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Exploring the Moon in a sustainable manner requires contending with the adverse effects
caused by lunar regolith, in particular the fine dust. Lunar dust is abrasive and
electrostatically charged, resulting in a problematic tendency to disrupt the function of
hardware situated on the lunar surface. Dust buildup on thermal regulators can greatly
decrease thermal performance by increasing solar absorptivity (through darkening the
surface) and decreasing effective rejection temperature (by adding a low-conduction layer on
top of the surface). Over the course of three EVAs on Apollo 17, dust covering the Lunar
Roving Vehicle radiator system continuously decreased radiator effectiveness, resulting in the
battery exceeding its maximum rated survival temperature. The Modal Optimized Vibration
dust Eliminator (MOVE) concept is an active dust mitigation system for lunar thermal
radiators that uses vibrational excitation at targeted modal frequencies to mitigate dust
adhesion with the assistance of passive dust mitigation coatings. During testing under a NASA
Small Business Innovation Research Phase I contract with NASA Johnson Space Center,
MOVE used standard and custom lunar highland dust simulants to verify and validate
models, as well as to aid with scaling the methodology to several radiator solutions raising the
Technology Readiness Level from 2 to 4. Additional test variables included radiator fixation
points, orientations with respect to gravity, with passive coatings and uncoated surfaces, and
atmosphere versus rough vacuum conditions. Proof-of-concept testing demonstrated >90%
removal of dust from the test panels. The low power and low mass solution has the advantage
of easy integration into new or retrofitted radiators. Select results are highlighted within this
paper as Paragon is working to commercialize the technology as humanity continues to push
to explore the cosmos.
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I. Introduction

R

ADIATORS and other critical equipment on the Moon will require innovative dust mitigation technologies and
strategies for sustainable exploration to contend with the adverse effects caused by lunar regolith, in particular
the fine dust. Lunar dust is abrasive and electrostatically charged, resulting in a problematic tendency to disrupt the
function of hardware on the lunar surface. Dust buildup on thermal radiators greatly decreases thermal performance
by increasing solar absorptivity (through darkening the surface) and decreasing effective rejection temperature by
adding a low-conduction layer on top of the surface. The Modal Optimized Vibration dust Eliminator (MOVE) concept
is an active dust mitigation system for lunar thermal radiators that uses vibrational excitation at targeted modal
frequencies to mitigate dust adhesion with the assistance of passive dust mitigation coatings (see Figure 1 for a
representative test case).

Figure 1. Representative test case showing 30°-tilted panel covered in ~40 grams of simulant (left), active
cleaning by MOVE (center), and after stepping through harmonic modes (right).
During testing, under a Small Business Innovation Research (SBIR) Phase I contract with NASA Johnson Space
Center, MOVE used standard and custom lunar highland dust simulants to verify and validate models and aid with
scaling the methodology to several radiator solutions raising the Technology Readiness Level (TRL) from 2 to 4 (see
Section IV for key results). Additional test variables included radiator fixation points, orientations with respect to
gravity, with passive coatings and uncoated surfaces, and atmosphere versus rough vacuum conditions. The current
MOVE concept primarily applies to lunar radiators but can be demonstrated on other rigid surfaces or hardware, for
use on Mars or on Earth. The low power and low mass solution has several advantages over competing technologies
with the main advantage of easy integration or retrofitting already-developed radiator systems. Paragon is currently
evaluating paths to commercialize this technology and apply it to our own proven radiator systems.

