploymentforce margin and the deployment
resistance force. Finally, the mechanical characteristics, including
the surface accuracy and structural rigidity, are determined by sur-
face measurements and static load tests.

Deployment Force Design
Deployable Structure!!

The test object described in this paper and shown in Fig. 1b
has a diameter of 7 m, representing the center part of a full-scale
10-m-diamreflector, shownin Fig. 1a. This test objectis constructed
from seven hexagonal pyramid-shaped structures. The structure
parts are depicted in Fig. 2. The deployment force is provided by
helical coil springs equipped on both sides of the top bending bars.
The deploying velocity is controlled using deploying velocity con-
trol mechanisms. The locations of the deploying velocity control

Deploying velocity
control mechanism
(6 sets)

a) Full-scale, 10-m-diam reflector

Deploying velocity
control mechanism
(6 sets)

b) 7-m-diam test object

Fig. 1 Configurations of a full-scale reflector and test object.!!
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Fig. 2 Structure parts of the deployable structure.!!
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Fig. 3 Side view of the deployable structure.

mechanisms are shown in Fig. 1. The deploying velocity control
mechanisms in the test object are located in the same positions as
on the full-scale reflector.

Mesh Surface

The side view of the deployable structure is shown in Fig. 3.
The mesh surface is supported by a cable network to maintain its
parabolic shape. The surface and back cables are made of Kevlar
149 (the core; Kevlar is a trademark of Dupont) and Cornex (the
envelope; Cornex is a trademark of Teijin). The tie cords (with a
diameter of 0.2 mm) are made of Kevlar 49 (the core) and Cornex
(the envelope). The test object was constructed with a substitute
mesh thatsimulatesthe surface density and mesh stiffness, instead of
a metal mesh made of gold-plated molybdenum wire. The substitute
mesh is 80% nylon and 20% polyurethane with a surface density
of 78.9 g/m? (the metal mesh is 51.9 g/m?). A slight surface error
occursunder gravity conditionsbecause of the differencesin surface
densities. The analyticalmodel for calculatingthe surface shapeuses
the properties of the substitute mesh.

Deployment Force

The mesh reactionforce increases in the last stage of deployment,
and the frictional force of the hinges is always present during de-
ployment. The most important factor in deployment force design is
generating sufficient deployment force to the top bending bars over
the deployment resistance forces. A flowchart of the deployment
force design is shown in Fig. 4. First, R,, at the standoffs is calcu-
lated from the surface shape analysis. This value is treated as the
interface condition between the mesh surface and the deployable
structure. Next, the deployment force of the deployable structure is
calculated based on the interface value of the mesh reaction force.
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Fig. 5 Installation of helical coil springs on the top bending bar.

The deployment resistance forces in addition to the mesh reaction
force are the frictional force at the hinges R, and the gravity effects
on the structure parts R,. The R; and R, tend to increase as the
deployable structures are enlarged. The deployment force margin
T is defined as the difference between F and the total deployment
resistanceforce (R,, + R, + R,). The structuredeploysunderapos-
itive value of T. However, the mass of the springs and structures
increases with increases in F. Deployment force F is assumed to
be 3R,, because the values of R, and R, are difficult to estimate. In
this case, the structure can deploy at R, + R, < 2R,,.

Spring Torque

The installation of the helical coil springs onto the top bending
baris shown in Fig. 5. Two sets of springs are located at both sides
of the top bending bar. The deploying torque, 3.14 Nm in the stowed
position and 1.568 Nm when deployed, is generated by one set of
coil springs. The deployment force in the deployment direction is
converted from the deploying torque generated by the helical coil
springs. The relationshipbetween the deploymentangle and the de-
ployment force is shown in Fig. 6. The deploymentresistance force
from friction was about 5% of the deployment force. The frictional
loss was obtained by comparing the torque data of the springs and
the deployment force measured by the top bending bars. Calibrated
push-pull gauges were used to measure the deployment force of the
top bending bars. The deployment force drop caused by the gravita-
tional force at the top bending bars was about20% of the deployment
force. The deployment force was calculated within 5% accuracy

Fig. 6 Deployment force profile of the top bending bar (calculated).
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Fig. 7 Deployment force profile of the top bending bar (measured).

using the existing spring torque. Over three times the mesh reaction
force as the interface value was deduced by calculations under the
existing frictional loss and gravitational force at the top bending
bars.

