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In this paper, we present some ideas regarding the modeling and the control aspects of
liquid crystal-based imaging systems. We address the challenges of building and deploying a
liquid crystal imager by: a) considering the dynamics and control aspects, such as pointing
and wavefront error control of large lightweight apertures synthesized by liquid crystal
elements, and b) conducting experimental characterization of a prototype electricallyswitchable liquid crystal lens.
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Nomenclature
a=semimajor axis, m
aJ=non-rigid-body mode coefficients, with J = 1, 2, 3, .......n
Ai = rotation matrix of i-th body frame with respect to the inertial frame
d = nodal displacement, m
e=eccentricity
E =modulus of elasticity, N/m2
fr =vector of the wheel disturbance forces and torques on the bus, plus the reaction wheel actuation torques, N
fS = solar pressure force, N
fa = actuation force vector, N
fi=external perturbation and control forces, N
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fe=generalized structural force due to material elasticity, N
fR = vector of generalized external forces on the appendage nodes, N
ft = vector of generalized external forces on the appendage nodes, N
fr = vector of generalized external forces, N
fi = vector of external forces at node i, N
fS = magnitude of solar pressure, N/m2
FI =(X,Y,Z)= inertial inertial reference frame
FORF (x,y,z)=local vertical-local horizontal (LV-LH) orbiting reference frame
g =vector of generalized gyroscopic and external forces, N
Gi (H w ) = skew-symmetric gyroscopic matrix
hi = internal angular momentum of wheels, kgm2/s
i=inclination

J ibus+w =second moment of inertia matrix of node i of the bus, kgm2
J ww =diagonal matrix of wheel axial inertia

Ji = spacecraft moment of inertia matrix about center of mass, kgm2
Ji = spacecraft moment of inertia, kgm2
Kpi and Kvi =translation control gain matrices, Nm/rad and Nms/rad
mi = mass of i-th body/node, kg
Mre=(Mer)T =coupling inertia term, kg
Mi = spacecraft mass matrix, kg

M1bus = mass matrix of node i of the bus, kg
Mt = block diagonal mass matrix, kg
ng =number of global set of degrees of freedom
ne=number of independent degrees of freedom
Nb=number of bodies
pEsti and pCmdi =the estimated and commanded translation state, m
P = matrix that maps the minimal system state qr into the global system state η
q =(of length ng+1) vector containing the nodal displacements and rotations of each node in global coordinates plus
the reaction wheel rotation angles plus the degrees of freedom of the bus
qr =(of length nr) the vector containing the reduced nodal displacements and rotations of each node in global
coordinates
qi =quaternion parameters
q= (of length ng) the vector of nodal displacements and rotations of each node in global coordinates
qt =(of length nt) the vector of nodal displacements and rotations of each node in global coordinates
ri =position vector of the center of mass of bodies i (also representing node i of an extended finite element body), m
rcp2cm = vector from center of mass to center of pressure of body i, m
R0=orbital semi-major axis, m
R0 = orbital radius vector to origin of ORF, m
R = rotation matrix of ORF to inertial frame

S1bus = first moment of inertia matrix of node i of the bus, kgm
T = kinetic energy of S
T = transformation matrix such that q=Tqe, where T is of dimension ng×ne
U = potential energy of S
u = vector of nodal external forces and moments (including external perturbations and control forces and moments)
on the bus node, and the reaction wheel torques
vi = velocity vector of the center of mass of i-th body, m/s
x=state vector as x=(η,β,η,Ω)T
X=system state vector (R0, V0, ρ 1, q1, v1, ω 1, …, ρ N, qN, vN, ω N, θ₁,θ₂,θ₃,ω₁,ω₂,ω 3)T
ωi =nodal angular velocity vector, rad/s
τ a = actuator torques, Nm
τ w = reaction wheel control torque, Nm
Ω =orbital mean motion, rad/s
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ΩL=longitude of ascending node, rad
ω=argument of perigee, rad
ν=true anomaly, rad
Γ(qi)=mapping from angular velocity vector to attitude parameters
θw =reaction wheel angles, rad
µ = gravitational parameter, m3/s2
ρ i = relative position vector of body i wrt. ORF, m
τ e = generalized structural torques due to material elasticity, Nm
η =vectors of generalized coordinates and speeds,
σ = vector of generalized momenta
Ϝ =vector of generalizes forces
τi= external perturbation and control torques, Nm
ω = body angular velocity vector, rad/s
Ω = wheel rate vector, rad/s

τ ww = vector of reaction wheel actuation torque, Nm

τi = vector of external torques at i-th node, Nm
Λ = diagonal matrix of natural frequencies, rad/s
ξ = modal damping coefficient,
φ = modal matrix
β = reaction wheel angle, rad
Γpi and Γvi = rotational control gain matrices, Nm/rad and Nms/rad
λ = eigen-axis of rotation
θerr = magnitude of rotation corresponding to the difference between the commanded and the estimated quaternion,
rad
α = angular acceleration, rad/s2
13=(3,3) identity matrix

