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SUMMARY

Optical wing structures were theoretically and numerically analyzed, and prototype arrays of wings called
optical flying carpets were fabricated with solar sail material clear polyimide (CP1). This material was
developed at NASA Langley to better withstand damaging ultraviolet radiation found in outer space.
Various optical wing sizes and shapes were analyzed to develop design strategies for thrust and torque
applications. The developed ray-tracing model has undergone continual advancement, and stands as an
effective tool for modeling most types of solar sails. To our understanding, such a model does not exist
elsewhere. The distributed forces and torques have been reduced to a simple theoretical whereby the
fundamental mechanics may be understood in terms of the numerically determined center of pressure
offset from the center of mass. This description applies to any type of solar sail, affording our ray-tracing
model a general utility. This research has established a foundation for understanding the force and torque
afforded by optical wings. The study began by considering transparent wings and ended by considering
wings having a reflecting face. The latter was found to afford the advantages of high thrust and both
intrinsic and extrinsic torque. Our discovery of the intrinsic torque on optical wings (meaning that a
moment arm is not required) has no analogy for a flat reflective solar sail, and therefore provides an extra
degree of control that may be useful for sailcraft attitude and navigation purposes.

THEORETICAL

Radiation pressure is exerted on an object owing to the absorption or redirection of electromagnetic
momentum. Redirected momentum is attributed to refraction, reflection, or re-emission of light.
Assuming low loss, absorption and re-emission may be ignored. Numerical methods are required to
determine the force and torque exerted on a refractive and/or reflective body of arbitrary shape. We have
used both ray-tracing and wave-optics models to explore how basic elements, namely long cambered
rods, are pushed and rotated when uniformly illuminated by a beam of light. Following examples found
in aeronautics, we have developed the theory of radiation pressure in terms of an applied center of
pressure, thereby reducing a complicated system to an elegant formalism.

Flat Reflecting Sail

It is instructive to first consider the force and torque exerted on a uniformly illuminated flat reflective sail,
as illustrated in Fig. 1. Light directed along the x-axis (¢ = /2, 8= 0) The is incident on the surface at
angles 0 and ¢, resulting in a force that is normal to the surface:

f=204/c)h 3)*h (1)

where 71 = sin ¢ cos &k + y sin ¢sin Gy + cos ¢z is the unit normal vector of the surface of area 4. The
solar irradiance is given by [ = L/ 4727”2, where [ = 385 x x10°* [J/s] is the broad-spectrum solar
luminous flux and 7 is the distance from the sun. At » =1[AU] =150 x x10° [m)] the maximum
value of solar pressure is P, =2//c=9.12 x 1076 [N/m2 ]. This pressure is roughly four orders

of magnitude greater than the solar wind pressure [Mclnnes 1999, p. 54]. For a sailcraft of total mass m
and sail area 4, the acceleration is given by @ = P/ o, where 0 = m /A is the areal density. At 1 [AU]

from the sun, the gravitational acceleration of the sun is a,, = GM / P2 =59 [mm/s2 ]. The sailcraft

may experience an equal and opposite acceleration at an areal density oy = P/ag, =1.54 [g/m2 ]



Note that this value is independent of the distance from the sun, since both forces decrease inversely with
the squared distance. From this gravitational point of view, the sailcraft acceleration may be expressed in
terms of the “lightness” number [ = o) / o, mass of the sun M 5> and gravitational const, G:

&= (fGMg 172 )i 3)2 i 2

Figure 1. Light incident in the x-direction on a perfectly reflective surface. Reflected
light produces a radiation pressure force in the direction f, normal to the surface.
Radiation Pressure on an Arbitrary Body
Tthe net radiation pressure force on an arbitrary body may be expressed in terms of an efficiency vector,

O whose magnitude is = 2 for a perfect sun-facing sail (¢ = /2, 6= 0):

r r
f=(I4/c)0 (3)

Based on the conservation of momentum, we have determined that the optimal theoretical values of the
longitudinal and transverse components of efficiency are given (assuming ¢ = nt/2) by

Qx,opt =1-cos(26), Qy,opt = sin(260) 4

Figure 2 (left) shows these values plotted as a red circle, with the flat solar sail values plotted as a black
ellipse. We note that our calculated optimal value predicts a transverse efficiency as large as O, = 1,
whereas the flat sail can only achieve O, = 0.77. The latter occurs when 0 ~35°, ¢ = m/2.