Evaluation of the Deployment Force

The deployment force design using the preceding method was
evaluated by experiments using a one-sided part of the deployable
structure. The deployment angle was measured by potentiometers
attached to the upper hinges. The deployment force was measured
by a push-pull gauge on the linear stage. The deploymentangle and
the deployment force are compared in Fig. 7. The deployment is
complete when the deploymentangles of all of the top bending bars
reach 180 deg. However, the deployment angles of the top bending
bars differ beyond a deploymentangle of 177 deg because the latch
progressessequentially. Therefore, the measured data of the deploy-
ment force margin are plotted to a deploymentangle of 177 deg. The
deploymentforce was calculated within £5% accuracy using the ex-
isting spring torque. The deployment force and deployment angle
were measured within £5% and +0.1-deg accuracy using the exist-
ing hardware and instrumentation. The deployment force generated
by the coil springs was confirmed as over three times that of the
mesh reaction force under our measurement conditions.
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Evaluation of the Mesh Reaction Force

The surface shape was adjusted to achieve the required surface
accuracy of 1.0 mm rms before the deployment tests. The results
of the surface adjustments are described later in this paper. The
reaction forces of the surface cable and the back cable were 32.3 N
and 16.7N, and so the total value of the meshreactionforce was 49 N
at the interface point of the standoff. There were some errors in the
tension, the length,and the fixed positionof the cable network. These
errors occurred at the node fixation and tension addition when the
cable networks were constructed. An error analysis was conducted
to determine the permissible range of errors. The tension errors and
the initial length errors of all of the cables were given at random
usingaregulardistribution. The adjustmentconditionsof the surface
shape were then determined, without any slack in the mesh surface
under gravity conditions. The tension errors of the surface cable and
the back cable were £25 and £35% and the length error of the cable
was £0.2 mm.

Deployment Test
Test Configuration

A magnetically suspended slider test facility!! was used for the
deploymenttests of the test object. The facility was 7.5 X 8.0 m, and
the height from the floor was 6 m. The test object was suspended
by 24 magnetically suspended sliders. The deployment test facility
enables maximum drag with a horizontal motion of less than 0.25 N
and a cable tension control precision of within 0.25 N.

The deployablestructure and mesh surface were constructed sep-
arately and connected to each other on the standoffs, satisfying the
interface conditionsdescribed.Figure 8 shows the test configuration
of the deploymenttest. The suspensionpoints of the test object were
determined by applying the results of previous research.!! Twenty-
four points, 12 for the outer bars and 12 for the inside pantograph
bars, were suspendedvertically,and the gravitationalforce was com-
pensated by the magnetically suspended sliders. The gravitational
force acting on the mesh surface behaves as a deploymentresistance
force, even if sliders are used to suspend the deployable structure.
This effect appears after the deployment angle reaches 170 deg.
Therefore, the mesh surface was hung by 13 points from the ceil-
ing plate after the deployment angle reached 150 deg to reduce
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Fig. 8 Deployment test configuration.
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the deployment resistance force (13.7 N at a deployment angle of
170 deg).

Measurement Method

The deployment force margins (the difference between the de-
ployment force and the deployment resistance forces) were mea-
sured in the deployment test using the 7-m test object. Strain gauges
were used to measure the deployment force margin, based on the
tension of the deploying velocity control cable. The deploymentan-
gle was measured by a potentiometer attached to the hinges of the
top bending bars. Synchronous deployment was observed by mi-
croswitches equipped in the latch mechanisms of the top bending
bars. The locations of these sensors are shown in Fig. 9.

