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Abstract. An architecture and conceptual design for a robotically assembled, modular space telescope
(RAMST) that enables extremely large space telescopes to be conceived is presented. The distinguishing features of the RAMST architecture compared with prior concepts include the use of a modular deployable structure, a general-purpose robot, and advanced metrology, with the option of formation flying. To demonstrate the
feasibility of the robotic assembly concept, we present a reference design using the RAMST architecture for a
formation flying 100-m telescope that is assembled in Earth orbit and operated at the Sun–Earth Lagrange Point
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1

Introduction

The aperture size of astronomical telescopes has followed an
increasing trend over time to achieve ever-greater light-gathering ability and angular resolution, advancing our scientific
understanding of planets, stars, and galaxies, and probing deeper
into the universe. Initially limited by the ability to fabricate large
monolithic mirrors or lenses, the advent of segmented telescopes
and associated wavefront control technologies enabled new
ground-based telescopes to be built with apertures on the
order of tens of meters in diameter. These telescopes, however,
are fundamentally limited by atmospheric distortion and absorption and by their fixed location on the rotating Earth. Spacebased telescopes avoid these disadvantages but are subject to
additional constraints, including severe limitations on overall
launch vehicle volume and mass capacity. Both ground- and
space-based telescopes are, of course, also limited by overall
cost to justify scientific return.
In this paper, we present an architecture and conceptual
design for a robotically assembled, modular space telescope
(RAMST) that overcomes these volume and mass limitations,
allowing telescope components to be launched incrementally.
This capability enables extremely large space telescopes to be
conceived, and smaller telescopes to leverage secondary launch
payload options, lowering their cost. Our goal here is to address
the principal technical challenges associated with such an architecture, so that future concept studies addressing a particular
science driver can consider robotically assembled telescopes
in their trade space. The principal features of this architecture
include a primary mirror constructed using a modular deployable structure, a general-purpose robot to assemble the telescope
and be available for subsequent servicing tasks, and advanced
metrology technologies to support the assembly as well as
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wavefront control during operation. An additional optional feature included in the architecture is the possibility of formation
flying the separate components of the telescope. This particular
combination of features provides a system architecture that is
scalable to a wide range of telescope sizes and is not limited
to a particular optical design.
A particular telescope configuration that is presented in this
paper is a five-mirror F∕4 telescope including a 100-m spherical
primary mirror and four mirrors in a spherical aberration corrector, as shown in Fig. 1, with intended operation around the
Sun–Earth Lagrange Point 2 (SEL2), as a successor to the
James Webb Space Telescope (JWST) and the High Definition
Space Telescope (HDST) concept.1,2 A telescope of this size
exceeds the capacity of currently existing or proposed launch
vehicles and would require at least four heavy lift launches
(such as the SLS Block 1B) to transport all components to
orbit. The large dimension of the optical elements and the
benign gravitational environment at SEL2 motivate partitioning
the telescope system into four formation-flying components: the
primary mirror, the optics and instrumentation unit (OIU), the
metrology unit, and a sunshade. Each of these four components
is a stand-alone spacecraft mechanically isolated from the
others. The OIU contains the spherical aberration corrector
and a wide-field-of-view finder telescope as well as instrumentation and a high-gain communications system for transfer of
scientific data and images. The metrology unit contains a laser
metrology system that incorporates multiple technologies providing the required dynamic range and precision for assembly
and operation.
The primary mirror itself includes a layer of identical
hexagonal deployable truss modules (DTMs), each supporting
one mirror module holding multiple mirror segments. Individual
mirror segments are mounted on a rigid body actuator platform
within the mirror module. Figure 2 shows the notional assembly
2329-4124/2016/$25.00 © 2016 SPIE
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Fig. 1 Artistic depiction of formation flying 100-m telescope configuration (distances between components are not to scale).
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Fig. 3 Conceptual CAD rendering of assembly robot deploying a
truss module. Folded truss modules are stored in a cargo housing
unit shown docked to the central hub. Accessibility of the folded modules is subject to future detailed design.

Mirror module
attachment

Assembled
primary mirror
Fig. 2 Primary mirror assembly concept and module nomenclature.

sequence for a set of three truss and mirror modules. First, the
truss modules are individually deployed and attached. Once
the structure is complete, the mirror modules are attached to the
underlying truss. A full 100-m primary mirror includes over 300
of each module, requiring numerous repetitive manipulation
tasks suitable for a robotic system with supervised autonomy.
The primary mirror assembly is performed by a general-purpose robot that will remain with the telescope and that will also
perform servicing tasks throughout its lifetime. This robot,
shown in Fig. 3, is a multilimbed robot that can travel over
the primary mirror truss structure to perform its assembly and
servicing tasks. These tasks include transporting truss and
mirror modules across the partially assembled primary mirror
Journal of Astronomical Telescopes, Instruments, and Systems

structure, positioning and aligning the modules for assembly,
and removing and installing components, such as individual
mirror segments for servicing.
The following section summarizes prior work related to the
RAMST architecture, including a comparison with some of the
many concepts developed for large-space telescopes. Section 3
provides an overview of the features and advantages of the
RAMST concept and presents some of the trade studies considered. Section 4 explores the 100-m telescope configuration in
detail, including the optical, metrology, and structural designs.
Section 5 describes the robotic system and assembly sequence.
Section 6 summarizes and concludes the paper.

2

Background

The RAMST architecture builds upon substantial prior work in
order to enable aperture diameters on the order of 100 m to be
assembled in space. Such large diameter telescopes operating in
the UV to near IR wavelengths would enable significant science
return in characterizing terrestrial exoplanets and stellar populations, understanding galaxy halo and gas physics, and studying dark matter dynamics.3,4 Here, we briefly summarize prior
large telescope designs and in-space assembly techniques that
provide context for the development of the RAMST architecture.
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2.1