T

I. Introduction

his paper deals with the modeling and the control of a space telescope built with a large membrane aperture
imaging system. The primary mirror of this system is composed of electrically-switchable liquid crystal
elements which, together with a secondary element where the science camera resides, synthesizes an
electromagnetic detector array for future astrophysics applications. We call this system the Liquid Crystal Imager
(LCI).
Typically, the cost of a space-borne imaging system is dictated by the size and the mass of the primary mirror.
Recent investigations at JPL has led us to consider lightweight space optical systems with a reference aperture
diameter of 10 meters or more, with focal lengths from 100 km to 1000 km, which might show promise for
astrophysical imaging. One of the promising realizations of this system is the LCI. The LCI has the following
advantages: a) it is scalable to large aperture sizes (> 10 m); b) it has ultra light-weight controllable optics; c) it
enables broadband, high-energy, high-resolution imaging, including possibly black hole event horizon imaging; and
d) it is a reconfigurable aperture that would allow for dynamic beam shaping, multi-spectral operation, and wave
front sensing and control. The liquid crystal imager has the potential to revolutionize NASA and DoD imaging
technology for astrophysics, remote sensing, and surveillance and reconnaissance, with applications to planned
Decadal Survey missions1 such as UV/Optical/IR Surveyor, X-Ray Surveyor, Far-IR Surveyor, as it can enable new
imaging systems for astrophysics. In this particular case, we considered the challenges of building and deploying a
LC imager by: a) Addressing challenging dynamics and control aspects of the LC-array, such as pointing and
wavefront error control, and b) conducting experimental characterization of a prototype electrically-switchable
liquid crystal lens.
The liquid crystal imager is related to other concepts based on large telescopes utilizing reflective or diffractive
optical elements2,5,25,26,29,33,37,38,39,40,41,42,43,50,51,52,53,54,55. With some of them, it shares the fact that: it is a system in
formation flight; the primary is a large lightweight membrane; it may be a diffractive optical element, but also a
reflective one; it is an adaptive aperture where the optical response is tunable via smart materials9,24; it involves
adaptive optics69; it may involve space inflatable elements21,22,23; it may involve some form of boundary control to
3
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achieve a spherical or paraboloidal surface46,47,58,58,66,70,75,76; it will involve astronomical multiscale sparse aperture
imaging and wavefront sensing and control techniques4,6,7,8,7,18,20,31,48,49,56,57,60,61,62,63,65,68,71,73;
This paper is organized as follows. Section II discussed the science requirements we used to consider an imaging
system in the X-Ray band. Secion III presents the results of an analysis of alternatives which led to the proposed
system configuration. Section IV describes the type of liquic crystal technology on which the LCI is based. Section
V introduces the modeling and control architecture. Section VI derives the system equations of motion, which are
used in Section VII to derive the methodology for pointing control, and in Section VIII for wavefront sensing and
control. Section IX discuses the experiments we conducted with the electrically switchable waveplate lens, and
Section X concludes the paper.
Table 1. Science enabled by a Liquid Crystal Imager.
Object
Distance,(pc) Mass,(Msun)
Sag,A*,(MWG)
8.00E+03
4.10E+06
M31
7.70E+05
2.00E+08
M87
1.65E+07
6.00E+09
NGC4889
1.00E+08
2.10E+10

Size,(AU)
8.20EL02
4.00E+00
1.20E+02
4.20E+02

Angle,(arcsec)
1.03EL05
5.19EL06
7.27EL06
4.20EL06

Telescope,size,(m),@,6.4keV
3.77
7.43
5.31
9.19

II. Science Requirements
X-ray astronomy is the study of astronomical objects observed in the X-ray band. X-rays are emitted with
energies in the range of 100eV to 100 keV and wavelengths ranging from 0.01nm up to 10nm. There are a wide
variety of astronomical x-ray sources of interest1 and a LC Imager may be well suited to X-ray applications that do
not require coherent imaging, but rather rely on X-ray diffraction to collect photons in a given X-ray energy range.
The large aperture of a LC Imager will enable much improved spatial and spectral resolution over current X-ray
telescopes and may allow for imaging of Super-Massive Black Hole (SMBH) event horizons. Telescope sizes are
defined by the necessary diameter to resolve the SMBH’s accretion disk down to the Schwarzschild radius for the
X-ray iron 6.4 keV line. This is summarized in Table 1. In Table 1, the science goal considered is resolving
supermassive black holes (SMBH) in the centers of galaxies, whereby SMBH sizes are defined by the
Schwarzschild radius; telescope sizes are defined by the necessary diameter to resolve the SMBH’s accretion disk
down to the Schwarzschild radius for the X-ray iron 6.4 keV line. Following the termination of the NASA/ESA
partnership in the International X-ray Observatory (IXO), NASA’s Physics of the cosmos (PCOS) program is
developing alternative plans to address high priority IXO scientific objectives as described in the 2010 Astrophysics
Decadal Survey1. Key IXO Science goals include: measuring black hole spin, tracing the orbits of accretion disk
material close to event horizons, measuring the equation of state of neutron stars, quantifying the growth of galactic
clusters, performing absorption studies of the hot intergalactic medium, and determining the evolution of active
galactic nuclei over cosmic time. The X-ray Mission Concept study report74 noted that their cost analysis is reliable
if all relevant technologies are brought to TRL-6 prior to mission start. The report identified the essential
technologies to be brought to TRL-6 prior to the start of an X-ray mission. In that report, lightweight optics were
identified as the central technological development that could provide an order of magnitude more collecting area
relative to existing observatories. Also noted in the report, developing lightweight optics was fundamental to all
future notional mission concepts. In summary, a Liquid Crystal Imager may be well suited to X-ray applications that
do not require coherent imaging, but rather rely on X-ray diffraction to collect photons in a given X-ray energy
range. The large aperture of a Liquid Crystal Imager will enable much improved spatial and spectral resolution over
current X-ray telescopes and may allow for imaging of Super-Massive Black Hole event horizons.