Deployment Analysis

The deployable structure deploys under a slow movement of
hinges using deploying velocity control mechanisms. The effects
on the deployment force from the velocity and the acceleration of
the structure are negligibly small. A quasi-static analysis, which
always treats the velocity and the acceleration of the structure as
zero, can be applied to provide highly accurate calculations. We
used ADAMS (Mechanical Dynamics, Inc., trademark) Mechanism
Analysis Software for the quasi-static deploying analysis.

Deployment Test Results
Test Results

The suspension cables cannot be positioned vertically when the
test object is completely stowed because of the stowed dimensions
of the 24 sliders. The deployable structure of the test object does
nothave any singularhinge allocations for a large deployment force
or large deploying resistance force. The mesh reaction force is very
smalluntil the deploymentanglereaches 150 deg. Therefore, the de-
ployment test began at & =50 deg and the deployment force design
was mainly evaluated after 6 =168 deg. Deployment takes about
20 min. The relationship between the deploymentangle and the de-
ploymentforce margin (the tension of the deploying velocity control
cable), measuredin the deploymenttest, is shown in Fig. 10. The de-
ployment force and deployment angle were measured within £5%
and *0.1-deg accuracy using existing hardware and instrumenta-
tion. The deployment force margin is always maintained within a
positive value during deploymenteven if the value drops to less than
10 N.

As stated, the deployment resistance forces can be classified into
the mesh reaction force and other resistance forces. A three-times
mesh reaction force is provided to the interface value between the
mesh surface and the deployable structure. The other resistance
forces are classified into the frictionalforces at the hinges and gravi-
tationalforce acting on the mesh surface. The deploymentresistance
force caused by the gravitational force of the mesh surface increases
as deployment progresses. The differences between the first latch
and the final latch in the six latch signals in three deployment tests
were 162, 172, and 156 s, although the test object was designed as
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Fig. 10 Comparison of calculated and measured deployment force
margins.
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a synchronous deployable structure. The gravitational force com-
pensation error of the mesh surface and the deployment resistance
forces caused by asynchronization are discussed in the following
section.

Gravitational Force Compensation Error of the Mesh Surface

The gravitational force acting on the mesh surface was compen-
sated by hanging from 13 points on the mesh surface at deployment
completionbecause of the test configurationrestrictions. Therefore,
the gravitational force could not be compensated perfectly at a de-
ployment angle of 150-180 deg. The deployment resistance force
was calculated after the gravitational force compensation of the
mesh surface under the assumption that some mesh mass cannot
be compensated near the standoffs. The suspension positions of the
mesh surface for gravity compensation were placed on the positions
of deploymentcompletion. Therefore, gravity could not be compen-
sated perfectly during deployment. The compensation error of the
gravitational force was estimated at about 30% of the mesh reaction
force at a deployment angle of 168 deg and decreased to 5% as
deploymentprogressed. In a space environment, this value is added
to the deployment force margin because the resistance force is not
generated in microgravity conditions.

Asynchronous Effect

Asynchronicity is caused by distortion of the longitudinal bars.
Twelve longitudinal bars are placed on both the outer positions and
inner positions of the test object. We observed the bending of the
innerlongitudinalbars during the deploymenttest. The 12 outerbars
reinforce the outer longitudinal bars of the test object. However, the
innerlongitudinalbars could not be reinforced because of structural
restrictions. We believe that the bending of inner longitudinal bars
restricts the synchronicity of the structure.

Other reasons for the bending of the inner longitudinal bars are
the releasing velocity error of the controlcables from the six deploy-
ing velocity control mechanisms and the imbalance in the tension
of the hanging cables. The former seems to be caused by an error in
the diameter of the drum in the deploying velocity control mecha-
nism. This error is estimated at 2-4 mm because of the steps of the
wound control cables in the six deploying velocity control mech-
anisms. Hanging the cables at 24 separate points causes this. It is
difficult to eliminate these minor errors. Asynchronicity occurs for
the various reasons mentioned, and the deployment resistance force
increases. This value also exists in a space environment because
the asynchronicityrelates to the structural design. It was confirmed
that a threefold mesh reaction force is necessary for the deployment
force.