The x-component of force may be called the “forward scattering” or “thrust” component, whereas the y-
component may be called the “lift” component. The word “lift” refers to a force in a direction
perpendicular to the flow of incident light.
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Figure 2. (a) Efficiency of radiation pressure force of a flat reflecting sail (blue arrows)
does not achieve the theoretical limit (dark red circle) allowed by the conservation of
momentum. (b) Ray tracing for a trapezoid, shown at an angle of attack of 9°. (c) Same
at (a) but with the parametric efficiency curve for a trapezoid. (d) Lift efficiency as a
function of angle of attack, showing lift values great than a flat reflector at 9°.

A flat reflective sail cannot reach the theoretical maximum lift efficiency owing to the factor cos6 that is
attributed to the angle dependences of the sail cross-sectional area. That is, a tilted sail collects less light
to reflect. This is depicted in Fig. 2(a). A solution to this problem would be to design the sail cross-
section to be nearly sun-facing, while simultaneously deflecting the light perpendicular to the sun-line.
This may allow the sail to perform at the physical limit (red line in Fig. 2 (a)). We considered various
means to enhance the lift efficiency using single or arrayed optical wings. Although we found examples,
such as the trapezoid in Fig. 2(b), where the lift force at a given angle of attack exceeded the lift force of a
flat reflective sail at the same angle, we did not find examples exceeding the force vector ellipse, shown
by the black line in Fig. 2 (a). For example, when a funnel-like trapezoid have a reflective smaller rear
surface is placed in the beam, we predict a constant forward scattering force for angles of attack over the
range £9° (see Fig. 2(c)) where the forward thrust efficiency is ~1.5 while the lift efficiency varies from
+50%). What is more, this wing design provides more lift force than a comparable flat reflective sail,
even though the trapezoid mirror surface is only 10% of that of a flat mirror. This means that the funnel-
wing could (1) more readily provide maneuvering action than a flat mirrored surface, and (2) vary the lift
force without affecting the forward scattering force. As this example illustrates, the shape of the wing
may be tailored to suit a particular application over a range of orientation angles. As we explored only a
narrow region of parameter space, e.g., varying the wing cross-sectional shape (see Fig. 3) and refractive
index, the results in Fig. 2 suggest that greater optimization of large lift efficiencies is possible.



Controlling the lift force is an import component in the navigation of a sailcraft. For example, orbit-
raising or orbit-lowering can be achieved by accelerating or decelerating the sailcraft along an orbital
trajectory. Precise maneuvering of the craft may also be desired — for example, in a mission to encounter
space debris, or to maintain a formation relative to other crafts. In many cases, it may be disadvantageous
to tilt the entire sailcraft. Various mechanisms, such as motor-driven tip vanes, and actuated ballast mass
have been proposed to achieve fine-scale attitude control. Here we have explored the feasibility of using
optical wings to lift and torque a sailcraft.

An optical wing is an analog to an airfoil. It is a long structure having a cambered cross-section.
Examples of optical wings are shown in Fig. 3. In this study we assume the wings have a length greater
than other dimensions, therefore reducing the problem to two dimensions. We also assume they are
composed of a non-absorbing homogenous, isotropic dielectric material of refractive index »n. In some
cases we allow for a reflective coating on one of the facets.

QWA AN

Figure 3. Example of optical wing cross-sections. Bodies may be refractive with
optional reflective coatings over selected facets.

The radiation pressure force and torque on such bodies will depend on the orientation or “angle of attack”
relative to the incident beam of light. Force and torque plots are discussed in the Numerical section.