III. System Configuration
Innovative solutions for telescopes that are less complex and are lightweight are very desirable. Currently,
telescopes such as the James Webb Space Telescope (JWST) are very expensive (in the billion-dollar range) and
very complex. The solution we propose is a method to construct an Imaging System in space in which multiple
patches made by liquid crystal elastomeric material would be embedded (printed by photolithography, painted, or
glued) into the surface of a thin film, multi-layer, membrane. The patches on the membrane would be in such a
4
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distribution as to form an array. The membrane could be actuated by a bi-morph piezoelectric layer, a layer of
electroactive polymer (EAP) material, a layer of shape memory material, or any other intelligent material, i.e.
actively controllable, film that can be part of the supporting membrane. The surface actuation, necessary to correct
for telescope surface figure errors, would be provided by the actuation of a two-dimensional continuous active film,
such as a photo-sensitive liquid crystal elastomer. This would be a type of segmented mirror in which the segments,
not necessarily connected, are the liquid crystal patches, instead of the entire surface like a conventional telescope
mirror, with as many patches as needed to synthesize a very large aperture. The patches of liquid crystal elastomer
could be cured and embedded in the membrane substrate prior to flight. Embedded intelligence (autonomy, power,
sensing) would be provided by adding multi-functionality to the membrane. Fine alignment of each patch could be
tailored to the application before flight, without requiring precise in-flight control, or could be provided in flight if
the patches were made of an actively controlled liquid crystal layer. The patch would be aligned by actuating the
membrane substrate, not by controlling the individual patch (similar to segmented telescope control). The membrane
substrate could be made to be very lightweight, gossamer-like, like mylar or kapton. Patches would be printed and
would form a sparse array onto the membrane substrate. The patch array could also be made of an electrically
switchable liquid crystal polymeric material, which would become a variable focus optical system capable of
accommodating changes to light polarization and intensity in the wavefront during flight. The large aperture could
be part of a distributed imaging system in formation flight, allowing for large aperture sizes and very large focal
lengths of the order of kilometers, leading to imaging systems with unprecedented resolution. This arrangement
would allow one to form a very large and lightweight aperture of a spaceborne imaging system, thus reducing
overall mass and cost.
The novelty lies in combining the advantages of telescope technologies at several scales: a) a thin film
deployable membrane as the substrate for the primary aperture, which could be compactly folded and packaged into
a small volume, and at the same time could unfold to become a very large aperture; b) the technology of sparse
apertures (Golay arrays, for example) in which a very large aperture (hence increased optical resolution) would be
synthesized by a large number of sub-apertures (i.e, the liquid crystal elastomeric patches) placed at locations that
are optimally enhancing the system performance as an optical system; c) liquid crystal system optics; and d)
multifunctional systems in which the membrane would be made of a bi-layer active material susceptible to being
actuated remotely (via light pressure, electrostatic charging, or magnetically) to induce a local curvature on the
membrane, hence the possibility of precise optical figure control for the entire primary without the need for massive
backing structures and actuation mechanisms.
In this frame of mind, we have considered optical systems with a reference aperture diameter of 10 meters
(see Table 1), with focal lengths from 100 km to 1000 km, for imaging in the X-ray band. Different system
configuration options have been considered. One is a liquid crystal (LC) lens, in which a LC device where the wave
front of a transmitted beam is shaped by applying a non-uniform voltage pattern across an LC substrate. If the
devices anode is shaped into Fresnel lens with concentric rings of varying widths, a non-uniform voltage may be
attained. Another option is a Fresnel lens with an array of LC mirrors and LC Wedges – a novel reflective optic
composed of an array of LC mirrors that allow for variable reflectivity combined with an LC wedge10 that allows for
local tip/tilt correction. The mirrors allow the reflective Fresnel lens to be reconfigurable and the combination of the
array of LC wedges with a Shack-Hartmann wavefront sensor34 may be used as a wavefront control system. Finally,
MEMs mirrors – similar to the Fresnel lens with LC mirrors, but now the mirrors are MEMs mirrors and the tip/tilt
correction is produced mechanically by tilting the MEMs mirrors3,10. All these options involve a deployable,
possibly inflatable membrane52, on the surface of which the various aperture patterns would be designed (via
electro-spray, or micro-fabrication). Using standard lithographic techniques28 each LC pixel in the device might be
constructed in wafers much like they are for a LC flat panel display. For these reasons, we believe a liquid crystal
inflatable (LCI) imager to be a very promising alternative to monolithic systems. Therefore it is important to
consider how feasible it is to manufacture such a pattern. The spacing of diffraction rings for a 1m Fresnel lens
operating at 200nm and focal length 100m is shown in Figure 1. In Figure 1, each successive ring of 24999 total
rings corresponds to one wavelength difference at the focal plane. In Figure 1, Left: inner 2cm x 2cm patch (rings:
1-19); In Figure 1, Middle: 1cm x 1cm patch of rings 995-1124; In Figure 1, Right: 2mm x 2mm patch containing
rings 24845-24970. A 10m version operating at 6.3 keV and focal length 40 km would require over 6 million rings.
Using 10λ path length difference instead of 1λ reduces the number of rings to about 600,000, but decreases
throughput. This is a very challenging requirement but is made considerably easier to obtain for the LC devices
since the large aperture size is obtained by concatenating arrays of LC mirrors and wedges.
There are many challenges in developing diffractive telescopes2,5,25,26,33. In the proposed concept, multiple
patches made by liquid crystal elastomeric material would be embedded (printed by photolithography, painted, or
glued) into the surface of a thin film, multi-layer, membrane. The patches on the membrane would form an array.
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Figure 2. Granular Imager HLC Contrast vs. Fill Factor
Object
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Telescope,size,(m),@,6.4keV

Figure 2 shows a schematic diagram of the proposed liquid crystal telescope in which the aperture and the science
Sag,A*,(MWG)
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camera are in formation flight. Figure 3 shows a depiction of the liquid crystal array on membrane substrate. The
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Figure 2. Schematic diagram of liquid crystal telescope in which the aperture and the science camera are in
formation flight.
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Figure 3. Liquid crystal array on membrane.

IV. Liquid Crystal Elastomers
While some aspects of liquid crystal technology are very mature (for example liquid crystal displays), it is
still a very active research area15,16,72. Applications of liquid crystals as vortex retarders in astrophysics are also been
considered35,36. The patches of liquid crystal elastomer could be cured and embedded in the membrane substrate
prior to flight. Azobenzene liquid crystal polymer networks have recently drawn significant attention due to their
novel photomechanical material behavior for developing remotely actuated adaptive structures11,12,13,14,19,32,54,67. The
photoisomerization of this material leads to large polymer network deformation since the liquid crystals are
synthesized within the network. These materials are characterized by a liquid crystal azobenzene chromophore that
undergoes a trans-cis photoisomerization when exposed to light of a certain wavelength in the UV to visible regime,
which is characterized by a structural change of the liquid crystals from a “rod” shape to “kinked” shape, and which
leads to polymer network deformation since the liquid crystals are synthesized within the polymer network.
Applying polarized light and rotating the polarization relative to the liquid crystal orientation may also change the
amount of bending. These materials could be used as light controlled actuators to yield adaptive materials for
dynamic optical elements. Recent studies11,12,13,14 show that changes in light induced bending deformation with
respect to the incident angle of light can be achieved for moderate to large bending angles, which may be useful for
adaptive optical compensation and wavefront correction.
A photo of a switchable diffractive waveplate lens from Beam Engineering, Co. is shown in Figure 4. This
lens67 is based on an active layer liquid crystal polymer film, with active layer thickness in the 2-30µm range
(depends on operating wavelength). Available aperture size is up to 50 mm, with customizable focal length. The lens
re-focusing time is between 0.2 - 5 ms. The operating wavelengths are from UV to LWIR, with diffraction
efficiency: >95% (circular polarized light), bandwidth: 50-400 nm, absorption losses per stage <2% (Vis –NIRSWIR), <4% (UV, MWIR). The wavefront error in the diffracted beam is λ/4 (@633 nm). These lenses can be
attached to various substrates, such as all major transparent materials, including plastic, with substrate thickness
from 5 µm to 5 mm, and are low power consumption.
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Figure 4. Photo of switchable liquid crystal lens (courtesy of Beam Engineering, Co.).