Achieved Characteristics of the Mesh Reflector

The test object we used was also evaluated by a surface measure-
ment test and static load test. These tests were conducted continu-
ously using the same test facility. The total test period was about
one month, including the reappearance tests.

Mesh Surface Accuracy

The surface shape was adjusted by changing the length of the tie
cords, as shown in Fig. 3. The calculations of the adjustment val-
ues and the adjustments were repeated in the shape measurements
process, aiming at a surface accuracy target value of 1.0 mm rms
and a deployment reappearance error of 1.0 mm rms. These values
were distributedconsidering 1.8 mm rms of thermal distortionerror,
0.3 mm rms of both measurement and moisture absorption errors,
and 0.5 mm rms of gravity distortion compensation error. The sur-
face shape was determinedby measuring the 205 points on the mesh
surface node, and the 12 points on the standoffs on the outside of
the deployable structure using a three-dimensional optical theodo-
lite system. The difference between the measured surface shape and
the ideal surface shape was calculated to determine the adjustment
values at the nodes.

The results of the surface adjustments and shape measurements
are shown in Fig. 11. The measurement error allowance was within
+0.1 mm rms of the optical theodolite system. The surface shape
error for the surface cable node of 205 points was reduced from

Table1 Natural frequency and vibration mode

Order Frequency, Hz Mode
1 0.38 Reflector, in-plane, bending (z axis)
2 0.52 Reflector, out-of-plane, bending (y axis)
3~9 1.11~1.12 Truss structure, local mode
10 1.26 Reflector, torsion (x axis)
10 T T
o | 1
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Surface shape adjustments

Fig. 11 Measured results of the surface shape error.

7.04 to 0.96 mm rms by making three surface adjustments. This
resultindicatesthe efficiency of the surface adjustments. The surface
accuracy was also measured by repeatedly folding and unfolding
the mesh surface after the surface adjustment. The surface accuracy
of 0.5 mm rms was restored after three adjustments. We confirmed
that the surface shape approximationerror was maintained to within
1.0 mm rms, based on the deploying measurements.

Structural Rigidity

The structural rigidity was measured by a static load test us-
ing magnetically suspended sliders. The test object was attached to
the simulated satellite bus by connecting a reflector support struc-
ture. The natural frequency was calculated by MSC/NASTRAN
(MacNeal-Schwendler Corp. trademark) structural analysis soft-
ware using a deployed analytical model after completing the stiff-
ness tuning. The rotation stiffness of the hinges of the reflector sup-
port structure is dominant in the in-plane distortion of the reflector.
Therefore, stiffness tuningis initially conducted around the reflector
supportstructure. Next, the rigidity of the reflector with the reflector
supportstructure is tuned using the mesh stiffness and truss stiffness
obtained from the static load test. The reflector shape was measured
using a three-dimensional optical theodolite system by changing
the suspension force of the test object. The suspension force was
changed to +0.98, +1.96, and +0.98 N for the nominal values of
the suspensionforce in the surface accuracy test. The measurement
points of the surface shape were the 12 points of the standoffs, the
12 points of the surface nodes connected to the tie cords on the de-
ployable structures, and the 7 points of surface nodes placed at the
center of each hexagonal structure.

The parameters of the structural rigidity were the Young’s mod-
ulus of each structure part, the rotation stiffness of the hinges at
the reflector support structure, and the axial stiffness of the cables.
These parameters are measured independently. Other parameters
also contributed to the natural frequency of the test object with the
reflector support structure. However, it is difficult to identify the
effects of all of the parameters. Therefore, the analytical model was
tuned using the preceding three parameters. The results are givenin
Table 1. The first naturalfrequency was 0.38 = 0.1 Hz. The structure
maintained sufficient structural rigidity.

