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Abstract. Liquid lenses have been utilized in various applications due to their low size, weight, power, and cost. They
have potential for use in space applications such as focus compensation, optical communications, and imaging systems.
However, liquid lenses have not yet been evaluated for us in space environment. This work focuses on characterizing
operational differences of commercially available liquid lenses from Corning Varioptic and Optotune between Earth
gravity, microgravity, and hypergravity environments. Results show a linear drift in tip/tilt of 0.79 mrad and 4.13 mrad
going from 1 g to O g for the Corning Varioptic A-39NO lens and Optotune EL-16-40-TC-VIS lenses respectively, with
lower optical aberrations in microgravity. Additionally, focusing power increases going from 1 g to 0 g by 0.059 D for
the Corning Varioptic lenses and 0.039 D for the Optotune lenses. This work is part of a wider space environment study
showing that Corning Varioptic and Optotune’s commercial liquid lenses withstand thermal vacuum, typical low Earth
orbit ionizing radiation exposure, and effectively handle high-intensity laser power in a vacuum without significant
damage.
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1 Introduction aims to utilize liquid lenses for a hemispherically
steering lasercom terminal for small satellites,
for which reliable operation in the space envi-
ronment required."->*> The MOSAIC project
aims to utilize liquid lens arrays for beam steer-
ing and laser communication on small satellites.
The project seeks to construct a compact, non-
mechanical lasercom transceiver with integrated
beam steering for small satellites using liquid
lenses. The transceiver design is based on a previ-
ous design by Zohrabi® utilizing a single on-axis
lens for divergence control and an additional two
lenses offset in « and y for 2D steering, initially
proposed for LIDAR. Additionally, this work is
part of a broader space environment evaluation
effort including ionizing radiation testing and
vacuum power handling performance, for which
more details can be found in the full study by
Kacker® — in summary, commercial liquid lenses
from Corning Varioptic and Optotune perform
well during TVAC testing, do not show gross
discoloration when exposed to ionizing radiation
equivalent to 10 years of low Earth orbit, and
can handle over 2 W of laser power in vacuum

Liquid lenses are compact, nonmechanical focus-
tunable lenses that use a liquid to change their
focal length. Due to their low size, weight, power,
and cost (SWaP-C) they are attractive for space
applications, where they could be used for fo-
cus compensation, optical communications, and
more. However, liquid lenses, have not been
fully evaluated for use in the space environment.
Previous work has subjected liquid lenses to ther-
mal vacuum (TVAC) testing,? but other space
environment tests such as ionizing radiation and
microgravity has not yet been conducted. This
work presents results using commercially avail-
able liquid lenses from Corning Varioptic and
Optotune on a microgravity flight to character-
ize differences in operation between Earth grav-
ity and microgravity. Microgravity testing is es-
pecially important, as the optical fluid sags in
gravity causing increased wavefront error and
aberrations.’

This work is part of development for the
Miniature Optical Steered Antenna for Intersatel-
lite Communication (MOSAIC) project which
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Fig 1: Diagram showing electrowetting principle
of operation for Corning Varioptic lenses.’
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Fig 2: Diagram showing pressure based principle
of operation for Optotune lenses.’

Liquid lenses have applications in machine
vision,*” phone cameras,® microscopy,” optical
communications'®~'* and more due to their com-
pactness and depending on the lens technology,
low power. Optotune and Corning Varioptic are
the two main companies making liquid lenses,
each producing lenses with different operating
principles. Corning Varioptic’s liquid lenses em-
ploy electrowetting technology, where an applied
electric field causes an oil droplet’s contact angle
with an insulator to change,” whereas Optotune’s
lenses function based on pressure, with a voice
coil causing fluid to displace into the center of
a membrane.’ Diagrams of how Corning Vari-
optic’s and Optotune’s lenses work are shown in
Fig. 1 and Fig. 2 respectively.