V. Modeling and Control Architecture for LC Imager
In the following, we outline the modeling and control architecture for the LC imager. Figure 5 describes the
overall control architecture for the system model. It starts in the upper left corner with the LC model, which would
include a model of the system dynamics. This dynamics engine computes the dynamic response of the telescope
system in formation, including the primary aperture. It receives model updates as data from the planned laboratory
experiments becomes available. The control involved at this level includes the control of the electrically-switchable
liquid crystal elements, and the control of the entire aperture formed by the sub-apertures. From the dynamic state of
the liquid crystal elements, a complex electromagnetic pupil function is computed, from which the optical figure and
pupil can be determined. The next stage of control involves feedback on the relative position and orientation of the
separate spacecraft imaging system (primary and secondary) to keep the elements in formation. The spacecraft has
its own thrusters and reaction wheels to maintain precision optical alignment using a laser metrology truss (some
developments were done at JPL39,40,41,42,43). A STOPC (Structural, Thermal, Optical, Control) integrated model is the
basis of the wavefront sensing and control system. Drivers to the STOP model include thermal variations based on
the trajectory of the system relative to the Sun and other thermal sources. The STOP model has two main control
systems, one for LOS correction and an adaptive optics control system that uses a Shack-Hartmann sensor to control
a deformable mirror. Combining information from multiple STOP models (one for each liquid crystal element), a
time-varying PSF (Point Spread Function) of the optical system is computed. An IPO (In-focus PSF Optimizer) is
another WFS&C algorithm developed at JPL for segmented optical systems. This algorithm could be used to drive
the optical delay lines to maintain the relative phase of each liquid crystal elastomeric element and would also
provide feedback information to the LOS control to maintain high-level system pointing. Finally, the time-varying
PSF is convolved with an image (or “scene”). Speckle imaging and multiframe blind deconvolution algorithms
could be used to “clean up” the imagery to get an accurate estimate of the original scene. These various elements are
described in the next sections.
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Figure 5. Liquid Crystal Telescope Modeling for Control.

VI. System dynamics
The equations of motion of the entire system will be derived in this section. We introduce the inertial reference
frame ΦI, X pointing toward the vernal equinox, Z toward the North Pole, and Y completes the right handed
reference frame, and the orbiting reference frame ΦORF, which we use to describe the near field dynamics of the
spacecraft relative to its orbit. This reference frame is attached to a point that follows a Keplerian orbit around the
primary body, say the Earth. The body-fixed reference frame is defined as: the y-body directed from the bus towards
the reactor, the x-body axis directed from the bus toward the rightmost ion engine pod, the z-body axis completes
the right-handed triad. The motion of the system is described with respect to a local vertical-local horizontal (LVLH) orbiting reference frame (x,y,z)= ΦORF of origin OORF which rotates with mean motion Ω and orbital semi-major
axis R0, z along the local vertical, x toward the flight direction, and y in the orbit normal direction. When the
spacecraft’s attitude is displaced from the attitude of the ΦORF frame, the pitch angle is defined as the angle between
the body-fixed y axis and the z-axis in the plane of the orbit, the yaw angle is defined as the out-of-plane angle
between the body-fixed y axis and orbit plane, and the roll axis is defined as the angle around the body-fixed y axis.
The orbit of the origin of ΦORF, point OORF, is propagated forward in time under the influence of the gravitational
field harmonics. The position vector of a generic structural point with respect to OORF is denoted by ρi, and we have
ri=R0+ ρi. We define the state vector as X=(R0, V0, ρ 1, q1, v1, ω 1, …, ρ N, qN, vN, ω N, θw1,θw2,θw3 ,ωw1 ,ωw2 ,ωw3)T.
The translation kinematics and dynamics equations of a point mass of mass m in a general orbit are:

! × ρ − Ω × Ω × ρ − 2Ω × ρ! + !!
!! − Ω
ρ!! = − R
r (near field)
0

!!
r = − µE

r
r

3

+

f a + f s + f3
(far field
m

f +f +f
!! = − µ E R + pert J 2 J3 (ORF orbital dynamics)
R
0
0
m
R03

(1)
(2)

(3)

where: ρ = relative position vector of mass with respect to ORF, R0 = orbital radius vector to origin of ORF, Ω =
orbital rate, µE = gravitational parameter, fa = thruster actuation force vector, fs = solar pressure force vector, f3 =
third-body forces vector, m = spacecraft mass with rotors added, and fpert, fJ2, fJ3= resultants of higher order
gravitational terms from the primary acting on the entire system as an extended body. Eq.(3) describes the Keplerian
orbital dynamics. The rotational dynamics equations of a spacecraft with a gyroscopic distribution about its center of
mass (for example, reaction wheels or control moment gyros) are:
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! w + ω × ⎛ Jω + ∑ H w ⎞ = g + g
Jω! + ∑ H
i
i ⎟
e
a
⎜⎝
⎠
i
i
! w = −g (i=1,…, number of rotors)
H
i

wi

(4)
(5)

where ω = spacecraft’s body angular rate, ge = external perturbation torques (solar pressure, gravity gradient, J2,
etc.), ga = thruster actuator torques, gw = rotor control torque, J = spacecraft moment of inertia,

Hiw = angular

momentum of the i-th rotor.
An integrated modeling approach previously considered for high-precision space telescopes is followed in the
development of the system model for control design44,45. The vehicle plant model is a model of the system in modal
space, obtained from the system mass and stiffness matrix set. After solving the eigenvalue problem K a Φ a = Λ a M a Φ a
with Φ Ta M a Φ a = 1 , and introducing the canonical transformation Xa= Φa ηa, where Φa is the matrix of modal
shapes, with n<N retained modes, we obtain the modal equations. Introducing now the structural damping matrix Σ,
we may write the modal dynamics equations as:
⎡ 0
Za = ⎢
2
⎢⎣ −Λ a