The structural rigidity of a 10-m full-scale reflector was also es-
timated. The reflector was simulated as a disk because the reflec-
tor support structure influences reflector distortion. The equation
27 f, = (k/ I)"? represents the relationshipsof k, f;, and I. For the
7-m-diam test object, k was calculated at 6.33 X 10° Nm/rad be-
cause I was 1.11 X 10 kgm?. For a 10-m full-scale reflector, f; is
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Table2 Masses of the 7-m-diam test object
and a 10-m-diam full-scale reflector

10-m full-scale

7-m test object reflector

Construction (measured), kg (estimated), kg
Mesh surface 3.9% 11.4°
Twine prevention membrane 1.0 7.2
Deployable structure 30.9 47.5
Deploying velocity control mechanism 5.0 10.9
Reflector support structure 3.6 3.6

Total mass 44.4 80.6

Substitute mesh. °Metal mesh.

0.13 £ 0.03 Hz because I was 9.18 X 10° kgm?. We then confirmed
that the first natural frequency was maintainedat over 0.1 Hz, which
is required for attitude control in antenna pointing.

Mass of the Mesh Reflector

Most parts of the deployable structure are comprised of carbon
fiber reinforced plastics. The hinges and connecting parts are made
of an aluminum alloy. The top bending bars are forced by compres-
sion, and the bottom bending bars are forced by tension applied to
the lightweight design. The measured mass of the test object and
the estimated mass of the full-scale reflector are shown in Table 2.
The 7-m-diam test object designed and evaluated in this paper had
a44.4-kg mass. The test object was constructed using different ma-
terials than used in the flight model. The estimated mass of a 10-m
full-scale reflector with the materials used for the flight model is
80.6 kg. The reflector mass achieved was less than 100 kg, which
is required for the mass distribution of a 2-ton class geostationary
satellite. The area of the mesh surface was 97 m?, indicating that a
10-m class mesh reflector with a surface density of 0.79 kg/m* can
be realized from this study.

Conclusion

This paper described the deployment characteristics of a
7-m-diam test object that is a partial model of a 10-m-diam mesh
reflector with a surface accuracy of 1.0 mm rms. The surface accu-
racy and rigidity were also evaluated by surface measurement tests
and static load tests. The test object was constructed by removing
the peripheral elements from a full-scale reflector. The deploying
velocity control mechanisms were placed in the same positions as
they are on a full-scale reflector. Practical knowledge regarding the
characteristics of a full-scalereflector was obtained from this study
and is summarized as follows.

1) Three complete deployments of the 7-m test object were
achieved, and control of the deploying velocity and deployment
functionswas demonstrated.It was confirmed that a 10-m-diamfull-
scalereflector with the same structuraldesign would deployin space.

2) The mesh reaction force was obtained as the design value. It
was confirmed that the deploying resistance force caused by the
gravitational force on the mesh surface was 5-30% of the mesh
reaction force in the ground tests.

3) Most deployment resistance forces were caused by deploying
asynchronicity. The cause of the asynchronicity was considered to
be the bending of the longitudinal bars and a winding error of the
cable at the drums of the deploying velocity control mechanisms. It
was clarified that a deployment force at least three times the mesh
reaction force is necessary for the deployment force design.

4) Surface accuracy was achieved after three courses of adjust-
ments and measurements. Restoration of the surface accuracy after

three folding and unfolding measurements was also confirmed by
the test. It was determined that the full-scalereflector would achieve
sufficient surface accuracy using the evaluated design method.

5) The predicted natural frequency of a 10-m full-scale reflector
was achieved at 0.13 Hz, which meets the required value of over
0.1 Hz, using the test objects with a static load test and analysis.

6) The estimated mass of a 10-m-diam mesh reflector with a
surface accuracy of 1.0 mm-rms error is 80.6 kg, and the achieved
surface density is 0.79 kg/m?.
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