For satellite lasercom terminals, evaluating
liquid lens performance in the space environ-
ment is important, including zero gravity testing.
Previous work has shown that liquid lenses can
survive and operate in other space environment
conditions, including thermal vacuum testing'+>
However, because liquid lenses use liquids to be
focus tune-able, they experience a higher wave-
front error and aberrations in the presence of
gravity, with the Optotune lenses used in this
study having an increased wavefront error of
50 nm? in Earth gravity conditions, measured by
placing the lens in different orientations. Char-
acterizing liquid lens performance under zero
gravity conditions is crucial for space applica-
tions.

Previous work on evaluating the effects of
gravity on liquid lenses has been conducted by
changing the lens orientation, but this technique
cannot eliminate the effects of gravity entirely.'?
This work presents zero gravity data from parabolic
aircraft testing in order to understand the effects
on optical performance.

3 Approach

3.1 Experimental Setup

Sense Hat > Raspberry Pi
3B+
A
Lens Driver
Liquid Lens -p» Camera
Laser

4
4

Hard-wired USB Flat flex cable
____________ >

Optical fiber Free space

+ collimator

Fig 3: Block diagram of experiment components.
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Fig 4: Diagram of single optical train in experimental setup.

Table 1: List of hardware used in experiment.

Device Property Value
. Model (Corning Varioptic) A-39NO
LiquidLens /el (Optotune) EL-16-40-TC-VIS-20D
Type 1 mW Fiber Tester
Laser Wavelength 633 nm
Model Thorlabs F220FC-B
Collimator ~ Wavelength 633 nm
1/e? Diameter 2.1 mm
Make Matrix Vision
Model mvBlueFox-IGC 205v
Camera Pixel Pitch 2.2um
Binning 2x2
Resolution 2592x 1944
Bit depth 10 bit
. Model 3B+
Raspberry Pi Hat Sense Hat

The experiment consists of two independent
optical trains, each operated by a dedicated Rasp-
berry Pi. One optical train is for the Corning
Varioptic lens, while the other is dedicated for
the Optotune lens. A block diagram of one of
these optical trains is shown in Fig. 3, and a di-
agram of the optical components is shown in
Fig. 4, with further details about the hardware
used in the experiment given in Table 1. A pho-
tograph of the experiment on the aircraft is also
shown in Fig. 6.

During operation, lens commands are swept
through and the resulting spot on a detector is
imaged. Measurements are taken for 64 lens

commands surrounding the focus, from 49.5V to
53.5V for the Corning Varioptic lens and 70 mA
to 110 mA for the Optotune lens. The fastest data
capture rate of every 300 ms and the 15-25 sec-
ond parabola duration guide this quantity, with
64 points being approximately the number of
points that can be captured in a single parabola,
giving a complete sweep. The measured quanti-
ties include the image, acceleration (3-axis), gyro
(3-axis), magnetometer (3-axis), and temperature.
A flowchart of the software is shown in Fig. 5.
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Fig 5: Flowchart of experiment flight software
that runs continuously and records samples.

the zero gravity aircraft.

3.2 Spot Analysis

Using the data, the imaged spots on the detector
can be analzyed to understand operational differ-

ences between the gravity regimes. As the beams

deform significantly between gravity regimes, fit-
ting standard Gaussian beams to understand how

beam width varies is difficult. Instead, a met-
ric for the relative spot width is used as shown
in Equation 1, which is the square root of the
number of pixels above an intensity threshold,
can be used as a proxy for beam diameter. The
limitations of this metric are that while it cannot
be used for absolute beam width measurements,
it can be used to understand relative changes.

With the threshold set to just above the noise
floor of the sensor, this measurement should vary
hyperbolically, in the same way that absolute
beam diameter would.

Tspot = 1/N. pixels above threshold (1)

4 Results and Discussion

In this section, measurements from the flight
are used to understand how lens performance
changes between zero gravity, Earth gravity, and
hypergravity conditions. The spot analysis ap-
proach is used to understand how the lenses change
in focal length and centroiding is used to de-
termine how the point spread functions (PSFs)
change in location for each condition.