⎤ ⎛ ηa ⎞ ⎡ 0
1
⎥⎜
⎟+⎢
−2ΣΛ a ⎥ ⎜⎝ ηa ⎟⎠ ⎢ ΦTa Da
⎦
⎣

⎤
⎥U a = Aa Z a + BaU a
⎥⎦

(6)
where Σ, Λ are diagonal (n x n) and ηk is the modal displacement, and n is the number of retained modes. In statespace form, where A is (2nx2n) and B is (2nxn), this system becomes:
x!k = A!xk + Buuk + Bw wk
yk = C y xk + Dy uk + v
z k = C z xk

(7)
where uk is the actuator input, wk is a disturbance input, and v is sensor noise, representative of the
spacecraft gyro noise. Bw defines how the disturbances are input into the system, Bu defines how the
actuator commands are input to the system, Cy relates the sensor outputs to the states, z are the
performance outputs, Cz relates the performance outputs to the states, Dy relates the performance
outputs to the control inputs, and y are the sensor outputs. The inputs and outputs of the model are
defined based on the desired disturbances, performance outputs, and control systems. The equations of
motion for the flexible spacecraft in global coordinates can be written in terms of the configuration vector q (of
length ng+1), which contains the nodal displacements and rotations of each node in global coordinates plus the rotor
rotation angles plus the rigid body degrees of freedom. The global equations need to be reduced from the global set
ng of dependent configuration variables to a set of independent degrees of freedom ne, and this is done by a
transformation q=Tqe, where T is of dimension ng×ne. Splitting the equations in elastic (e) and rigid (r) coordinates,
we have:

!
!!e +M er Ω+(G
Meeq
+Dee )q! e +K eeqe = fe
ee
! =f
!! +M Ω
M q
re

e

rr

r

(8)

where now Mee=TTMgT, and similarly for the other matrices.
A finite element model of the spacecraft bus with a 25 meter diameter reflector dish, as shown in Figure 3,
has been developed, and it is shown in Table 2. The finite element model features all the structural dynamic
components of the spacecraft, with the exception of the spacecraft at the center, which are assumed to be rigid. We
also have beam elements for the interfaces connecting the dish to the inner and outer torus, and membrane elements
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for the reflector dish. The inflatable torus (inner and outer), modeled as a circular ring, is connected to the reflector
through a set of beam elements modeling the piezoelectric actuation links for boundary control of the membrane.
The membrane elements are linear, with no pretension. All material properties are homogeneous and isotropic. The
finite element model has 1058 degrees of freedom (96 rectilinear beam elements, 168 triangular membrane
elements), and 193 nodes.
Table 2. Finite Element Mesh Characteristics.
Number of nodes in Reflector Annular Dish
Number of nodes in Inner Torus
Number of Nodes in Outer Torus
Total number of nodes

121
8
64
193

Number of triangle elements in Dish
Number of beam elements in Inner Torus
Number of beam elements in Outer Torus
Number of beam elements interfacing Inner Torus to Dish
Number of beam elements interfacing Outer Torus to Dish
Number of beam elements connecting Bus to Inner Torus
Total number of elements

168
8
64
8
8
8
264

VII. Pointing Control
Robust and realistic control, sensing, estimation, and system identification methodologies and algorithms
are common to most of the gossamer spacecraft envisioned in NASA missions. This commonality stems from the
fact that their control design and performance is very sensitive to modeling errors. These may arise from unmodeled
flexibility in large structures, unmodeled sensor and actuator dynamics, and uncertainties in the interaction with the
environment. The long life expectancy of these envisioned missions (3 to 5 years) requires a sensing and actuation
scheme which must be robust to uncertainties in the plant model. There are a variety of dynamics and control issues
associated with gossamer-like spacecraft, which have only begun to be addressed. Some are common to other
spacecraft as well, but in general they present additional problems.
The LC imager aperture would be light, possibly very large, and hence simultaneously quite flexible. The
pointing issues of large flexible spacecraft cannot be addressed as if they were more traditional structures. The
problem is difficult because a high control bandwidth is necessary for tight requirements, relative to the low
frequency structural modes. One issue related to the momentum control of the LC imager is that solar torques will
be large because the surface is large and opaque, and the center of pressure to center of mass offset is also large.
This can lead to substantial propellant requirements to maintain pointing. For very large reflectors, the propellant
mass alone could be prohibitive. To control the shape of the LC aperture, there are a variety of techniques that have
been considered, but none have been demonstrated in flight: active turnbuckles, cable networks, piezo-electric
polymer membrane - PVDF, piezo-optical polymer membrane, electrochromic patches, and laser keratectomy. In
general, the membrane must be supported by a frame, possibly an inflatable ring or torus. The membrane itself may
have a rim or serpentine structure that distributes the attachment load over the thin membrane. Constant-force
springs have been proposed for use to make the membrane less sensitive to the deployed position of the torus. Some
limited shape control experiments have been done to investigate the effectiveness of turnbuckles for control. While
turnbuckles cannot remove all surface errors (in particular the errors in inflating a uniform, flat membrane) they are
quite effective in reducing errors such as those created by incorrect deployment of a circumferential torus structure.
In general, the control problem for gossamer spacecraft is multifaceted46,47,58,59,66,70,75. There exist problems
arising from shape errors originating in manufacturing errors, fabrication errors, and errors deriving from dynamic
noise and ageing. In terms of attitude control, as structures get larger, and more flexible, control-structure interaction
becomes the dominant cause for possible instability. Translational control becomes necessary if the gossamer
spacecraft must fly in a formation. Pointing control is very demanding when inflatable apertures are used in
interferometric instruments. Momentum control becomes necessary to compensate for solar pressure disturbances.
Shape control represents a challenge for maintenance of surface accuracy. Deployment control is advisable, since
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inflatable structures are tightly packaged with tendency to crease formation in the film material, which has an
influence on the deployment trajectory.
Based on the Hubble Space Telescope test data, also used for the James Webb Telescope44,45, the
disturbance forces and torques can be modeled as consisting of discrete harmonics of the reaction wheel speed, frwa,
with amplitudes proportional to the square of the wheel speed:
n