Large Ground- and Space-Based Telescopes

The largest monolithic reflecting mirrors constructed for
ground-based astronomical telescopes are 8.4 m in diameter,
used in the Large Binocular Telescope (LBT) and also being
fabricated for the Giant Magellan Telescope (GMT).5 Starting
with the two 10-m Keck telescopes6 completed in the 1990s,
large observatories have relied on segmented mirrors to achieve
even larger aperture sizes. Most recently, the Thirty Meter
Telescope (TMT) and the European Extremely Large
Telescope (E-ELT) are planned to have apertures of 30 and
39.4 m, respectively, with primary mirrors composed of 492
and 798 hexagonal segments.7,8 The Hobby–Eberly Telescope
(HET) and South African Large Telescopes (SALT) are
designed for spectroscopic measurements rather than imaging,
and use 11-m spherical primary mirrors composed of 91 segments each.9,10 The spherical geometry drastically simplified
the mirror fabrication process, resulting in a total cost that is
about 20% of a similarly sized general-purpose telescope.
The Overwhelmingly Large Telescope (OWL) concept also
used a spherical geometry for its proposed 100-m primary mirror to provide a feasible path for mirror fabrication.11 Spacebased observatories have likewise progressed, from the
Hubble Space Telescope (HST) with a 2.4-m monolithic mirror
to the Herschel infrared space telescope with a 3.5-m monolithic
mirror, and now to the JWST with a 6.6-m deployable mirror
composed of 18 segments.1 To accommodate the payload volume constraint of the Ariane 5 rocket, the backplane truss of
the JWST is separated into three hinged sections such that
the primary mirror can be folded for launch.
There exist many proposed concepts for future space telescopes larger than the JWST, including three configurations
from the Advanced Technology Large-Aperture Space
Telescope (ATLAST) study ranging from 8 to 16 m,3 the
11.7-m HDST,2 annular 20 to 30 m telescopes using a bicycle
wheel structure,12,13 and the Membrane Optical Imager for Realtime Exploitation (MOIRE) 20-m telescope that uses membrane
diffractive optics.14 However, these particular telescope configurations are fundamentally constrained by the available capacity
on a single launch vehicle. Several other telescope concepts,
described below, have been proposed that rely on in-space
assembly, relaxing this particular constraint.

2.2

In-Space Assembly

In-space assembly using astronauts and robots has been studied
extensively since the 1970s,15,16 including construction activities
tested in a laboratory, in a neutral buoyancy facility, and in
space. The construction of the International Space Station (ISS)
relied on a combination of tasks using astronauts and teleoperated robotic elements. This capability required the design of
new mechanical interconnects to facilitate alignment and
latching between truss modules17 as well as techniques for
robotic operation.18 The HST servicing missions could be
considered an example of astronaut-assisted construction
tasks associated with a space telescope.19 At a smaller scale,
the Autonomous Assembly of a Reconfigurable Space
Telescope spacecraft, currently under development, will demonstrate autonomous reconfiguration of a modular space telescope
using microsatellites.20
Conceptual designs for space telescopes assembled in
space include a robotically assembled 20-m telescope launched
with an associated robot21 or brought to the Space Station
Journal of Astronomical Telescopes, Instruments, and Systems

for assembly,22 the filled aperture infrared telescope/dual anamorphic reflecting telescope 10 m concept assembled by astronauts at the Earth–Moon L1 point,23 an autonomously
assembled 10-m telescope,24 a 30-m telescope assembled by
robots at the Earth–Moon L2 point and subsequently transported
to the Earth–Sun L2 point, and a modular 20-m telescope with
a variety of possible assembly options and locations.4

3

Features and Advantages of the Robotically
Assembled, Modular Space Telescope
Architecture

As discussed earlier, the distinguishing features of the RAMST
architecture compared with the concepts summarized above
include the use of a modular deployable structure, a generalpurpose robot, and advanced metrology, with the option of
formation flying. Each of these features individually yields
benefits in terms of cost or performance, but in combination,
the advantages are much more significant.

3.1

Modular Deployable Structure

The configuration of the backplane structure can be achieved
through a combination of deployment and assembly, with
options ranging from a single deployable structure to assembly
of individual truss members and nodes. The RAMST approach
is to include a balance of both deployment and assembly, avoiding the disadvantages of purely deployable or purely assembled
structures. A detailed discussion of the backplane for the 100-m
reference configuration is presented in Sec. 4.3.
In the case of a single deployable structure, the 16.8-m
ATLAST concept3 is near the upper limit for a fully filled aperture. Telescopes beyond this size would likely exceed the payload capacity of existing and proposed launch vehicles. Even
deployment of the supporting backplane structure alone without
the reflecting surface would present a substantial challenge
because of the numerous mechanisms (e.g., hinges, telescoping
tubes, latches, and so on) that must actuate without jamming and
in the correct sequence.25 Ground-based testing of large deployable structures prior to flight is also complicated by the difficulty
of gravity offload.26
Linearly deploying structures have been demonstrated on a
length scale appropriate to large telescopes. The Folding
Articulated Square Truss Mast (FASTMast) has been used to
deploy the 35-m long solar array wings of the ISS,27 and the
able deployable articulated mast was used to deploy the
Shuttle Radar Topography Mission instrument to a distance of
60 m28 and the NuSTAR optical package to a distance of 10 m.29
Two-dimensional deployment at this length scale has been
demonstrated for membrane and mesh surfaces but not for
precision truss structures as required by optical reflectors.
An example of a demonstrated membrane deployment is the
IKAROS solar sail, which deployed a 14 × 14 m solar sail with
integrated solar cells using centrifugal forces.30 Unfurlable
mesh reflector antennas for Ka-band, with surface precision of
0.3 mm RMS, have been produced that are up to 9 m in
diameter, as well as lower precision antennas up to 22 m in
diameter.31,32 Two modular deployable mesh reflectors, each
with an effective aperture of 13 m and composed of 14 basic
modules, were flown on the ETS-VIII mission.33 As discussed
in Sec. 2.1, sparse aperture or membrane telescopes at the
20 to 30 m scale have been proposed as single deployable
systems. However, in-space assembly tasks become essential
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when considering even larger telescopes, or even fully filled
reflectors at the 20 to 30 m scale.
On the opposite end of the spectrum, the backplane can be
assembled from separate nondeployable elements. Constructing
a backplane truss structure from nodes and struts can involve
thousands to tens of thousands of operations, depending on
the size of the reflector. Assembly techniques by astronauts
have been tested in simulated 0-g (underwater) and in space
for structures with up to 315 struts.15 Specialized joints were
designed to minimize hand motions and the use of tools, but
astronaut fatigue was identified as a limiting factor for assembly
of larger structures. Robotic assembly was demonstrated for
a truss structure composed of 102 struts and covered with 12
panels, taking ∼20 h to complete.16
With the RAMST approach of assembling easily deployed
modules, the number of assembly tasks can be reduced by
1 to 2 orders of magnitude, while avoiding the challenges and
limitations of a monolithic deployable structure. Additionally,
if the modules can be designed to be identical, this would
greatly simplify the ground-based manufacturing and verification tasks and allow for greater robustness to individual
deployment failures through the inclusion of a limited number
of spare modules.