4.1 Flight Profile and Measurements

40|OO

Flight Time [s]
Fig 7: Complete parabolic flight profile of g-
force against time showing takeoff, landing, and
full 20 parabolas.

The flight profile of the experiment is shown
in Fig. 7. The profile shows all 20 parabolas,
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Fig 8: Zoomed view of g-force magnitude over
time for second set of five parabolas. All parabo-
las in this set are zero gravity parabolas.
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including the two parabolas each in Lunar and
Martian gravity. The takeoff and landing phases
are also clearly visible. Fig. 8 shows a zoomed
in view of the second set of five parabolas.

Measurements of hypergravity experienced
during the ascent phases of each parabola are
also recorded, providing additional data for com-
parison. A histogram of the recorded g-force for
all samples is shown in Table 9. Approximately
20,000 samples were collected for both Corning
Varioptic and Optotune lenses.

4.2 Spot Analysis

Fig. 10 and Fig. 11 show individual focused sam-
ples from each gravity regime for the Corning

Varioptic and Optotune lenses, respectively. As a
first comparison, the Corning Varioptic focused
spots have much smaller increases in tip/tilt and
coma compared to the Optotune ones. The Op-
totune samples show very pronounced coma and
deformation in higher gravity regimes. Some mi-
nor reflections are also visible for both Corning
Varioptic and Optotune samples, although much
more visible for the former than the latter.

The results for relative spot width over var-
ious lens commands are shown in Fig. 12 and
Fig. 13. Overall, the analysis shows consistent
results for both microgravity and Earth gravity
with a few key differences. Both lenses show
marginally increased focal length for the same
lens command, and slightly lower relative spot
width around the focal point. The increased focal
length could be due to gravity providing some
resistance to the actuation force that gets trans-
ferred horizontally due to surface tension on the
lenses, whereas the smaller relative spot width is
most likely due to lower aberrations in micrograv-
ity causing less smearing of the lens command.
Lens focusing power increased in microgravity
by 0.059 D for the Corning Varioptic A-39N0O
and 0.039 D for the Optotune EL-16-40-TC-VIS
lenses.

The Optotune lenses have well-constrained
and consistent error bars throughout the lens com-
mands, but the Corning Varioptic lenses show
much larger error bars across the extremes of the
sweep. This increased error caused the hyper-
bolic fits to be constrained towards the central
section of points. The deviation seems due to
variation in the samples causing parts of the im-
age to pass below the threshold for relative spot
width. Examples of samples at the same lens
command but with different relative spot widths
are shown in Fig. 14 and Fig. 15. An interest-
ing defocus pattern from the Corning Varioptic
lens forms, which then appears to be smeared,
causing the high value for relative spot width in
Fig. 14. The cause of this smearing is not obvi-
ous, but could be due to vibration of the liquid
lens during the flight. There is no significant cor-
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Fig 10: Normalized images of focused individual Corning Varioptic samples from each gravity
regime. Increasing gravity shows minor increases in tip/tilt and coma.

relation of this smearing to particular times of
the flight or parabola. Some of the vibration also
appears to make its way into the image as a result
of circular standing waves, visible in the center
of both Fig. 14 and Fig. 15.

4.3 Centroid Analysis

Fig. 16 and Fig. 17 show stacked and averaged
images of the spot on the detector taken at each of
their focal commands. The dominant aberration
present is tip/tilt, with large changes between
each gravity regime as summarized in Table 2
and measured using centroiding the PSFs from
each lens. The change in tip/tilt is linear with the
effect of gravity, with the linear regression shown
in Fig. 18 and Fig. 19 for the Corning Varioptic
and Optotune lenses respectively. Both sets of
lenses adhere well to the linear fit, with an R?
value of 0.78 for the Corning Varioptic lenses
and 0.97 for the Optotune lenses. The R? value
for the Corning Varioptic lenses is likely larger
due to the smaller focused spot on the detector
and the resulting increase in quantization noise
when centroiding the PSF.