2
m(t ) = ∑ Ci f rwa
sin ( 2π hi f rwa t + φi )
i =1

(9)
where m(t) is the disturbance torque or force, Ci is an amplitude coefficient, hi is the harmonic number, and ϕ is a
random phase (uniform over [0; 2π]). Using this model, estimating the amplitude coefficient and the harmonic
number is equivalent to determining the amplitude and frequency of each component as a function of wheel speed.
The disturbances that can be measured are forces in the plane of the wheel (radial forces), force along the wheel's
axis of rotation (axial force), and wobble torques (radial torques). Experimentally, torque about the axis of rotation
(torque ripple and motor cogging) was found to be insignificant. With standard sensing equipment located on board
the bus, i.e. three-axis accelerometers, gyro unit, and a global attitude determination system such as an on-board star
tracker, both inertial position (in inertial coordinates), inertial attitude (with respect to the inertial reference frame,
which is being propagated through ephemeris in the on-board computer) and their rates can be determined. Some
estimation procedure is necessary when the full dynamic state cannot be measured. With this information, the
nonlinear gyroscopic terms in the equations of motion can be cancelled from the equations. This cancellation results
in a feedback linearized equation of motion in the direction of the controlled axes, namely we achieve near perfect
state decoupling, and we can design the local controllers assuming independent control loops. The pointing control
algorithms would rely on a feedback linearization of the dynamics to derive a globally, exponentially stable
controller for the pointing dynamics. An attitude estimator on board the bus provides real-time estimates of the
attitude quaternion and angular velocity. A command profiler specifies the command to be tracked, in the form of a
constant or a step versus time. These commands are provided to the controller in the form of desired attitude,
angular velocity, and angular acceleration. It is desired to cancel all possible dynamic nonlinearities arising from
gyroscopic and centrifugal terms, as derived from the equations of motion. The rotational control torque vector t is
then of the following form

τ=Γpi [λ(θerr )Cmd -λ(θerr )Est ] +Γvi ( NωPCmd -NωP Est )+J P Nα PCmd +hcancel
(10)
where Γpi and Γvi are rotational control gain matrices, JP is the payload moment of inertia matrix, λ is the
unit eigenaxis of rotation, θerr is the magnitude of rotation corresponding to the difference between the commanded
((⋅)Cmd) and the estimated ((⋅)Est) quaternion, hcancel is the vector of the centrifugal and Coriolis nonlinear terms to be
cancelled, which can be obtained from the appropriate terms in the equation of motion, and NωP and NαP are the
angular velocity and acceleration vectors of the payload respectively. The desired control forces and torques are
subsequently fed to the thruster selection logic and to the reaction wheel selection logic. The thruster selection logic
features a nonlinear programming logic, which computes the desired on-time durations of all thrusters such that a
weighted combination of force and torque errors (as differences between achievable and commanded) is minimized
with the constraints of positive on-time. In a similar way, the torque command is distributed on the reaction wheels
depending on their orientation in the spacecraft body frame.

VIII. Wavefront Sensing and Control
A liquid crystal imager is a space-borne imaging system that makes use of an array of liquid crystal
diffractive elements to form a sparsely filled primary mirror. The concept is depicted graphically in Figure 6. Light
reflected from each LC patch is then focused into a back-end system consisting of a control system and detector.
However, to be an effective imager with a useful point spread function, the wave fronts reflected from the parabolic
surface of the liquid crystal distribution must be corrected. The challenge of a wave front control system for a LCI is
to correct for the scattered speckle field when the effective surface roughness of the membrane with the LC patches
is on the order of mm. It is unlikely that a single deformable optic will have both the range and control accuracy to
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correct for such roughness. Therefore, multistage control architecture was chosen. There are existing techniques of
control theory which deal with multiscale systems64. The wave front sensing and control process follows the
following steps: a) LC array Shaping – The LC array is shaped into the primary collector of the LC imager
(parabolic reflector, Fresnel lens, multi-segment array, etc.); b) Sub-Aperture Coarse Alignment – sub-aperture
segments are coarse aligned. This technique applies to either low frequency control of a parabolic reflector or
phasing an array of sub-apertures; c) Figure Control – The wave front of a sub-aperture is “flattened” for a
bandwidth of spatial frequencies dictated by the wave front control technology; and d) Computational Imaging Deconvolution and other computational imaging techniques would be used to compensate for less-than-ideal
imaging as a result of the discrete nature of the primary mirror. Future work will consider this sensing and control
approach in more detail.

Sub/Aperture#
Coarse#Alignment#

LC#array#Shaping#

Collector'
&'
Science'
Camera'

LC#Figure#Control#

PSF#
Deconvolu<on#

Corrector'
Units'

Liquid'Crystal'Array'

Figure 6. Proposed multistage wavefront control scheme for liquid crystal array aperture.
An optical design that implements the above described wavefront control architecture is depicted in Fig. 7. In
this design, the array is re-imaged onto an array of fast steering deformable mirrors (DM/FSM). The tip/tilt of each
LC sub-aperture are controlled so that the entire collections of sub-apertures fit onto a curved surface. A ShackHartmann wavefront sensor is used to sense the figure error that the DM/FSM must correct. In addition, there is an
optical delay line that can be used to phase multiple LC apertures together as a hybrid segmented LC imager design.
Wavefront Sensing (WFS) is the measurement of the overall effect of the optical aberrations in an imaging
system, such as a space telescope. Phase Retrieval is an image-based WFS tool, taking as its input data defocused
images of an unresolved object such as a star or an optical pinhole or fiber. It computes a WF map – a twodimensional array of Optical Path Difference values – showing the deviation of the actual wavefront from its
spherical ideal. For telescopes equipped with actuated optics, such as deformable or movable mirrors, this WF map
provides the information needed for control of WF errors, and it does so in the actual science cameras, without
requiring a dedicated WFS instrument. Phase Diversity is a superset of Phase Retrieval that attempts not only to
estimate phase errors in a system, but also the object that forms an image. Therefore, it is not limited to an
unresolved point source, but utilizes an extended scene.
Next, we outline the modeling and control architecture for control of the LC array, shown in Figure 8. We a
previous architecture proposed for a membrane mirror telescope43. We divide this architecture into a static loop and
a dynamic loop. Once the model is developed of a component shell element with bimorph piezo layer embedded in
it, the capability is available to model the entire spherical mirror surface undergoing static deformations. The static
solution for the mirror displacement is used to optimize the piezo patch locations so that the resulting aberrations are
gone. Therefore, an iterative process is required to optimally distribute the piezo patches. Once this initial step is
completed, the system dynamics can be computed, and the system modal data evaluated. This is the beginning of the
dynamics loop. Mirror surface deformations are then computed at each time step given the external perturbation
sources and the actuator inputs. With these mirror surface deformations, the deformed reflector shape can be
synthesized. The coefficients of the Zernicke polynomials are then identified, and the corresponding piezo patch
voltages are then computed. These voltages are compared with the static voltages required to attain the ideal
spherical surface, and a corrective control action is requested with an additional voltage correction.
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Figure 7. Liquid crystal array multiaperture concept.
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Figure 8. Modeling and Control Architecture Requiring Design Iteration.