3.2

Robotic System

A detailed discussion of the robotic system for the 100-m reference configuration is presented in Sec. 5. In general, the robotic
system involved in the assembly is expected to perform manipulations that involve gross movement of components and make
connections using specially designed structural and power
interconnects. The robot is also expected to move across the
evolving telescope structure in order to carry components from
the storage canister attached to the spacecraft to the location of
assembly, and to optimally position itself for key assembly
tasks.
Examples of the different robotic architectures considered for
the assembly task include free-flying systems with two limbs, a
wheeled robot that moves on rails on the structure being
assembled, and a multilimbed robot that walks on the trusswork.
Multirobot co-operation34,35 is an alternative to the single-robot
approach we describe here, but our analysis determined that the
cost of the extra communication, sensing, and complex software
needed to robustly enable such co-operation outweighs the small
benefits to be gained by the use of multiple robots to manage
transportation and assembly tasks. The multilimbed single-robot
option was chosen as the preferred architecture as it best met the
different expectations for the robotic system. Such a robot would
be actuated using electric motors and hence could draw power
directly from the telescope’s solar grid without requiring consumable fuel for propulsion. It could walk on the trusswork
using some or all of its multiple limbs without requiring special
structural elements (e.g., rails) for mobility. If each limb can be
used both as an arm to manipulate and grasp truss elements, and
also as a leg for locomotion over the truss structure, then a sixlimbed design meets mobility and manipulation requirements.
With six limbs, four limbs can be dedicated to locomotion across
the truss (using a wave gait in which at least three legs securely
grasp the truss), while two limbs secure a module for transportation. While it is not carrying loads or engaging in manipulation, a six-legged design can use a tripod gait to facilitate more
rapid traversal of the truss, while maintaining three attachments
to the truss at all times. For assembly, three of the limbs could be
Journal of Astronomical Telescopes, Instruments, and Systems

used as anchors to attach to the trusswork while using the
remaining limbs for manipulation. The robot would also be
able to carry loads on its base without impeding mobility.
Further, such a robot would have sufficient degrees of freedom
(DOF) to accommodate and reduce interaction loads with the
trusswork and to control internal forces within the robot-truss
mechanism.36 The larger number of DOF in such a robot
can also be used to minimize the displacement of the robot’s
center of mass during locomotion or manipulation tasks,37
thereby minimizing perturbations to the structure from the
robot’s operations.

3.3

Advanced Metrology

An advanced metrology system is included in the RAMST architecture to perform two tasks. First, it serves the purpose of
a co-ordinate measuring machine to provide proper alignment
between modules during assembly. Second, it provides surface
figure measurements for dynamic wavefront control during
operation of the telescope. To achieve these tasks, the metrology
system requires a wide spatial dynamic range, wide spatial and
temporal bandwidths, and must provide simultaneous measurement across the full aperture. A set of technologies that can
satisfy the metrology requirements for the 100-m reference
configuration is presented in Sec. 4.2.
In general, the RAMST architecture requires a wide spatial
dynamic range that spans from centimeter-level positioning of
modules as they are manipulated by the robot, down to nanometer-level precision for optical or ultraviolet wavelengths.
Spatial and temporal bandwidths also need to be wide, ranging
in length from segment-level displacements with length scales
on the order of 10 to 100 cm up to full-aperture modes with
length scales on the order of 10 to 100 m, and in time from structural vibrations with periods on the order of seconds up to orbital
loads (e.g., thermal, gravitation) with periods on the order of
hours to days.
In order to provide wavefront control during operation, the
metrology system must be capable of simultaneous measurement across the full aperture without repointing the telescope.
Interferometric techniques such as with a laser tracker38 are
typically used, with six point measurements per segment to
solve for rigid body displacement (three translational and three
rotational DOF) and an additional three per segment to account
for thermal expansion. However, such a point measurement
system, or a distributed metrology system, is infeasible for a
telescope with hundreds or thousands of individual mirror segments. At this scale, a centralized metrology system is required
that can simultaneously track the state of all mirror segments
across the aperture.
To span this entire range, a layered metrology system is
needed that combines coarse measurements on a large absolute
scale with fine measurements over a shorter relative scale.39 The
coarse measurements would be included in the robot assembly
control loop as well as to maintain alignment of secondary
optics with the primary mirror. After the coarse measurements
establish the optical surface figure to a prescribed threshold, the
fine measurements can be used to maintain diffraction-limited
performance through the control of active optics.

3.4

Formation Flying of Secondary Optics

As telescopes increase in size, a greater proportion of the total
system mass must be allocated to the supporting structure to
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Truss
masts

Secondary
optics

telescope size on structural stiffness. A reference design was
selected for an F∕4 telescope configuration with three truss
masts extending from the edge of the primary mirror to the location of the secondary optics at the focal point. The truss masts
were sized to have diameters that are 1∕20 of the aperture diameter to limit occlusion of the primary mirror. Figure 4(a) shows
the geometry of the finite-element model and Fig. 4(b) shows
the fundamental frequency of the telescope truss structure
including primary backplane and masts, as a function of aperture
diameter. For telescope designs with aperture greater than 19 m,
the fundamental frequency is less than 1 Hz, which is a threshold
corresponding to structural deformations exceeding the limits of
a typical control system. This threshold suggests that telescopes
larger than 19 m would be more suited to a formation-flying
configuration for the secondary optics.
Several additional advantages are provided by a formation
flying architecture. Some external disturbance forces can be
decoupled from the optical system, such as much of the solar
radiation pressure (SRP) and thermal cycling, by physically
separating the sunshade system from the primary mirror. The
total propulsion requirements, discussed in more detail in
Sec. 4.4.3, may be reduced by allowing small slewing maneuvers, where a spacecraft containing the secondary optics moves
relative to a fixed primary mirror. This is possible if the primary
mirror is spherical and would avoid the requirement for precise
rotation of much of the total system mass.