II. Background
A. Lunar Dust Mitigation History
Dust accumulation is a clear problem that must be solved before humans can establish a long-term
interplanetary presence on the Moon or Mars.1,2 NASA’s Artemis missions will be challenged by the abrasiveness,
thermal and optical properties, and electrostatic charging of lunar dust, which will wear on spacesuits, seals, air
filtration systems, and static structures like solar arrays and thermal radiators just as it did throughout the Apollo
missions.3,4 There are several ongoing research endeavors throughout the industry to evaluate passive coatings for dust
mitigation. However, there are key hurdles to overcome for passive solutions. Passive solutions must compete with
an electrically charged lunar regolith which can change charge based upon the lunar cycle, exposure to radiation, and
solar winds. Dust will also be charged, transported, and deposited on thermal radiators due to plume surface
interactions. Surface treatments and coatings have historical tendency to have unforeseen impacts on thermal
performance. Early work suggests that at least one active dust mitigation strategy will be necessary for long-term
human inhabitancy of the Moon.
Active dust mitigation technologies offer a wider range of possibilities within the State-of-the-art (SOA), from
manual brushing and wiping to the electrodynamic dust shield (EDS) process which employs a traveling electric field
wave to repel and move charged dust particles. Manual brushing and wiping can be used to move dust particles,
however the required compressive force results in abrading the surface which yields further dust adhesion and can
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cause degradation of thermal, radiative, and optical
performance. This wear due to brushing tools and regolith
scratching hindered the Apollo missions and damaged
necessary optical sensors. In contrast, the EDS (shown in
Figure 2)5 is emerging as one of the most promising dust
mitigation strategies. Currently research shows they have a
strong potential application in solar and optical array
surfaces, thermal radiators, and even fabrics.6 As an active
mitigation strategy, though, current EDS actuations require
very high voltages (in the thousands of volts) to operate and
effectively repel dust particles. The high voltage
necessitates additional electronics to convert the supply
power from typical avionics (in the tens of volts) to the Figure 2. Schematic showing the electrostatic dust
EDS panels. The integration of the EDS into a surface is a shield (EDS) working to move charged dust particles.5
complex process, which requires design considerations
during the radiator design process so as to not affect radiator performance while still allowing good dust mitigation.
There is little doubt that there will be systems or subsystems which cannot utilize the integrated EDS solution.
Another active mitigation strategy is to use gas or liquid jets to push dust off the specific surfaces. Although this
approach is proven to work on Earth (like using a can of compressed air for keyboard cleaning), the flow paths of air
jets in vacuum environments are inconsistent. Additionally, in a lunar environment gases of all types are valuable
resources and using them for dust mitigation exhausts these valuable resources into the lunar exosphere. This approach
is considered more suitable in an airlock configuration where the gas can be reclaimed, rather than outside the habitat
at the location of radiator assemblies.
B. Significance of MOVE
Solar arrays and thermal radiators are the most significant large structures necessary for lunar robotics and
habitation. Descent, landing, and ascent operations will inevitably agitate the lunar regolith necessitating more robust
and repeatable bulk dust mitigation measures immediately after landings and throughout lunar hardware’s lifetime.
Clearing lunar dust from functional or interactive surfaces is critical in maintaining their thermal performance and
ensuring proper function. MOVE aims to take advantage of the innate geometric structure of radiator panels and the
lack of a friction-causing atmosphere with low power consumption to drive dust away from thermal surfaces using
active modal vibration at high frequencies. It is ideally aided with passive mitigation coatings that decrease dust
adhesion by preventing electrostatic charge buildup and reducing the Van der Waals forces between dust and the
surface.
As a mountable active mitigation solution, the MOVE system can be easily incorporated during radiator design or
be added to an existing radiator system which is intended to be used on the lunar surface. Power draw and actuator
mass required to effectively vibrate select radiator configurations in a relevant environment is on the order of 10’s of
watts and ~150 grams per square meter of radiator, making MOVE a low-power, low-cost solution to surface dust
mitigation.