Here we discuss the mechanics of the wing for an arbitrary value of force and torque. In general the
“center of pressure” (cp) will be offset from the center of mass (cm), causing the body to rotate. If the net
force and torque is known at a given angle of attack, the center of pressure Yep is found by satisfying the

expressions:
r r-r r r
rcpr:T, rcp'f:O 5)

Figure 4 depicts the centers of mass and pressure for a uniformly illuminated glass rod have a
semicircular cross-section. In this diagram, the wing has a scattering force (in the direction of the
incident rays), an upward lift force, and a torque that rotates the body clockwise. As shown in the right
hand side of Fig. 4, the wing can assume different trajectories when the initial orientation is not in a
rotationally stable equilibrium state.

Figure 4. Left: Illustration of displaced centers of mass and pressure. At this instant in
time the body rotates clockwise and accelerates upward and to the right. Right:
Examples of the particle trajectory and orientation in a viscous medium for three different
values of the refractive index of the wing.



If we desire torque-free forces, clearly the wing must operate at or near a position of stable rotational
equilibrium. As suggested by Eq. (5), this can occur when the center of pressure vector is parallel to the
force vector (i.e., the line of force intersects the center of mass), or when the displacement between the
centers of mass and pressure are vanishingly small. To determine the stable rotational equilibrium

positions, we must use numerical modeling, as analytical methods do not exist for this task. Examples of
such modeling is described in the next section.

In a zero-damping environment such as free space, an optical wing may rotationally oscillate about an
equilibrium angle: A@(¢) = 6(1) — 0y, = AO( cos(at), assuming a Hooke’s law restoring torque:

T ~ —kA@ for small values of A8 . By actively driving the oscillations in a feedback loop, one may
increase or decrease the amplitude of oscillation, A@(. The frequency of oscillation is determined by the

torsional stiffness, &, and the moment of inertia, J,,is: @ = 1/k/1 wing -
torque about the edge of a flat mirror, we predict this frequency to roughly scale as
Wy = \/IL/ cm = \/ I/cpA where 4 and p are the cross-sectional area and mass density of the wing,

respectively. For example, if 7= 1 [kW/m*], p=1g/cm’ = 10”3 kg/m” then
0 = (1/3)108[m? /5214 (sce plot in Fig. 5).

From considerations of the
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Figure 5. Frequency scaling as a function of an optical wing oscillator of cross-sectional

area A.

Once the torque and force are numerically determined for all possible angles of attack, the orientation and
linear positions may be determined by numerical integration (e.g., 4™ order Runge-Kutta):

01— 19) = 0,y +8 - (1~ 1g)+(1/2) (1 - 1)?
x(t—tg) = xgy + X (t—19)+ (/)W (t-19)° (6)

Y(t—t0) =y + 0y (t—t9)+ 1/ 2¥ (1= 19)°

where &= T /1 wing W= f, /m,and ﬁ: fy /m. (Note that we have considered the two-dimensional

case whereby other degrees of freedom are igngred.) The numerically determined phase diagram for the

angle of attack, @, and the angular velocity, 9[, is shown in Fig. 6 for a semicircular wing having the flat
side coated with a mirror. Note the wide range of angles (+50°) over which the wing may rock back and
forth. The closed orbits in Fig. 6 may be made to spiral inward by synchronously illuminating or



shuttering the light reaching the wing. A detailed report on oscillating optical wings is included in the
supplementary material, “Refractive optical wing oscillators with one reflective surface.”
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Figure 6. Phase diagram showing periodic (dark lines) rocking motion of a semicircular
wing with a reflective flat side.

When any of the dimensions of the wing approaches, or becomes less than the wavelength of light, the
ray-tracing model must be replaced with a wave optics model. This is necessary because interference
phenomena may dominate the optical field. Further, the concept of a ray cannot be applied for cases
where the optical field varies over such short distance scales. See supplementary material “Optical lift
from dielectric semicylinders”.