Primary
backplane
truss

Aperture diameter

(a)
Fundamental frequency (Hz)

1
0.8
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0
0

50
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(b)
Fig. 4 (a) Finite-element model of structurally connected telescope.
(b) Fundamental frequency for structurally connected telescope as a
function of aperture size.

maintain alignment of the optical system. Alternatively, concepts have been proposed for flying telescope components as
separate spacecraft in formation, using feedback control to
maintain system accuracy, instead of structural rigidity. The
use of formation flying for the 100-m reference configuration
is discussed in Sec. 4.4. Free-flying distributed spacecraft telescopes and interferometers have been investigated in detail with
proposed missions including Terrestrial Planet Finder (TPF),40
Stellar Imager,41 and external occulters with the Telescope for
Habitable Exoplanets and Interstellar/Intergalactic Astronomy
(THEIA)42 and New Worlds Observer (NWO).43 These require
the additional mass of independent spacecraft systems for propulsion, communications, and power, but can scale to larger
telescope configurations without the increase in mass required
for connecting and maintaining alignment of the individual
components. Guidance and control algorithms needed for
autonomous and precise spacecraft formation flight have been
demonstrated, including ground-based demonstrations in JPL’s
Formation Control Testbed,44,45 through applications such as
starshade missions.46
On-orbit demonstrations of autonomous formation flight
have also been successfully achieved with the Prisma mission,47
the TerraSAR-X add-on for Digital Elevation Measurement
(TanDEM-X) mission,48 with CubeSats,49 within the confines of
the ISS on the Synchronized Position Hold Engage Re-orient
Experimental Satellites (SPHERES) testbed,50 and achieving
science with the upcoming external coronagraph Proba-3
mission.51
Depending on the telescope size and the orbital environment,
formation flying may be required or may be infeasible. To identify the limiting size above which formation flying is needed, we
used a finite-element analysis to study the effect of increasing
Journal of Astronomical Telescopes, Instruments, and Systems

4

Reference Design for 100-m Telescope

In this section, we present a reference design using the RAMST
architecture for a formation flying 100-m telescope that is
assembled in Earth orbit and operated at SEL2. The choice
of a 100-m design was chosen to provide a particular example
demonstrating the feasibility of the robotic assembly concept at
a scale larger than is achievable through other architectures, such
as deployment of a telescope from a single launch. However, as
outlined in Sec. 3, the concepts presented here are suitable for
a wide range of telescope configurations both larger and smaller
than this 100-m reference design. The following subsections
provide specific details on the optical, metrology, structural, and
formation flying architecture of the 100-m telescope, as well as
the space environmental conditions that must be considered.

4.1

Optical Design

A number of telescope configurations were considered, including
a Richey–Chretien, several three-mirror anastigmat variations,
and a spherical primary with spherical aberration corrector.
The spherical primary mirror configuration was most attractive
in this trade space because it includes only one large mirror that
would require assembly, while the remaining optical elements
occupy a compact volume that can be launched as a single
unit contained by the OIU spacecraft. The field of view for
this design is 4.2 arc min within a field of regard of 1.84
steradian (corresponding to a 90-deg cone aligned away from
the sun).
The optical layout of this reference design is a five-mirror
configuration including a spherical primary mirror (M1) that
has a 100-m diameter and 800-m radius of curvature, as
shown in Fig. 5. The four subsequent mirrors (M2 to M5)
housed in the OIU form a spherical aberration corrector and
include a deformable mirror (M5) for fine wavefront control.
Additionally, a small-diameter but wide-field-of-view finder
telescope is aligned along the optical axis to aid in slew
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Fig. 5 Optical layout of the OIU containing the finder telescope and the spherical aberration corrector of
the science telescope, with representative ray traces for both telescopes.

in Sec. 4.3. Mirror modules consist of clusters of mirror segments mounted on a thin plate that provides electrical and
mechanical interfaces to the supporting backplane structure.
Each mirror segment is mounted on this supporting plate
through actuators that provide rigid body tip, tilt, and piston
motions for correcting static or slowly varying disturbances.
The size of these modules, with a maximum dimension of
6.3 m, was chosen to fit within the proposed Space Launch
System (SLS) Block 1B 8.4 m fairing, which has an internal
payload envelope diameter of 7.5 m.60 Alternatively, a larger
module of 37 segments would have a maximum dimension
of 8.8 m, requiring the use of the 10 m fairing proposed for
SLS Block 2B. A smaller module of seven segments with
a maximum dimension of 3.8 m would be compatible with
existing 5-m fairings. The 7-, 19-, and 37-segment options
would include a total of 702, 264, and 120 modules, respectively, to provide a 100-m aperture with 20% diameter central
obscuration. Within the OIU, the two smaller mirrors (M2 and
M5) have a diameter of 2 m while the larger mirrors (M3 and
M4) are segmented and have an aperture diameter of 6.7 m.
Figure 7 shows a possible segmentation of M3 and M4 using
three rings of hexagonal mirrors with 0.4 m side length.
In order to maintain a cost-effective fabrication and groundbased verification and validation process, a high degree of
geometric commonality is included in the design. Specifically,
all of the primary mirror segments are identical in both surface
figure and hexagonal shape, and each module of 19 segments is
arranged identically with two rings of segments around a central

6.3 m

maneuvers of the OIU. This finder telescope (composed of mirrors FM1 to FM4 in Fig. 5) uses a short focal length design similar to the three-mirror Space Surveillance Telescope52 but with
an additional flat mirror (FM4) to position the focal plane on the
side of the telescope connected to the spacecraft chassis.
Instrumentation is located in a compartment between the spherical aberration corrector and the finder telescope within the OIU
spacecraft chassis.
In order to provide diffraction-limited imaging performance,
the telescope uses two-stage optics53 and adaptive secondary
techniques54,55 to correct for wavefront errors introduced in
the primary mirror, avoiding the need for actuators that can
achieve nanometer-level alignment of the primary mirror segments. These techniques require a metrology system that can
simultaneously track displacements of all primary mirror segments to a precision of several nanometers over a range of
centimeters, so that a highly actuated deformable mirror at
the exit pupil can undo the rigid body motion of the primary
mirror segments and correct for figure distortions. A potential
metrology system is described in Sec. 4.2, and the exit pupil
mirror can be implemented using technologies, such as a silicon
carbide or carbon fiber reinforced polymer deformable mirror
using a surface-parallel actuator array.56,57
Table 1 summarizes the geometry of the five mirrors that
form the main telescope. The primary mirror is composed of
5016 hexagonal segments with a side length of 0.675 m,
as shown in Fig. 6. The segment size was chosen to be compatible with existing production facilities for silicon carbide
mirrors.58,59 However, for such a large number of identical mirrors, we envision that a specialized facility would be justified
for their manufacture and calibration. These mirror segments
are clustered into 264 quasihexagonal modules of 19 segments
each, corresponding to the underlying truss backplane described
Table 1 Mirror parameters in scientific telescope.