III. System Concept
A. Dust Impacts to Thermal Performance
During operation on the lunar surface, it is a safe assumption that all surfaces exposed to the environment will at
some point develop a layer of dust on them, whether it be due to electrostatic attraction, astronauts kicking up clouds
while walking, or surfaces intentionally contacting the lunar surface to support structures or perform experiments.
This can cause cascading negative effects to the thermal performance of hardware by harming radiator performance
in two dominant ways:
1. Sun-facing radiators are often white and reflective to provide a low solar absorptivity so that heat does not get
absorbed from the sun. Lunar dust is darker than these surfaces and somewhat matte, so even a thin layer of
dust can increase the absorptivity and therefore decrease the maximum amount of net heat rejection. The
emissivity of the surface is also affected, but to a lesser extent.
2. Lunar dust generally has low thermal conductivity. A monolayer of dust on the surface of a radiator effectively
insulates the radiator surfaces, causing a temperature drop between the radiator surface and the new heat
rejecting surface, the top of the dust. Even a small drop in the surface temperature can drop the maximum heat
rejection significantly, as heat rejection scales to the fourth power with the surface temperature.
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The two above problems together will
lower a radiator’s performance below
its designed heat rejection, leaving the
potential for thermal runaway in the
rest of the hardware. In the Phase I, a
lunar thermal radiator model was
developed using recommendation from
the
Lunar
Thermal
Analysis
Guidebook (L-TAG)7 for lunar dust
properties, environmental conditions,
and impacts to surface properties to
demonstrate the effects dust can have
on a radiator system. This model
accounts for dust optical properties by
modifying the effective optical
properties based on the fraction of the
surface covered by dust, 𝑓𝑑𝑢𝑠𝑡 . The
model
accounts
for
radiator
temperature change by computing the
effective thermal resistance added to Figure 3. Heat rejection as dust thickness increases for a notional lunar
the radiator due to the dust layer’s thermal radiator.
thickness and conductivity. These methods agree with both the L-TAG and work performed by Gaier1,2,7 The two
effects described above can be easily visualized by comparing the heat rejection of a notional radiator against the
amount of dust covering the surface. Figure 3 does this using Paragon’s thermal model, demonstrating heat rejection
against dust thickness for several values of 𝑓𝑑𝑢𝑠𝑡 . As shown, even small amounts of dust lead to significant
performance degradations, with just 5% coverage of one millimeter of dust degrading performance by ~20%. Dust
mitigation solutions which decrease the dust coverage to <5% and/or reduce the thickness of the dust to a submonolayer (<50-micron average dust thickness) are necessary to allow thermal radiator systems to operate as-designed
in the lunar environment without excessive oversizing.
B. Vibration-Based Dust Mitigation
MOVE functions as a solution to combat these issues
by removing or clumping together the dust on the
radiators, thus decreasing 𝑓𝑑𝑢𝑠𝑡 . All structures have some
natural and resonant frequencies at which their
acceleration can be large for relatively low power input.
This is especially true in the lunar environment, where
there is no air to dampen the response of the structure
upon vibration. Further, almost all structures will have
more than one modal frequency, a frequency at which
resonance can occur, where different displacement
patterns (modes) occur in the structure. MOVE seeks to
apply low-power vibration to radiative structures at or
near their higher resonant modes to displace the dust
away from the high-displacement areas of the panel into
the static nodes of the panel. By stepping through
multiple modes, the dust can be migrated between the
static nodes observed for each mode and effectively
‘shaken’ off the panel. A vibrating actuator tuned to
specific modes of the radiative structure can be attached
to the structure and separately powered to provide the
described vibration profile to overcome the adhesion
forces between the dust particles and radiator, as
illustrated in Figure 4. The magnitude of these forces for
a 10-micron dust particle is listed in Table 1.8

Figure 4. Simplified dust removal free body diagram.
Table 1. Magnitude of forces on lunar dust particles.8
Magnitude (N)
Force
(10-micron particle)
Gravity
10-10
-5
Van der Waals
10 – 10-6
Electrostatic
10-5 – 10-7
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The vibration aspect of the MOVE solution is supported by specifically choosing the thermal coating on the radiator
surface. State-of-the-art (SOA) radiator coatings can be selected which have electrostatic dissipative (ESD) or
electrically conductive properties that reduce the surface charge and therefore dust adhesion without otherwise
affecting thermal performance. The thoughtful selection of a thermal coating greatly improves the chance of success
for the MOVE system by minimizing the electrostatic forces between the surface and the dust that occur naturally and
due to the applied vibration via the triboelectric effect. The combination of surface treatment and vibrational excitation
will improve upon the dust mitigation SOA by both passively preventing dust from accumulating on the surfaces and
actively removing dust where it has accumulated in larger amounts.