Qualitatively, it can also be seen in Fig. 10
and Fig. 11 that coma and astigmatism are also
present, especially in hypergravity regimes. Corn-
ing Varioptic lenses exhibit less change in tip/tilt

and maintain nearly identical optical performance.

Optotune lenses show a larger change in tip/tilt,

with significant coma observed in the hypergrav-
ity regime, as shown in Fig. 17.

The imaged PSFs for the Corning Variop-
tic lenses are well-contained, with no observable
spread in hypergravity as compared to micrograv-
ity. The spots for the Optotune lenses are more
spread out, suggesting that vibration or other
environmental factors may have impacted the
experiment and contributed to the observed aber-
rations. However, the imaged spots look visu-
ally tighter in microgravity, suggesting that there
may be a gravity-dependent effect. The presence
of more fluid in Optotune lenses may be a con-
tributing factor to their optical performance be-
ing more significantly affected by environmental
conditions. A an idealized diagram showing how
fluid deformation could cause the resultant aber-
rations is shown in Fig. 20, although in reality,
there would still be some minor fluid curvature
at 0 g conditions due to surface tension.

Table 2: Change in tip/tilt of centroided spots for
each regime, referenced to 0 g as a baseline.

Regime Tip/Tilt [mrad]
Corning Varioptic Optotune

lg 0.79 4.13

1.5+ ¢ 1.29 6.31
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Fig 11: Normalized images of focused individual Optotune samples from each gravity regime.
Increases in gravity show larger increases in tip/tilt, coma, and smearing as compared to Fig. 10.

1g mean 1g fit 1lg £10

Og mean Og fit Og £lo
120 F I T ] I ]
o e e~ o 5
A 80 | 1

2
~ 60 1
40 - 1
i i i i
50.0 51.0 52.0 53.0

Lens Voltage [V]
Fig 12: Relative spot width for sweep of lens
commands for Corning Varioptic lenses, with
associated hyperbolic fit and error bars.

4.4 Temperature Drift

Both liquid lenses used in this experiment have
been shown to drift in focal length due to tem-
perature variations. A temperature plot for both
lenses as shown in Fig. 21 indicates that tempera-
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Fig 13: Relative spot width for sweep of lens
commands for Optotune lenses, with associated
hyperbolic fit and error bars.

ture throughout the parabolas was within 4 °C for
all of the parabolas, with a gradual decrease after
the lenses reached the peak temperature, as mea-
sured on the Raspberry Pi SenseHat modules.
The Optotune temperature was slightly higher
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than the Corning temperature during the flight,
which is expected as Optotune lenses generate
heat from their voice coil and high current op-
eration. Histograms as shown in Fig. 22 and
Fig. 23 reveal that a vast majority (75%) of the
0 g and 1 g data points are in the same range,
effectively controlling for temperature drift dur-
ing the experiment. Moreover, hypergravity and
zero gravity data are comparable since tempera-
ture histograms are almost identical, indicating
that the temperature is adequately controlled dur-
ing the experiment. Interestingly, microgravity
parabolas can be observed in the temperature
plot, perhaps due to hydrostatic forces when tran-
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Fig 16: Image of stacked and averaged spots for

each gravity environment for Corning Varioptic
lenses (n: 0 g =20, 1 g =206, 1.5+ g =37).

sitioning into hypergravity causing redistribution
of air inside the aircraft cabin.

5 Conclusions and Future Work

This work shows that liquid lenses perform well
in microgravity, with reduced overall aberrations,
slight change in focusing behaviour and a change
in tip/tilt. A summary of the quantitative results
is shown in Table 3. A more pronounced dispar-
ity in operation is evident for Optotune lenses as
compared with Corning Varioptic lenses, which
is likely due to their larger aperture size holding
more fluid volume.