The net radiation pressure force and torque on an optical wing may be found by numerically summing
over a large number of rays refracted and reflected from the surface:

r r r r r r r r r r r
f:Zfi, T:Tex+Tin: Tex =1 Xf, Tin ZZFini @)

r r r
where T, and T, are respectivFly the extrinsic and intrinsic torque, 7{y is a moment arm from the

origin to the center of mass, anlgi r; is a vector pointing from the center of mass of the wing to the surface

where a ray produces a force, f;. The intrinsic may arise when the center of mass and center of pressure
are offset, e.g., when the wing is not at a position of stable rotation equilibrium. Note that intrinsic torque
is zero valued for a flat rectangular reflective sail. Optical wings therefore provide a distinct new
component of attitude control for solar sails. For example, an array of N wings (i.e., an optical flying
carpet) may feel no extrinsic torque, but a multiplicative intrinsic torque. That is:

r r N r r r
Tex et = Z (’”O,j fo) =0, Tipper = lzri,j ><fi,j = NTj, ®)
J:

For an array of semicircular optical wings having a reflective flat side, the intrinsic torque will provide a
restoring torque. This may be particularly advantageous for a sun-facing solar sail mission such as a solar
weather station at a sub-Lagrange point. By matching the rocking period of the sail to the period of the
halo orbit, no fuel or mechanical parts would be needed to maintain a sun-facing orientation. Active
electro-optic control methods may be used to increase or decrease angular excursions.



EXPERIMENTAL

The first experimental realization of optical lift was demonstrated with single semi-cylindrical wings.
This shape was selected for early investigations of optical lift because the semicircular profile is a
simplified cambered shape. Our ray-tracing computer model indicates that other wing shapes will
experience optical lift and stable lift orientations when exposed to uniform illumination. The first new
wing shape to be fabricated was the rectangular rod, followed by arrays of joined semi-cylindrical wings.
These two objects were fabricated using photolithographic techniques. The discussed fabrication methods
produced these objects with expected regularity and only minor shape artifacts. Early tests of the
rectangular optical wing indicated good agreement with computer model predictions.

Following similar methodology as in the fabrication of semi-cylindrical optical wings, the new
rectangular wings were made of patterned photoresist using photolithography. This process began with a
1.5um thick layer of OiR 620 positive photoresist spin-coated onto a blank silicon wafer. OiR 620
photoresist was selected for its common use in photolithography with a refractive index of 1.6. The resist
was then exposed to UV illumination with a GCA Stepper through a mask that defined the two-
dimensional length and width of each wing in an array of many sizes (see background image in Fig. A).
The exposed wafer was then developed to wash away excess resist, and baked on a hot plate to further
solidify the resist particles. Finally, the surface of the silicon was etched in xenon hexafluoride (XeF6) for
10 hours. This released the photoresist particles, which were then collected with a surfactant-water bath.
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! Figure A - SEM images of rectangle

L optical wings. Background image shows
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These fabricated rectangular were tested in a simple apparatus for determining the optical lift force
incident on these objects. The submerged particles were placed in a well that was illuminated from below
with a 42mW, 975nm, collimated laser beam with a diameter of S50pm. The particles were imaged
through a 40x objected by a video camera such that any transverse movements of an illuminated particle
were recorded. This testing indicated that the wing rotated into a stable angle of attack at roughly 50° with
an approximate lift force of 3.4 pN. The same wing parameters from Fig. A were inputted into the
computer model to recreate the force and torque that this particle experienced. The computer model
determined that this wing rotates into a stable orientation at 54° above the horizontal as shown in Fig. B.
At this stable position, the lift angle (angle corresponding to the transverse component of total force on
the object) is 30°. The model predicts a lift force of 4.6pN in an ideal liquid; however, in a real fluid the
force would be expected to be less than this ideal case. These computer-modeling results indicate good
agreement with the tested wing.



Figure B — Two-dimensional ray plot of
rectangular wing from Fig. A generated by
computer model. Red light rays are traveling
upwards and are incident on the wing
producing a total force given by the blue line.
Black dashed-line is an approximation to the
plane imaged by the video camera.
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Several iterations have been implemented in the early fabrication stages of arrays of semi-cylindrical
wings. These arrays are fabricated using isotropic reactive ion etching (RIE) to form a silicon mold. In the
first trial of this fabrication technique, the mold was filled with a PDMS polymer (silicone elastomer) that
was lifted from the mold by hand. This is a hydrophobic polymer with a refractive index of about 1.4. The
elastomer was selected because it may be spin coated onto the silicon mold, is easily cured, and is easily
managed all at low cost.