Aperture
Mirror diameter (m)

Nominal
ROC (m)

Number of
segments

Actuation

M1

100

800 (concave)

5016

Rigid body
segment position

M2

2.0

28.9 (convex)

1

Not applicable

M3

6.7

29.3 (concave)

54

Not applicable

M4

6.7

22.4 (concave)

54

Not applicable

M5

2.0

22 (convex)

1

Surface-parallel
array
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100 m
Fig. 6 Primary mirror (M1) configuration with 264 mirror modules and
5016 mirror segments, with close-up of one module containing 19
segments.
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2.0 m
6.7 m
Fig. 7 Segmentation of the SAC M3 mirror, with a similar arrangement for M4.

segment. Additionally, an average gap width between segments
of 100 mm was imposed in order to allow for robot mobility
during and after assembly. However, segmentation of the
primary mirror surface into identical hexagons is a nontrivial
problem because of the effect of variable gap width between
segments. These gaps have an impact on the optical performance
of the telescope and on the geometry of the backplane structure.
Given the constraints described above, the mirror segments were
positioned based on the azimuthal equidistant centroid tiling
(AECT) method, achieving a maximum absolute deviation in
gap width of 2 mm from the nominal 100 mm.61 The gaps
range from a minimum of 98 mm to a maximum of 101.3 mm,
with variations of no more than 1.7 μm between segments
within the same module. This arrangement of segments and
module positions could be further improved using numerical
optimization techniques. With the inclusion of actuators to
enable piston, tip, and tilt correction of each individual mirror
segment, the total thickness of a mirror module is expected not
to exceed 0.3 m. The structural backplane supporting the mirror
segments is discussed in Sec. 4.3.
The use of identical segments and modules is essential in this
scale of telescope not only for factors associated with manufacture but also for robustness to possible failures during assembly
and operation. With identical segments, a small number of
spares can be launched and stored on the telescope to replace
any segments that incur damage. By contrast, an equivalent primary mirror using uniquely shaped segments in either outline or
surface figure would require a large number of spare parts.

4.2

Metrology Architecture

As discussed in Secs. 3.3 and 4.1, diffraction-limited performance of the telescope necessitates a metrology system that
has high spatial precision over a wide range and over a wide
temporal bandwidth. An implementation that can achieve this
performance includes layers of different technologies to span
the required measurement regimes. A centralized laser metrology system was selected, using a laser source that is located at
the center of curvature of the primary mirror, at a distance of
800 m from the primary and 400 m from the OIU. This architecture is similar to the interferometric test tower used in the
manufacture of monolithic 8.4 m mirrors.38,62
Three technologies using this centralized laser source
provide a possible metrology architecture that satisfies the
Journal of Astronomical Telescopes, Instruments, and Systems

requirements for telescope assembly and operation. These
include an absolute metrology technique using a modulated
dual-frequency laser, dynamic Zernike wavefront sensing for
coarse mirror phasing, and array heterodyne interferometry
(AHI) for fine phasing. Additionally, a Shack–Hartmann wavefront sensor could be used to complement the above sensors by
providing a measurement of wavefront gradient.
The Modulation Sideband Technology for Absolute Ranging
(MSTAR) technique has been demonstrated to achieve absolute
metrology with better than 10-μm precision over a 10-m distance and can be extended to the required 800-m range.63
The basic principle of MSTAR is to use the shift in phase of
the fundamental laser frequency to obtain a precise distance
measurement and to solve for the phase ambiguity using a sideband frequency introduced by modulating the laser output. The
modulation can be designed to provide a sideband frequency
that is precise enough to capture every integer phase solution
so that the measurement range is continuous. This measurement
provides feedback to the robotic system as the primary mirror is
assembled and to the formation flying control system during
both assembly and operation.
Dynamic Zernike wavefront sensing provides a measurement
of wavefront phase at an input pupil by introducing a dynamic
and variable phase shift to the central core of a point spread
function (PSF), resulting in a mapping to the image intensity
at the output pupil.64,65 This phase shift can be introduced at
the metrology laser source using a piezoelectric actuator. The
measurement can be used to initialize the phase correction process by providing feedback to the segment rigid body actuators
and to occasionally refresh the phasing maintenance from drift
due to slowly varying disturbances. To measure the piston and
phase step between two neighboring primary mirror segments,
we require the phase delay of the PSF core to be dynamically
controlled over 50 wavelengths. This can be implemented
using an all-reflective optical assembly to allow operation across
the UV to near IR wavelengths of interest.
Finally, AHI66 provides fine wavefront measurement to provide feedback to the active exit-pupil mirror so that it can correct
for residual distortion in the primary mirror. Compared to
distributed metrology architecture, the centralized AHI system
allows the full aperture to be measured simultaneously while
using a single laser source, reference fiducial, and focal plane
array. The use of an areal sensor avoids the need for individual
point measurements for each segment, which is at least three
times the number of segments in order to recover the rigid
body displacements relative to a desired spherical reference
surface. Additionally, the measurements can be taken without
having to perturb the segments, unlike dispersive wavefront
sensor or phase retrieval methods.67,68

4.3

Modular Structural Design

The main structural challenge for the 100-m formation-flying
telescope is the construction of the backplane for the primary
mirror. This structural element must accommodate the spherical
geometry of the primary mirror surface, provide adequate stiffness to satisfy the optical error budget, and be amenable to high
volumetric compaction for launch. To achieve these requirements, we partition the primary mirror backplane into a layer
of identical, DTMs corresponding to the mirror modules
described in Sec. 4.1. Several DTM configurations were considered, including cubic, hexagonal, and tetrahedral–octahedral
trusses. We selected the hexagonal Pactruss configuration as
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1m

2.76 m

5.52 m

5.52 m

(a)

(b)

(c)

Fig. 8 (a) Geometry of a single truss module underneath a mirror module; (b) CAD model of deployed
truss module; and (c) CAD model of packaged truss module.

the design for each DTM because of the existing prior work in
establishing the mechanical configuration for packaging and
deployment,25,69 and because the hexagonal shape is most compatible with the mirror segment geometry. Figure 8 shows one
truss module with its associated mirror module attached.
Using the hexagonal tiling pattern established by the mirror
module geometry in Fig. 6, there are two possible underlying
tessellations that the truss structure can utilize. As shown in
Figs. 9(a) and 9(b), these are a fully filled hexagonal tessellation
and a sparse tessellation composed of hexagons with triangular
voids. We chose to adopt the sparse tessellation for several reasons. Most importantly, the sparse geometry includes fewer
redundant truss members compared to the fully filled hexagonal
tessellation, as seen in Figs. 9(c) and 9(d), and allows the
assembly robot more access and maneuvering space during
the assembly operation to manage the process of joining connectors and mating the truss modules. Additionally, the orientation of each truss module is consistent; while in the fully filled
case, they must alternate which side faces upward and therefore
must include two different DTM configurations for interconnects and mirror attach points. Finally, the hexagons in the
sparse case are 12.4%, smaller in side length, reducing the effective buckling length that drives the truss member diameter.
Using the sparse tessellation, each truss module has a hexagonal

