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polymer dispersed liquid crystal (PDLC) films stand out due 
to their ability to be switched from an opaque to a transparent 
state with the applied external electric field without the need for 
polarizers. Since its discovery,[13] researchers have extensively 
explored the potential applications of PDLCs in the areas of flat 
panel displays,[14] smart windows,[15,16] microlens,[17] etcetera. 
PDLC films consist of liquid crystal microdroplets dispersed 
in a polymer matrix. The liquid crystal droplets are optically 
birefringent with ordinary refractive index no and extraordinary 
refractive index ne, while the polymer is an optically isotropic 
material with refractive index np. In the absence of an applied 
electric field (off state), the optical axes of individual bipolar 
droplets align randomly, resulting in spatial variations of refrac-
tive indices across the film. Liquid crystal microdroplets whose 
refractive indices differ from polymer matrix strongly scatter 
light and the PDLC film appears hazy. When enough voltage is 
applied across the film (on state), the liquid crystal molecules, 
which have positive dielectric anisotropy, align their optical axes 
with the electric field so that light incident normal to the film 
experiences a refractive index no in the liquid crystal droplets. 
By choosing the appropriate liquid crystal and polymer so that 
no and np are equal, the film becomes highly transparent as a 
result of reduced light scattering in the on state.[18] Unlike tra-
ditional liquid crystal displays, which need polarizers and waste 
half of the light in the bright state, PDLCs do not require polar-
izers, offering much higher optical/energy efficiency. PDLCs 
also have significant optical contrast between on and off states 
over a broad range of the solar spectrum and the ability to be 
fabricated on a flexible substrate, both of which make it an ideal 
material for solar sail attitude control. Further, researchers have 
recently shown that polyimide-based PDLC films have potential 
for aerospace applications due to radiation tolerance.[19–21]

In this Communication, we present a steerable solar sail con-
cept based on a PDLC that switches between transparent and 
scattering states, enabling attitude control without mechani-
cally moving parts or chemical propellant. Devices are fabri-
cated and characterized (transmission, reflection, absorption 
and scattering) over the visible and near infrared range of solar 
spectrum (400–1100 nm) and are found to outperform pre-
vious designs by more than a factor of four in terms of overall 
weighted momentum switchablility between on and off states. 
Devices require no power in the diffusely reflective state and 
dissipate <0.5 mW cm−2 while in the on state, showing great 
potential as a low-power switching mechanism for solar sail 
attitude control.

Figure 1 shows an exemplary design of a solar sail incorpo-
rating PDLC devices. The main part of the solar sail is coated 
with highly reflective aluminum to provide maximum thrust 
from solar radiation pressure. PDLC devices are attached to the 
sail edges to maximize the torque generated from the radiation 
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Photons carry momentum, which can be transferred to an 
object upon reflection or absorption. The resulting force from 
light is rather weak but can have macroscopic consequences, 
e.g., sunlight imparts momentum on dust particles causing 
a comet’s tail to be directed away from the sun, as first sug-
gested by German astronomer Kepler in 1619.[1,2] Maxwell 
later predicted that light is capable of imparting momentum 
on an object based on his wave-theory of electromagnetism in 
1873,[3] which was shown experimentally by Lebedev in 1901[4] 
and Nichols and Hull in 1903.[5] Due to the development of 
opto-micro-mechanical devices, there is a renewed interest in 
the measurement of radiation pressure on micromechanical 
structures in both vacuum and ambient environment.[6,7]

The concept of radiation pressure for space propulsion has 
a long history in both popular culture and as a next generation 
space technology.[8,9] Most space missions are limited by the 
amount of chemical propellant carried on board; however, as 
an alternative, solar sails use solar radiation pressure as propul-
sion and offer an opportunity for propellant-free space travel, 
enabling long-term and long-distance missions that are impos-
sible with traditional methods. Although solar sail propulsion 
alleviates the need to carry chemical fuel, attitude control, and 
steering are still performed using traditional methods involving 
reaction wheels and propellant ejection. A propellant-less atti-
tude control mechanism would reduce weight and cost while 
improving performance and lifetime for solar sail missions. 
One way to achieve attitude control is to incorporate materials 
whose optical properties can be altered electronically, so that 
radiation pressure on different parts of a solar sail can be con-
trolled individually and actively during operation. The IKAROS 
(Interplanetary Kite-craft Accelerated by Radiation Of the Sun) 
mission from the Japan Aerospace eXploration Agency suc-
cessfully demonstrated the use of a reflective control device 
(RCD) to achieve limited attitude control of a spinning-type 
solar sail.[10] The ideal material for attitude control should have 
significant momentum transfer difference between on and off 
states over a broad range of the solar spectrum.