To make the silicon mold using the isotropic RIE technique a 1um layer of thermal silicon dioxide was
first grown on a silicon wafer. The oxide was then patterned with OiR 620 resist using photolithography
leaving holes of exposed oxide with a range of feature sizes. Then the oxide was etched down in buffered
oxide etch (BOE) for 9 minutes using the patterned resist as a mask. This exposed areas of the silicon
wafer below. To achieve isotropic profiles in the silicon, the silicon was etched in the Drytek Quad with
sulfur hexafluoride (SF6) using resist over oxide as an etching mask. In the first test of this process, three
iterations of the Drytek etching step were implemented with different exposure times - 10, 15, and 20
minutes - all at 240 W of power, 60 mTorr of pressure, and 20 sccm of gas flow. The resist on top the
oxide was cleared away in this step, and the remaining oxide was then removed again in BOE for 10
minutes leaving behind a clean silicon mold with arrays of wells. Lastly, the mold was filled with PDMS.
The wafer was then degassed for 30 minutes, baked on a hot plate at 70° Celsius for 3.5 hours, and
allowed to rest over night before it was peeled off the silicone substrate by hand. The process is
pictorially described in Fig. C where CP1 (Colorless Polyimide 1) has taken the place of the PDMS
elastomer.

BOE
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oxide

Si wafer Si wafer

Figure C — Pictorial description of steps in
fabrication of silicon mold for making semi-
cylindrical wing arrays.
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In the first trial with PDMS, the RIE technique did generate curved features in the silicon wafer, but the
degree of curvature was small relative to the width of the features. This is due to aspect ratio dependent
etching (ARDE), meaning much longer etch times would be needed to achieve semicircular profiles of
this size. Smaller features are easily fabricated by the RIE process, but larger features require very long
etch times that would destroy the oxide mask as occurred with the 20 minute wafer. In demolding the
PDMS carpets, the polymer partially adhered to the silicon wafer, tearing the carpets, and leaving a spotty
residue on the silicon.

After the first trial which produced oversized features as discussed, we successfully fabricated 180pm x
300um x 370pm thick carpets with semi-cylindrical features that are 180um long, 30pm wide, and 50pum
tall. Fig. D below is a microscopic image of a silicon elastomer carpet. Though inexpensive and easy to
work with, silicon elastomer is not a good material for fabrication of flying carpets because it is difficult
to thin the substrate to less than 50um and because the material breaks with defects as seen in Fig. D. At
the first NAIC meeting, a chemist from NASA Langley informed us of the LARC-CP1 polyimide
developed for solar sails. This material is more favorable for the fabrication of flying carpets because it is
ultra-lightweight. It too may be spun onto the mold and released by hand.

30 microns

Figure D — 50x microscopic
image of the smallest fabricated
flying carpet mad out of silicon
elastomer. Defects in the semi-
cylindrical features are due to
tearing of the elastomer while
releasing it from the mold.

The first successful fabrication of a wing array made from CP1 was achieved near the end of the Phase |
project. A 20x microscope image of these arrays on a 50 um substrate is given in Fig. E. In addition
before the end of the Phase I project, we designed a specialized mask for carpets including 1 cm?, 1 mm?,
and 500 ¥ m” linear arrays of 20 ¥ m and 40 ¥ m long semi-cylindrical rods with 10 and 20 pum radii.

Figure E — 20x microscope image
of first fabrication of CP1 arrays of
semi-cylindrical wings on top a 50
mm substrate with 20 mm radii.

At the end of the Phase I project, two fabrication goals were set: 1) to decrease the substrate thickness of
the CP1 arrays by improving the recipe for spin coating the resin onto the silicon mold, and 2) to fabricate
single wings and arrays with mirrored back surfaces. A proposed recipe for the fabrication of these
mirrored wing arrays is given in Fig. F.
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Figure F — Fabrication of mirrored wing arrays follows the same steps as were done for non-mirrored
arrays with the addition of a second photoresist patterning of aluminum that would be sputtered onto the
back side of CP1 substrate before releasing from the mold. Al etch would be done in a 16:1:1:2 bath of
Nitric Acid, Acetic Acid, Phosphoric Acid and water, and excess resist would be removed in NMP (1-
Methyl-2-pyrrolidon) solvent.
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