Fully filled
tessellation

Sparse
tessellation

(a)

(b)

(c)

(d)

Fig. 9 Top views of (a) fully filled and (b) sparse hexagonal tessellation. Hexagonal truss modules arranged in (c) fully filled and (d) sparse
tessellations, with redundant members are shown in thickened red
lines.
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side length of 2.76 m and interfaces with its corresponding mirror module at the midpoint of the outer ring of mirror segments.
The full primary mirror includes 270 DTMs forming nine rings
around a central hexagonal hub. This hub is a monolithic unit
including attachment points for the primary mirror solar array
and docking points for the formation flying units during
assembly and transit to SEL2. The innermost ring of six modules may be attached permanently to the hub to aid the initial
assembly process. Mirror modules are attached to DTMs in the
second ring out to the ninth ring.
We selected carbon fiber M55J tubes to be the primary
material for the DTM based on its performance as a high modulus fiber. Following a published rationale for defining structural
requirements for telescopes,70 a minimum fundamental frequency requirement of 0.69 Hz was imposed on the backplane
truss in order to achieve a dynamic surface precision of 1 μm,
based on approximation to a plate-like structure. A design that
satisfies the fundamental frequency requirement is a 2.76-m
deep truss with that are a constant 45-mm diameter and 3mm thick.71 The end-beam hinges in each DTM can be passive
pin-and-barrel hinges with no need for latching. However, the
mid-beam hinges associated with the folding diagonals and longerons are ideally spring-loaded and latching hinges with high
stiffness once deployment is complete. A preliminary trade
study concluded that tape-spring hinges72,73 would best satisfy
the need for a latching hinge, compared to more complicated
mechanisms, such as a snap-action or wedge latch. Tape-spring
hinges for deployable booms have had flight heritage on Mars
Express.74 While the Mars Express booms experienced an
incomplete deployment that was eventually resolved,75 the assistance of the robotic system during deployment will provide
robustness to any deployment anomalies. The fundamental frequency for this design is 1.1 Hz, exceeding the 0.69 Hz requirement, and achieving a structural areal density of 3.8 kg∕m2
considering only the truss members. This results in a backplane
structural mass of 2.0 × 104 kg and a primary mirror total
mass of 1.3 × 105 kg, which exceeds the 1.05 × 105 kg payload
mass capacity of an SLS Block 1B vehicle to low Earth orbit
(LEO).60
In order to conform to the 800-m radius of curvature of the
primary mirror surface, the truss is designed with clearances that
can be adjusted at the mechanical interconnects between DTMs.
This is a benefit of the modular assembly, which allows all of
the structural modules to be fabricated as identical units. The
range of adjustability required in the DTM gaps based on the
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Table 2 Maximum SRP force (and equivalent acceleration in μg)
acting on each spacecraft and consequent ΔV needed to maintain
the formation.

AECT method, which was also used to position the mirror segments, is about 20 mm on the top and 35 mm on the bottom.
This adjustability can be preset during the fabrication process or
implemented by the robot during assembly. Each DTM includes
fixtures on the top surface that provide gripping points and local
fiducials to aid robotic mobility and to manage the process of
unfolding the DTM using bimanual manipulation. The fiducials
on the evolving frame help the robot maintain accurate knowledge of its current location.

4.4

Maximum
surface
ΔV
Spacecraft Mass (kg) area (m2 ) SRP force (mN) (m/s per year)

Formation Flying

The telescope is separated into four formation-flying units.
There are three levels of spacecraft control precision in this
architecture. Fine (precise) formation control is only required
between the primary mirror unit and the OIU using the relative
sensing from the metrology unit, which must itself maintain
medium-level control, and the sunshade requires only relatively
coarse control to keep the primary craft in its shadow, as shown
in Fig. 10. For operational practicality, flexibility, and robust
design, a lead/follower formation architecture is used. In this
scenario, the OIU, metrology unit, and sunshade are controlled
relative to the much more massive primary mirror unit, which
serves as the formation leader.
4.4.1

Sunshade

5000

7500

68.4 (1.368 μg)

431.7

Secondary

15,000

150

1.37 (0.009 μg)

2.88

Metrology

15,000

150

1.37 (0.009 μg)

2.88

1 to 5 m∕s per year for each craft is budgeted.76 The total propellant capacity in a detailed design would scale based on
the design lifetime of the telescope and on the availability of
in-space refueling capability at the operational orbit.
4.4.2

Formation flying sensing and control

The metrology design outlined in Sec. 4.2 is the sensing strategy
used for the full six DOF spacecraft formation control. The laser
gauge using the MSTAR technique is capable of relatively sensing both the primary and secondary craft axial displacements to
10 nm and transverse displacements with the camera down to
5 nm. The relative tip/tilt resolution is 0.14 and 2 nrad for
the primary and secondary spacecraft, respectively.
The relative sensing from the dedicated metrology spacecraft
dictates the capability of control achievable. By implementing a
model predictive controller with the sensing given above, it is
possible to control the spacecraft to tens of micrometers and
μrad-level relative to the metrology unit. This level of precision
achieved by the rigid body (spacecraft-relative) controller allows
for the multilevel control scheme with rigid body mirrors and
adaptive optics to achieve full wavefront control for imaging.

Orbital disturbance environment

The formation is to operate in deep space about the SEL2 point,
such as in a halo orbit. The prime advantage of a deep space
location is the relatively benign dynamic environment and consequently lower fuel budget needed to maintain the formation.
The primary disturbance for this relatively close formation is the
differential SRP force. In deep space with hundreds of meters of
separation between the key system elements, the differential
gravity gradient forces are substantially less than SRP.
Depending on the formation pointing relative to the sun, as illustrated in Fig. 10, the use of the sunshade greatly reduces (or
removes) the differential SRP forces on the fine formation control of the telescope. To quantitatively evaluate the effect of SRP
on the formation, Table 2 lists the SRP force acting on each
craft. This analysis assumes a maximum surface area projected
in the sun-line direction and a conservative SRP force based on
a perfectly reflective body. To compensate for this constant
SRP disturbance force, the required delta velocity (ΔV) is
computed per year. To stabilize an orbit at SEL2, an additional

4.4.3

Propulsion

To maintain a precise formation for visible imaging, it is necessary to have a propulsion system that is agile and precise as well
as efficient. A suitable approach is to incorporate two propulsion
systems, such as a multithruster chemical system for agile six
DOF control and an efficient electric thruster for continuous
disturbance rejection and translational slew maneuvers of the