For the past few decades, liquid crystal devices have been 
used in numerous light control applications.[11,12] Among those, 
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pressure difference between on and off states. In Figure 1, 
PDLC devices on the left are in the off state and scatter into 
both the forward and backward directions, resulting in a larger 
radiation pressure than those on the right, which are in the 
transmissive on state.

To demonstrate the potential momentum switchablity of 
PDLCs, a 33 µm thick PDLC cell made from E7 nematic liquid 
crystal and Norland Optical Adhesive (NOA65) was prepared by 
the phase separation method (see the Experimental Section). 
This thickness provides a good balance between high scattering 
in the off state and low turn-on voltage.

A common method to determine the light scattering proper-
ties of a device is to measure its direct transmission with collec-
tion optics of a well-defined f-number (f/12 is commonly used, 
equivalent to a collection angle of 4.8°).[22] A supercontinuum 
tunable laser (Fianium WhiteLase SC400UV) is used as the 
light source, and a homemade high-voltage driving circuit pro-
vides the square-wave AC voltages needed to turn the PDLC cell 

from opaque to transparent. The direct transmission is deter-
mined as a function of both wavelength and applied voltage as 
the device switches between the transmissive on state and the 
opaque off state (Figure 2a).

For a typical PDLC device, the direct transmission can be 
varied from 0% to >80% upon switching. As the input wave-
length increases from 400 to 750 nm, the direct transmission 
increases monotonically with wavelength. Both off state and on 
state transmission as well as turn-on voltage is greater at longer 
wavelengths, because the scattering cross sections at long wave-
lengths are smaller than those at short wavelengths under the 
same degree of droplet director alignment (same electric field) 
based on the anomalous diffraction model of scattering.[23,24] 
Despite some wavelength dependence, the significant optical 
contrast provided by the switchable scattering of PDLC is 
broadband in nature (Figure 2c).

In order to calculate the momentum transferred to the 
PDLC device, the angular distribution of light scattering of 
the PDLC cell under normal incidence is measured to deter-
mine the fraction of light scattered to different angles and 
their corresponding contribution to the total momentum 
transfer (Figure 3a). The angular distribution of the scattering 
under increasing applied voltage is shown in Figure 3b. In 
the off state (zero applied field), the scattering profile is very 
broad with a small amount of direct transmission (<0.2% at 
632.8 nm). The full-width-half-maximum of the diffusive scat-
tering profile (after removing the direct transmission) is about 
48°, larger than the 30° predicted by the anomalous diffraction 
approximation.[12] Multiple scattering causes the intensity to 
fall off much more slowly with scattering angle because the cell  
is quite thick compared with the size of liquid crystal micro-
droplets.[25] As the applied voltage increases, direct transmission 
and forward scattering gradually increase, and, after reaching 
the turn-on voltage (V90), scattering reduces dramatically, and 
the film becomes transparent and is dominated by direct trans-
mission. This sharp change in the scattering profile originates 
from the strong nonlinear relationship between the applied 
voltage, degree of droplet director alignment, and scattering 
cross section.[23]
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Figure 1. Schematic showing propellantless altitude control of a solar 
sail using PDLC devices. The optical properties of PDLC devices are con-
trolled individually, which results in spatial-variation of the radiation pres-
sure across the solar sail.

Figure 2. a) The direct transmission as a function of input wavelength and RMS (root mean square) voltage applied to the PDLC cell. b) The direct 
transmission as a function of RMS voltage at 650 nm, corresponding to the black line in (a). The turn-on voltage V90 at this wavelength, where the 
transmission reaches 90% of the maximum transmission, is 70 V and the corresponding turn-on field is 2.12 V µm−1. Insets: photos of the PDLC cell 
in the (i) off state and (ii) on state. c) The direct transmission across the visible on state (100 V) and off state (0 V), corresponding to the blue and 
red lines in (a), respectively.
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The angular distributions as a function of wavelength are 
also measured because it is important for calculating the total 
momentum transfer under broadband solar illumination 
(Figure 3c,d). The scattering distribution of the PDLC in the 
off state shows strong wavelength dependence. As the wave-
length increases, a greater fraction of scattered light goes in the 
forward direction rather than in the backward direction. The 
Lambertian scattering profile, which was used in a previous 
work,[10] is a good approximation for scattering at short wave-
lengths but fails to describe the scattering distribution at longer 
wavelengths.