Once a model is developed of the liquid crystal array, we model the entire aperture surface undergoing
static deformations. The static solution for the mirror displacement is used to optimize the electrode potential
distributions of each liquid crystal element so that the resulting aberrations are zeroed out. Therefore, an iterative
process is required to optimally distribute the electrode potentials. To do this, propose a quasi-static modal control
approach for shape control43. In this approach, the shape of the mirror is given in terms of orthonormal polynomials
defined on a unit disk, which are known as Zernike polynomials5. Then, an algorithm that computes the required
boundary electric actuation will adjust the coefficients in these series in order to establish the desired spherical
mirror shape. The general two dimensional Zernike series is given in the following form:

5

Tyson, R., Principles of Adaptive Optics, Academic Press, 1997.
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where z represents the surface elevations, R is the radius over which the polynomials are defined, ρ and θ are the
polar coordinates defined on the mirror plane, n−m is even with
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and Anm are Zernike coefficients, used to describe the wavefront. Consequently, the surface deformations for the
mirror can be effectively described by using these polynomials, and there are techniques available to extract the
coefficients of these polynomials from sensed information. Our approach is to define a desired shape for the LC
mirror, then to describe the deviation from this shape in terms of Zernike series, and to adjust the Zernike
coefficients with a control actuation. In the orbital environment, particularly in an orbit beyond geosynchronous, the
large mirror will be exposed to disturbance forces, which vary extremely slowly, such as solar pressure. Therefore,
we can treat the shape control of the large mirror as finding the control forces to correct the static deformations at a
given time. The dynamics of the mirror are ignored in this stage but, since this correction is done frequently, and the
external control actuation can be applied very rapidly, this is a reasonable simplification.
Once this initial static step is completed, the system dynamics can be computed, and the system modal data
evaluated. See Figure 9 (left) for modal shapes of a representative hexagonal element. The LC aperture dynamic
model is a model of the system in modal space, obtained from the mass and stiffness (M,K) set. From the global
stiffness matrix of the aperture, we can derive the generalized compliance, i.e. the influence functions. Influence
functions are the mappings

∂uKi
, where uKi is the displacement at location K in the i-th direction, and fNj is the
∂fNj

control action at location N in the j-th direction. For reference, Figure 9 (right) shows influence functions for a
representative hexagonal segment, obtained by applied unit actuator inputs circumferentially around the mirror. LC
mirror surface deformations are then computed at each time step given the external perturbation sources and the
actuator inputs. With these mirror surface deformations, the deformed LC reflector shape can be synthesized. The
coefficients of the Zernicke polynomials are then identified, and the corresponding control inputs are then computed.
These voltages are compared with the static voltages required to attain the ideal spherical surface, and a corrective
control action is requested with an additional voltage correction. In order to find the required control action, we
need to describe the effects of the voltages, applied to individual actuation patches, on Zernike coefficients,
generally modeled as ck=gk(V1,V2,…,Vn), where V1,…, Vn are the voltages applied on the electrode patches, gk is the
function describing the influence of these voltages on the Zernike coefficients . These functions gk can directly be
derived by using the influence functions9,69,76. They establish a relationship between applied voltage field and the
resulting deformations, and are functions of the boundary conditions at the mirror edges, and the initial nominal
shape of the aperture. An example of numerical visualization of such influence functions is given in Figure 10, (this
example is from24). Figure 10 shows astigmatism and defocus of circular mirror with surface electrodes (this
example is from ). As an example of correction control law to track a desired Zernike surface Zd(x,y), consider the
Zernike error eZ=Z(x,y)-Zd(x,y). An exponentially stable second order error dynamics is (ωz is the desired response
natural frequency, and ςz is the damping)

e!!Z + 2ζ Zω Z e!Z + ω Z2 eZ = 0 , leading to:

!! y) + 2ζ ω Z(x,
! y) + ω 2 ⎡ Z(x, y) − Z ⎤ = 0
Z(x,
Z Z
Z ⎣
d⎦
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Figure 9. Modal shapes of representative hexagonal segment (left). Influence functions for representative
hexagonal segment (right).
Suppose now that the functional relation describing influence of the voltages on Zernike coefficients is linear,
and a matrix A describes it, i.e., C=AV. Now, if the desired shape of the mirror is described by
m

zˆ ( ρ , θ ) = ∑ cˆk Z k ( ρ ,θ ) , we can find the necessary actuation to assume the ideal nominal shape by using a
k =1

least squares (or minimum energy) described as V=(ATA)-1ATeZ. Once the actuation voltages are determined they are
applied to correct the deformations in order to attain as ideal a shape as possible. The Zernike coefficients as a
function of state can also be expressed as:

Z(x, y) =
=

∂Z(x, y)
∂Z(x, y)
⎡ d (x, y) + dθ (x, y) ⎤⎦
d(x, y) =
∂d(x, y)
∂d(x, y) ⎣ m
∂d (x, y) ⎤
∂Z(x, y) ⎡ ∂d m (x, y)
u+ θ
θ⎥
⎢
∂d(x, y) ⎣ ∂u
∂θ
⎦
(15)

where θ: Temperature, u: Actuator commands, dm: mechanical displacement, dθ: thermal displacement. The resulting
actuator commands for perfect Zernike tracking then are:
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and the resulting actuator commands for perfect Zernike tracking with stabilized error dynamics become:
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Figure 10. Astigmatism and defocus of circular mirror with surface electrodes (from24).