FSRP
FSRP

Target
pointing angle

FSRP

Sun line

Sunshade shadow

Fig. 10 Inertial pointing of formation relative to sun line with SRP forces acting on each craft.
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formation. As a quantitative example, the sunshade spacecraft
with a 200 second specific impulse thruster would consume
1270 kg∕year of fuel to compensate for SRP. Using the
NASA Evolutionary Xenon Thruster (NEXT) with a 4170
second specific impulse77 would consume 61 kg∕year. For the
much smaller (area) metrology spacecraft, the SRP compensation would consume 22 and 1 kg∕year for the chemical propulsion system and NEXT ion thruster, respectively.
In the absence of a specific mission design and science
expectations, a quantitative example of the fuel requirements
for slew maneuvers to astronomical targets is the NWO starshade mission. This mission budgets 900 kg of fuel of xenon
to be used by two NEXT thrusters to target 100 stars over
a 5-year mission.78 Further considerations on the propulsion
and fuel usage for the telescope reference design include
plume impingement concerns, which are vital with the close
proximities and sensitive optics. For the sunshade to compensate
the SRP force, it ideally thrusts with exhaust directly toward
the primary mirror spacecraft. In reality, it is also necessary
to consider exhaust plume impingement and the resulting degradation of optical elements and other sensitive components. To
address this concern, the propulsion system will be implemented
by canting multiple thrusters away from the direct line-of-sight
between spacecraft, resulting in additional fuel consumption
through cosine losses. The severity of this extra fuel required
is dependent on the propulsion system and separation distance.

4.5

Environmental Considerations

In this section, we provide a brief overview of relevant effects
from the space environment influencing the design and operation of the 100-m telescope. Specifically, thermal effects, the
plasma and radiation environment, and meteoroid impacts
can negatively influence the performance of the telescope.
A preliminary thermal analysis showed that rigid body actuators with a range of 10 mm are able to compensate for the
change in primary mirror curvature resulting from a thermal gradient of over 13 K across the depth of the backplane truss.71
Considering solar flux as the predominant external heat source
at SEL2, a relatively low blockage factor of 0.6 is adequate to
maintain a thermal gradient of under 7.5 K across the truss
depth. Consequently, the sunshade design is driven primarily
by stray light considerations.
The plasma and ionizing radiation environment at SEL2
includes effects from the solar wind and the geomagnetic tail
as well as extrasolar sources of high-energy particles.79 The sunshade will limit optical degradation of the primary mirror surface from solar wind ions; simulations with 4 keV protons and
16 keV alpha particles showed no penetration beyond 400 nm
into a membrane consisting of 100 nm of aluminum and 2 μm of
Kapton.80 Electronic systems require shielding to limit total
ionizing dose and prevent electrical discharge events.
Meteoroid bombardment will also erode the primary mirror
surface, resulting in reduced optical throughput and degraded
optical PSF. Impacts are dominated by small meteoroids,
with no impacts expected from meteoroids larger than 3 mm
and only 50 to 100 impacts between 1 and 3 mm over 5
years, based on a model of total interplanetary meteoroid flux
at 1 AU.81 Impacts resulting from meteoroid streams82 are not
expected to exceed the impact rate from the sporadic population
for these small meteoroids. The cumulative impact area over
5 years is ∼0.2% of the total surface, assuming no replacement
of damaged mirror segments through robotic servicing. This
Journal of Astronomical Telescopes, Instruments, and Systems

estimated degradation is conservative and can be mitigated
through operational strategies, for example, by limiting the
duration that the primary mirror is facing directions with
high meteoroid flux, such as the heliocentric orbital velocity
direction.

5

Robotic System

The primary mirror is assembled by a six-limbed robot
henceforth referred to as a hexbot. This robot will deploy
and assemble the truss modules, attach the mirror modules
onto the assembled truss, and remain with the telescope to
perform servicing tasks, such as replacing individual mirror
segments or electronics units. When not in operation, the hexbot
will remain attached to the central hub of the primary mirror to
await future servicing tasks.

5.1

Hexbot Architecture and Requirements

The hexbot architecture draws lineage from a number of robotic
systems developed at JPL over last decade or more such as the
ATHLETE and LEMUR robots.83,84 The JPL RoboSimian robot
that competed in the DARPA robotic challenge has some aspects
of its design derived from this architecture.85 It is conceptualized
as a six-limbed robot with each limb having seven DOF. Similar
to RoboSimian, these limbs can be constructed as a kinematic
chain of identical modular rotational joints, with six DOF for
determining the position and orientation of the end effector
and a seventh DOF providing kinematic redundancy. The length
of each limb segment can be scaled to effectively satisfy any
reach requirement. The chassis is symmetric and sufficiently
large to either carry a magazine with the folded DTMs or a
mirror module.
To maintain a stable hold on key components, such as truss
modules, dual handed manipulation86,87 is expected to be
required for many steps in the assembly process. To construct
an optical quality structure, the error estimates point to about
a centimeter level accuracy required for the manipulations
involved in placing a module element within the evolving
truss structure. This in turn requires a roughly 0.5-deg accuracy
on the control of the orientation of the fully deployed truss
modules. While a single hand can adequately maintain a safe
grasp of a truss module, the positioning requirements for
truss docking and assembly dictate the use of two hands.
The robot can readily deploy the DTM from its compressed
state to its fully operational state, as spring-loaded DTM hinges
provide forces that unfold the DTM, and the fixtures on the
DTM (Sec. 3.2) provide grasping points for the hexbot to
manage the unfolding process. The hexbot’s two-handed grip
on the DTM then enables the positioning of the deployed
DTM, or the mirror module, at its appropriate docking position
on the truss work. Figure 11 shows a motion study demonstrating the dexterity of the hexbot. Docking cones or fiducials88 on
the DTM reduce the robot’s required manipulation accuracy.
Once one feature of the DTM is anchored to the main truss,
the robot can use one of its free limbs to activate/assemble the
structural and power interconnects that attach the DTM to the
trusswork. Subsequent maneuvers, possibly guided by additional fiducials, will attach the DTM to the truss at multiple
points.
The use of the gripping features on the DTMs/truss simplifies
the complexity of the robot’s end-effector. The same gripper can
be used for unfolding and docking the DTMs, as well as walking
over the truss using the designated grasping features. In the
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Fig. 11 Conceptual CAD rendering of hexbot motion sequence as it deploys a DTM and positions it on
the backplane.