The total transmission and absorption of the PDLC in 
the on and off states are measured in an integrating sphere 
(see Figure 4a and the Experimental Section). The total reflec-
tion is calculated from this data as 

λ λ λ( ) ( ) ( )= − −R T A1
 

(1)

With increasing wavelength, the total transmission increases 
at first because of reduced scattering and then decreases due 
to the stronger absorption of the indium tin oxide (ITO) layer 
at longer wavelengths. The total reflection, on the other hand, 
decreases (with increasing wavelength) due to the reduced scat-
tering and is finally dominated by specular reflection at the 
long wavelength end of the spectrum, which is less dependent 
on the bias across the PDLC film. The ITO layer used in this 
cell has large absorption in the near infrared because it is opti-
mized for maximum transmission in the visible spectrum while 
providing good conductivity. We note that the slight difference 

in the transmission data between Figures 2 and 4 is likely due 
to sample aging (~1 month) in ambient environment between 
measurements and slight differences in the measurement tech-
niques. Effects of space environment on the device are beyond 
the scope of this manuscript but will be considered in future 
work.

With all the optical properties measured, we can calculate 
the momentum transferred to the PDLC device under solar 
illumination. The initial and final momenta of monochromatic 
photons with momentum magnitude of p0 are 

=p p si ˆ0
�

 (2)

and

( )= − ⋅ + − + p p R s R n s n T s R C n T C nˆ 2 ˆ ˆ ˆ ˆ ˆ ˆf 0 s s s d Rd d Td
�

 (3)

respectively, where n̂  is the surface normal unit vector of the 
PDLC device, ŝ  is the unit vector for the initial photon direc-
tion, Ts is the direct transmission coefficient (i.e., the fraction of 
incident photons directly transmitted), Rs is the specular reflec-
tion coefficient, Td is the diffusive transmission coefficient, Rd 
is the diffusive reflection coefficient, and CRd and CTd are the 
diffusive transmission and reflection momentum coefficients. 
CRd and CTd represent the average fraction of momenta (abso-
lute value) of diffusively transmitted or diffusively reflected 
photons, which are calculated from the scattering angular dis-
tribution measurement as 

www.advopticalmat.de

Adv. Optical Mater. 2017, 1600668

www.advancedsciencenews.com

Figure 3. a) Experimental setup for measuring the angular distribution of light scattering for the PDLC cell. Input light is at normal incidence. b) A 
series of angular distribution measurements using 632.8 nm illumination with increasing voltages applied to the PDLC cell. Each curve shows the 
optical power measured at different scattering angles normalized to the incident laser power and is mirrored with respect to 0° (incident direction). 
Scattering distribution of the PDLC in the off state is shown under c) visible and d) infrared illumination.
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where IT(θ) and IR(θ) are the measured normalized powers in 
the scattering profile measurement (Figure 3). The difference 
in the initial and final momenta is the momentum transferred 
to the PDLC 

p p p p T R s

R n s R C T C n
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[

( )
( )= − = − −
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1 ˆ
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s d Rd d Td  
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The maximum thrust and greatest switchability occurs when 
the solar sail is directly facing the sun (normal incidence illumi-
nation), which is the case that we will consider. Thus, at normal 
incidence, ⋅ =n sˆ ˆ 1, and the above equation reduces to 

p p R T R C T C n
� ( )= + − + −1 ˆPDLC 0 s s d Rd d Td  (7)

Here we define a wavelength dependent coefficient 

f R T R C

T C

λ λ λ λ λ
λ λ

( ) ( ) ( ) ( ) ( )
( ) ( )

= + − +
−
1p s s d Rd

d Td  
(8)

which gives the fraction of momentum per photon transferred 
to the PDLC, shown in Figure 4b. Because a solar sail would 
be illuminated by a broadband solar spectrum in space, the 
weighted average fraction of momentum transferred to the 
PDLC (in either state) is calculated by 