During the microgravity flight, changes in
temperature were small and limited to approx-
imately 10 °C in the worst case. Prior studies
have also shown that such fluctuations do not
have a significant influence on the results.'+?

In combination with previous work on space
environment evaluation," %> these results show
that liquid lenses are well suited for space-based
optical systems. Their low SWaP-C and im-
proved performance in microgravity in addition
to previously studied operation in thermal vac-
uum and ionizing radiation effects make them
a suitable option for use in a variety of space-
related applications.’

Future work includes evaluating different con-
trol schemes in order to do closed-loop pointing



Table 3: Summary of changes in quantitatively determined properties of lenses, referenced to 0 g as
a baseline.

Change from0gtolg

Propert Units : T
perty Corning Varioptic Optotune
Tip/Tilt mrad 0.79 4.13
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Fig 17: Image of stacked and averaged spots for Fig 19: Linear regression of tip/tilt of focused

each gravity environment for Optotune lenses (n: samples against sample gravity conditions.
0g=17,1g=164, 1.5+ g=26).
tially be quantified using some of the resultant
and tracking, as well as to compensate for the standing waves observed on the sample images.
change in tip/tilt in different gravity conditions. Additionally, wavefront error is not evaluated
Further study of vibrations is needed, utiliz- in this study, as a wavefront sensor was not used
ing a vibrometer or faster IMU readout due to during the microgravity flight. Evaluating the
effects in smeared data points. With the data wavefront error using phase retrieval algorithms
taken in this experiment, vibration could poten- such as the Gerchberg-Saxton'® algorithm, Mis-
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observed aberrations. Optical fluid sags to the
bottom of the enclosure, causing slants in the
side, which causes tip/tilt like a prism. Addi-
tionally, fluid curvature on the optical membrane
creates higher order aberrations, such as coma
and astigmatism.
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ell’s algorithm,!” and other nonlinear phase re-
trieval methods were attempted, but this process
resulted in too much error and difficulty in con-
vergence to obtain usable results.

w
S}

e
— 28
g
3
= 26
g
e,
g 24
&
Y R
- . Og 15
20 1 1 1 1
0.0 02 0400 02 04 0.0 02 04
Proportion [-]

Fig 22: Histogram of temperatures for samples of
Corning Varioptic lenses in all gravity conditions,
showing that the majority of samples across all
regimes are in the 29 °C to 30 °C range.
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Fig 23: Histogram of temperatures for sam-
ples of Optotune lenses in all gravity conditions,
showing that the majority of samples across all
regimes are in the 32 °C to 34 °C range.
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ity conditions.

Linear regression of tip/tilt of fo-
cused samples against sample grav-
ity conditions.

Potential physical mechanism ex-
plaining observed aberrations. Op-
tical fluid sags to the bottom of
the enclosure, causing slants in
the side, which causes tip/tilt like
a prism. Additionally, fluid cur-
vature on the optical membrane
creates higher order aberrations,
such as coma and astigmatism.
Temperature profile recorded on
Raspberry Pi hat throughout flight.
Optotune lenses due to their self
heating have a higher tempera-
ture throughout the flight. Ad-
ditionally, each parabola can be
seen to have a very small impact
on recorded temperature.
Histogram of temperatures for
samples of Corning Varioptic lenses
in all gravity conditions, show-
ing that the majority of samples
across all regimes are in the 29 °C
to 30 °C range.

Histogram of temperatures for
samples of Optotune lenses in all
gravity conditions, showing that
the majority of samples across all
regimes are in the 32 °C to 34 °C
range.

List of Tables

1

List of hardware used in experi-
ment.

13

Change in tip/tilt of centroided
spots for each regime, referenced
to 0 g as a baseline.

Summary of changes in quanti-
tatively determined properties of
lenses, referenced to O g as a base-
line.
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