worst case, a separate gripper, which can be retrieved from a tool
change-out cartridge mounted on the robot’s chassis (such as
used in the Dextre robot18), might be needed for the mirror transport and attachment process. During assembly, the end-effectors
also provide the actuation of the mechanical and electrical
interconnects. The end-effectors can also be equipped with
additional functions such as a probe to provide health data
on the electrical system of the telescope.
The hexbot will use identical limbs that are capable of both
manipulation and mobility operations. This approach is particularly suitable for on-orbit operations for which the mobility
problem can be cast as a special case of manipulation.
Moreover, each joint within the limb will use an identical drivetrain. The JPL RoboSimian system,85 whose legs are constructed
from identical seven DOF modules, has demonstrated that such
designs are viable and cost-effective. Particularly in space,
where gravitational loading is not a constraint on robot design,
such modular design approaches are feasible. Moreover, significant cost savings are possible, particularly for flight applications
for which verification, validation, and acceptance tests are major
cost drivers.
The gross motion planning algorithms will exploit the availability of multiple manipulators and actuation redundancy.
In particular, mobility and manipulation tasks will be planned
with contact points and orientations to minimize loads into
the structures. As a simple example, with at least three points
of contact at any one time, the loads on the trusswork can be
planned to minimize reaction moments and emphasize reaction
forces.89 Forces can be reacted with much more structural
efficiency than moments. Similarly, maneuvers that minimize
rapid changes in the robot’s center of mass displacement can
also be enabled by the large number of robot DOF.90
Nearly axisymmetric limbs and omnidirectional visual sensor coverage makes perception and available actions indifferent
Journal of Astronomical Telescopes, Instruments, and Systems

to the heading of the robot. Because the robot does not need to
reorient to see, move, or manipulate, energy- and time-efficiency
are dramatically improved. The robot will use multiple pairs of
stereo cameras on the chassis for navigation and situational
awareness. Additional cameras mounted in the hand can provide
assistance with the grasping and docking operations, and force–
torque sensors at the distal end of each arm provide the measurements needed to manage the control of the internal forces
within the truss-robot mechanism and to ensure that excessive
assembly forces are not generated.91 The hexbot’s perception
system is responsible for building, maintaining, and processing
3-D maps based on the stereo range images and visual odometry.
The outputs of the perception system are used by the robot to
plan collision-free motions, insertion of objects, and inspection
of the environment.
We envision that the assembly interactions with the DTMs or
mirror modules are controlled using hybrid position-force
control techniques, such as the generalized compliant motion
method.92 Robotic assembly in space will require simultaneous
force control and Cartesian trajectory tracking for module
docking, dithering (random searching motions, e.g., for aligning
a DTM with its neighbor before they are attached), and
kinematic constraint satisfaction. Visual servoing93 (the process
of minimizing visual tracking errors by using visual feedback)
will also be required during the docking, transportation, and
module deployment processes to overcome errors and to
manage assembly in the face of small manufacturing errors.
Figure 12 shows photos of an experiment demonstrating
force-controlled deployment of a DTM using dual-handed
manipulation on the Surrogate robot at JPL.94 This robot has
two seven DOF arms mounted on a seven DOF torso. It incorporates force sensing wrists and a stereo vision system, as would
be used for in-space robotic assembly. This experiment demonstrated that a combination of visual servoing, compliant motion
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Table 3 Possible component manifest by launch vehicle with mass
estimates.

Launch vehicle
1

3

4

control, and bimanual manipulation coordination can enable
a dual arm robot to deploy a space truss module, even in the
presence of manufacturing tolerances.

5.2

Assembly Sequence

Robotic assembly of the primary mirror will be performed in
Earth orbit to reduce the total mass that must be transported
to SEL2. Additionally, communication from Earth orbit has
lower latency and would enable more effective supervision of
robotic operations. Based on the expected volume of the packaged DTMs and mirror modules, at least four SLS Block 1B
launches will be required to transport all telescope components
to orbit, with a potential manifest outlined in Table 3. These
launches would be volume constrained if assembly occurs in
LEO, but may be mass-constrained for a medium to high
Earth orbit. The overall launch sequence would depend substantially on programmatic constraints, such as funding and launch
facility availability.
The hexbot, primary mirror hub, and metrology unit are
launched with the first payload of DTMs. The hexbot deploys
and assembles the DTMs in rings around the primary mirror hub
with feedback from the metrology unit to provide the required
shape accuracy. The assembly of each DTM includes unfolding,
Journal of Astronomical Telescopes, Instruments, and Systems

Mass (tons)

Hexbot

2

Fig. 12 Laboratory demonstration of surrogate robot deploying a 1-m
Pactruss module.

Component

2

M1 spacecraft

10

Metrology spacecraft

10

45 mirror modules

5

45 truss modules

21

Total

48

90 truss modules

10

40 mirror modules

42

Total

52

90 truss modules

10

80 mirror modules

42

Total

52

45 truss modules

5

40 mirror modules

21

Sunshade

10

OIC

20

Upper stage

10

Total

66

coarse positioning, initial capture and docking with the
assembled truss, adjustment to correct for geometric misalignments, and attachment of electrical power and data connections.
Subsequent launches rendezvous with the primary mirror and
dock a cargo housing unit to the hub, as illustrated in Fig. 3,
providing additional DTMs followed by the mirror modules.
Once the truss is complete, the mirror modules are attached
in rings from the outside in, so that traversal of the robot over
the region of assembled mirror segments is minimized. With
feedback from the metrology unit, the mirror segment positions
are adjusted using rigid body actuators. Payload support fixtures
used to contain the DTMs and mirror modules for launch can
then be discarded. Finally, the OIU and sunshade are launched
and docked with the primary mirror. The metrology unit also
docks temporarily to the mirror during transit to SEL2.
Upon arrival at SEL2, the separate formation flying units
undock from the primary mirror and assume their operational
configuration. The sunshade is deployed and the primary mirror
is allowed to thermally stabilize. The metrology unit is used to
verify and adjust the mirror segment positions, followed by full
system verification and commissioning.

6

Conclusion

The key features of the RAMST architecture—deployable modules, advanced metrology, and robotic assembly—enable the
realization of large-space telescopes by overcoming the mass
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and volume constraints of launch while leveraging the economies of mass production to avoid exorbitant cost. The scalable
nature of the architecture provides a straightforward path for
technology development. While a 100-m telescope design is
presented here, the RAMST architecture can be readily applied
to smaller configurations; for example, a 10- to 20-m telescope
launched only using secondary payload opportunities. Such a
precursor mission would be essential for proving out the technologies required for the larger telescopes and would already
provide a substantial increase in performance compared to
any space telescopes in the near future.
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