∫
∫

λ λ λ

λ λ
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S d
avg

p

 

(9)

where S(λ) is the AM0 solar irradiance. The change of the frac-
tion of the weighted average momentum transferred to PDLC 
between the on state and the off state is 

∆ = −f f favg avg,on avg,off  (10)

|Δfavg| is a primary figure of merit for a switchable solar sail, 
where larger values of |Δfavg| correspond to greater switchability 
of the momentum transfer. Over our measurement range, from 
400 to 1100 nm, |Δfavg|  0.5.

Compared with the RCD devices on IKAROS that are 
switched from diffusive scattering in the off state to specular 
reflection in the on state, our transmissive-type PDLC devices 
that are switched from diffusive scattering in the off state to 
direct transmission in the on state provide a larger momentum 
transfer difference, |Δfavg|. Figure of merits of the RCD devices 
on IKAROS are also calculated based on the data provided in 
ref. [10], where a Lambertian scattering profile is assumed for 
all wavelengths rather than measured as in this paper (Table 1). 
Although our measurement range was limited to 400–1000 nm, 
it covers 77.1% of the energy/momentum available from the 
AM0 solar spectrum. If the device had no switchability between 
300–400 and 1100–2000 nm (which is unlikely), the device 
would still outperform the RCD devices on IKAROS by nearly 
a factor of four.

Because the orientations of the liquid crystal droplet direc-
tors are determined by the electric field, we further explore the 
possibility of reducing the turn-on voltage and power consump-
tion of the PDLC device by thinning the PDLC layer. However, 
a thinner PDLC device potentially has less scattering in the off 
state and thus will compromise its momentum switchability. To 
demonstrate the tradeoff, five PDLC cells with different thick-
nesses but the same PDLC mixture and ITO coated glasses 
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Table 1. Comparison of figure of merits between our device and IKAROS.

RCD on IKAROS (300–2000 nm) Our device (400–1100 nm)

favg, on 1.51 0.43

favg, off 1.40 0.93

|Δfavg| 0.11 0.50

Figure 4. a) Total transmission, absorption, and reflection of the PDLC cell in the on and off states under near normal incidence measured with an 
integrating sphere. b) Fraction of momentum per photon transferred to PDLC (left axis) in the on and off states at different wavelengths (400–1100 nm) 
overlaid on the AM0 solar irradiance spectrum (right axis). The measured data covers 77.1% of the total energy (or momentum) of the AM0 solar 
spectrum.
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(SPI Supplies) are made and tested. The visual images of these 
PDLC cells in the on and off states show that the direct trans-
mission in the on states do not change much with thickness 
but in the off state, thinner cells start to appear more trans-
parent, indicating less scattering and more direct transmission 
(Figure 5a). Optical properties of the five cells are measured 
following the procedures described above, and the fractions of 
the weighted average momentum transferred to the PDLCs are 
calculated (Figure 5b). As expected, momentum transferred to 
the PDLC in the off state decreases for thinner cells, while the 
momentum transferred to the PDLC in the on state changes 
very little. The electrical power consumption of the PDLC cells 
in the on state is measured (see the Experimental Section) and 
the turn-on voltages are determined (Figure 5c). They both 
follow an approximately linear relationship with cell thick-
ness over the voltage range considered in these experiments. 
Therefore, reducing the PDLC thickness is an effective way to 
reduce power consumption. Ohmic loss in the ITO and leakage 
current throughout the device eventually limit the minimum 
power consumption; however, the reduced switchability for 
films below a few micrometers will likely restrict how thin 
these devices can be made for useful solar sail applications.