IX. Experiments with Switchable Focal Length Waveplate Lens
The optical layout of our experimental setup is shown in Figures 11 and 12, respectively. A partially
polarized, 635nm diode laser is used as a light source. A standard lens collimates the divergent light coming from
the diode laser. Two-inches Iris Diaphragms is used as a field-stop to adjust the diameter of the system clearaperture. A linear-polarizer (LP) and a quarter-wave plate (QWP) are used to select different polarization states, and
a neutral-density (ND) filter to control light intensity. The images generated by a standard lens and by a liquidcrystal lens (LCL) were captured by a CCD camera. When we inserted a standard lens in place of LCL, we obtained
the image of the light-source shown in Fig. 13(left). When we inserted the LCL back to the system, kept its poweroff, and produced a right-hand circularly polarized (RHCP) light with the QWP, we got the image shown in Fig.
13(right). That is, the LCL acted like a standard focusing lens when its power is turned off and it is illuminated with
an RHCP light. In summary, when the input light is partially polarized, the LCL works in three different states: A
focusing lens (power-off, for RHCP light), a defocusing lens (power-off, for LHCP light), and a normal refractive
element (power-on). Finally, we put back the QWP, and controlled the polarization state of the propagating beam
with it. When the LCL is off and the input light is right-hand circularly polarized, the LCL worked as a focusing
lens, by focusing the input beam into a spot, but it also worked as a refractive optic by allowing some light to leak
through. Similarly, when the LCL is off and the input light is left-hand circularly polarized (LHCP), the LCL
worked as a defocusing lens by diverging the input beam, and allowed some light to leak through as before. . In
summary, the LCL acts as a focusing lens when its power is turned off and the input beam is right-hand circularly
polarized. It acts as a defocusing lens if its power is off and the input beam is left-hand circularly polarized. We
obtained three beams when the LCL is powered off and the input beam is partially polarized or linearly polarized:
Defocused, Transmitted, Focused, and the LCL acted like a refractive optic when the LCL is turned on, as shown in
Fig. 13 (bottom row). We noticed that the source (or ”artificial star”) image is not symmetric when using a righthand circularly polarized beam; the image is much more distorted as compared to that of a standard lens. In
summary, we observed the following: a) ”Transmitted beam” should not be there when the input is perfectly righthand or left-hand circularly polarized (We used 2 linear-polarizers to guarantee the input is perfectly linearly
polarized before entering a quater-wave plate), and the light-leakage suggests that the LCL we purchased is not
made for 635nm used in our experiments. b) LCL should produce a symmetric or circular star-image, as did by a
standard lens.
It is generally expected that star light is partially polarized. Therefore, if a LCL with ideal properties
(focusing RHCP light, defocusing LHCP light, and not allowing any unpolarized light to leak through) is to be used
as a focusing element, such as primary mirror in a space telescope, the incoming beam would need to be preconditioned with a linear polarizer and a quarter-wave plate. If such a space telescope was designed to work with
broadband light, the polarization selecting elements would also need to be broadband. While the experimental
results are not of exceptional quality, our understanding from talking with the manufacturer is that all the
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manufacturing issues, including the asymmetric optical response of the LC lens, can in principle be much mitigated
with more focused R&D efforts for precise fabrication, as well as modeling and simulation of the LCI in relevant
environmental conditions.

X. LCI Manufacturing Considerations
There are some manufacturing considerations to be made, as LC lenses pose several challenges. Typically,
switchable elements are made of non-azobenzene materials, while azobenzene-based materials are used for the
photoalignment technique if the diffractive wave plate. The manufacturing of uniform films with very tight
tolerances (0.1 microns or less) is very difficult to achieve. Deposition of the liquid crystal can be achieved by spin
coating, or via lithographic techniques with accuracies of 0.1 micron. It is also critical that the supporting cells
providing the gap for the switchable liquid crystal satisfies the half-wave retardation condition. Finally, these liquid
crystal materials operate at best performance within a finite temperature range, typically from -40 C to +120 C, and
approaching those limits drastically affects switching times (from milliseconds to 100’s of milliseconds) and also
they become cloudy. Also, in Section III we have indicated that various configuration options would involve a
deployable, possibly inflatable membrane, on the surface of which the various aperture patterns would be designed
(via electro-spray, or micro-fabrication). Using standard lithographic techniques28 each LC pixel in the device might
be constructed in wafers much like they are for a LC flat panel display. Also, we indicated that the spacing of
diffraction rings for a 1m Fresnel lens operating at 200nm and focal length 100m would be very large, i.e., a 10m
LCI operating at 6.3 keV and focal length 40 km would require over 6 million rings, and using 10λ path length
difference instead of 1λ reduces the number of rings to about 600,000, but decreases throughput. These are very
challenging requirement from a manufacturing standpoint, but the example of the Photon Sieve leads us to believe
that this would be possible in a few years.

Figure 11. Schematic diagram of our experimental setup.
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Figure 12. Photograph of our experimental setup.

XI. Conclusion
Typically, the cost of a space-borne imaging system is driven by the size and mass of the primary aperture.
Using thin film liquid crystal diffractive film technology, the liquid crystal imager (LCI) would allow for very large
and lightweight primary apertures, hence reducing overall mass and cost. It is of special significance that these
techniques are scalable to arbitrarily large aperture sizes, which could revolutionize NASA and DoD large-scale
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optics in the fields of: astrophysics, remote sensing, and reconnaissance, with applications to planned Decadal
Survey missions1 such as: an UV/Optical/IR Surveyor, an X-Ray Surveyor, and a Far-IR Surveyor. We addressed
the dynamics and control aspects of the LCI, and conducted experimental characterization of a prototypical
electrically-switchable liquid crystal lens. Future work will include adding the model of the liquid crystal
elastomeric film, and an analysis of the system-level response with the wavefront sensing and pointing control loops
closed. While the experimental results are not of exceptional quality, our understanding from talking with the
manufacturer is that all the manufacturing issues, including the asymmetric optical response of the LCL, can in
principle be much mitigated with more focused R&D efforts for precise fabrication, as well as modeling and
simulation of the LCI in relevant environmental conditions.

WP Lens Power On

WP Lens Power Off

4

Transmitted beam

Focused beam

Defocused beam

Figure 13. Image of the light-source produced by (top, left) a standard lens and (top, right) a LCL (poweroff). Also shown are the light source images obtained with a linearly polarized light when the LCL is turned
on (bottom, left) and the LCL is turned off (bottom, right).
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