In summary, we fabricated and characterized a transmis-
sive-type PDLC device for use as an electrically tunable radia-
tion pressure modulator for propellant-less attitude control of 

a solar sail. The PDLC device provides large, broadband dif-
ferences in the optical properties between on and off states 
without the need for polarizers. The measured optical proper-
ties (transmission, reflection, absorption, and scattering) are 
combined to calculate the expected momentum transferred to 
the device as a function of incident wavelength. The difference 
in weighted average momentum per photon over the meas-
urement range (400 to 1100 nm, covering 77.1% of the total 
energy/momentum of the AM0 solar spectrum) between the on 
and off states can be as large as 0.5, approximately four times 
higher than previous reflective-type devices. The approach of 
calculating the momentum transfer of light based on meas-
ured data can be applied to other types of scattering materials 
and devices. Lastly, we showed the impact of PDLC thickness 
on the optical momentum transfer and electrical power con-
sumption and discussed the trade-off between optical switcha-
blity and power consumption. Thinner cells enable reduced 
operating voltages and power consumption while thicker cells 
provide larger momentum difference between the on and off 
states. The desired thickness of the PDLC device will depend on 
mission specific requirements but can easily be modified using 
these techniques. The development of an electrically switchable 
radiation pressure modulator will enable new functionality for 
solar sail missions and will expedite the development of long-
term and long-distance, propellant-free space flight.
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Figure 5. a) Optical images of (1 in × 1 in) devices in the off state (1st row) and the on state (2nd row) of five PDLC cells with increasing thickness from 
left to right. Cell thickness is measured by optical interferometry.[26] b) Average fraction of momentum transferred to the PDLCs weighed by the AM0 
solar spectrum over the measurement range (400–1100 nm) for the five devices. c) Turn-on voltages (left), determined by 90% transmission at 650 nm 
incident illumination, and power consumption per unit area (right) in the on state as a function of PDLC thickness. The black and red lines are linear 
fits to the turn-on voltage and power consumption data, respectively. Inset: direct transmission under 650 nm illumination versus applied RMS voltage.
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Experimental Section
Device Fabrication: The PDLC consists of liquid crystal mixture E7 (LC 

Matter Corp.) and photocurable polymer NOA65 (Norland Products) 
with 1:1 weight ratio. It is filled into an empty cell made with two ITO 
coated glass slides (Adafruit) with ITO coating facing inward, which 
is separated by two polyester spacers (McMaster-Carr) on the edges. 
The PDLC mixture is then cured at room temperature for 1 min with 
an UV lamp.[22] The two ITO layers are connected to copper wires and 
the electric field is applied through a custom-built high voltage AC source 
operating at 100 Hz. E7 has a nematic–isotropic transition temperature 
at 61 °C and a positive dielectric anisotropy (Δε = ε// − ε⊥) at 20 °C, 
where ε// and ε⊥ represent the parallel and perpendicular dielectric 
constants, respectively. The refractive indices of E7 at 20 °C are given 
as no = 1.5183; ne = 1.7378 (λ = 632.8 nm), leading to a birefringence of 
0.2195. The melting point is 0 °C.[27]

Transmission and Absorption Measurements: Total transmission 
and absorption measurements are made using an integrating sphere 
(Labsphere RTC-060) illuminated by monochromatic light (5 nm 
bandwidth). Transmission is measured by placing the sample at an open 
port in the sphere and illuminating through this sample. Absorption 
measurements are similarly made but with the sample mounted in 
the center of the sphere. Measurements are made at a near-normal 
incidence of 13° for absorption measurements and 7° for transmission 
measurements, where the difference is due to the geometry of the setup. 
The light intensity in the sphere is detected with a photodiode. A small 
portion of the incident light beam is diverted to a reference photodiode 
to account for power variation of the light source. Second order diffuse 
absorption in the sample (light that is reflected or transmitted by the 
sample which then scatters and is redirected toward the sample) is 
accounted for with a diffuse illumination measurement. The signal 
to noise ratio is enhanced using a chopper and lock-in amplifier 
configuration (Stanford Research Systems 830).

Scattering Measurement: Scattering distribution measurements are 
made using a custom goniometer with sample illumination by a Fianium 
supercontinuum laser at normal incidence. The system rotates a photodiode 
about the sample and the photocurrent is measured by a Keithley 2400 
Source Meter. The height of the photodiode is adjusted to the same height 
with the input laser to record the optical power along the equator of the 
scattering profile. The scattering is independent of azimuthal angle.[12]

Electrical Power Consumption: To measure the power consumption of 
the PDLC device, a load resistor of 1.2 kΩ is connected in series with 
the PDLC. When the cell is in the on state, the current through the 
resistor and the voltage across the PDLC device are recorded in the time 
domain. The product of the current and voltage is then averaged over a 
period to determine the average power consumption of the PDLC in the 
on state.
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