IV. Preliminary Analysis and Test Design
A. Vibration Analysis
Preliminary analysis was performed to a) establish basic feasibility of the MOVE concept, b) develop the vibration
profile required to remove dust from a demonstration radiator facesheet, and c) predict dust removal performance of
the MOVE system in a relevant environment and assess the potential improvement in thermal performance.
A first principles analysis was conducted to estimate the acceleration required to remove dust from the radiator
facesheet. Assuming each dust particle can be approximated as a spherical point mass, a simple force balance was
constructed (ref. Figure 4) and the
mass of particle was computed based
on commonly reported literature
values for dust density. The force
balance and mass calculation were
implemented into a MATLAB model
to compute the total force required to
remove a particle of dust from the
panel 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 and the particle mass
𝑚𝑑𝑢𝑠𝑡 as a function of particle size
(diameter) ranging from 0.1 microns to
1000
microns.
The
resulting
acceleration, simply shown in
equation (1) was computed for all
particle sizes and plotted as Figure 5
for both lunar and terrestrial
gravitational and electric field
environmental conditions.
𝑎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 /𝑚𝑑𝑢𝑠𝑡

(1)

Each horizontal line indicates
Figure 5. Estimated acceleration required to remove lunar dust from
estimated accelerations that could be
flat surfaces under a vacuum.
applied via a resonating actuator. As
shown, there is an exponential increase in the amount of acceleration required to remove dust particles as the size
decreases. This is because the mass of the particles shrinks more quickly than the adhesive forces on the particles –
the adhesive forces decrease by roughly three orders of magnitude as particle size decreases from 1000 microns to 0.1
microns, but particle mass decreases by 12 orders of magnitude across the same range. The increased required
acceleration in the lunar environment is primarily due to the significantly increased electrical forces in the
environment. From this analysis’s order-of-magnitude approximations, the MOVE system was predicted to remove
particles greater than 20 microns in the lunar environment and greater than 10 microns in the terrestrial low-pressure
environment. Proof of concept testing (ref. Section V.B) confirmed this assessment was correct, within the accuracy
of the experiment.
Based on the above study, a commercially available vibrational actuator was selected which could generate
sufficient force to accelerate dust off of a small-scale (0.05 m2) radiator panel. To develop a dust mitigation vibration
profile, a finite element vibration model was developed in ANSYS, matching the panel dimensions and actuator
selection. The panel thickness was specified as 1 mm (0.038”) to reach a relative panel stiffness close to the stiffness
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of two larger-scale representative radiator facesheets from other Paragon programs. With this model, the natural modes
for the panel as well deflections and accelerations under load were computed via harmonic analysis. Two
configurations were analyzed – one where the panel was bolted at one of the short ends (Configuration 1), and a
second where the panel was bolted at both of the short ends (Configuration 2). Sample harmonic modes for
Configuration 2 are presented in Figure 6, compared to representative test results at corresponding frequencies.

Figure 6. Sample harmonic modes from the FEA model and representative test results for Configuration 2.
A vibration profile of three test frequencies were chosen for each configuration based on the peak accelerations
and displacements from the harmonic analysis. Only frequencies above 150 Hertz were considered to evaluate
responses above the typical frequency range experienced by hardware during launch (radiator systems are often
designed to have resonant modes above the launch frequency range to prevent vibrational damage during launch).
Testing revealed that the real harmonics were slightly higher than the model predictions, but the modal shapes matched
quite well.
After frequency selection, the principal stresses computed by the ANSYS model were used in a reduced order
fatigue analysis of the panel. Using the maximum cyclic principal stress normal to the panel and highest selected test
frequency for conservatism, the estimate fatigue life of a panel subject to intermittent MOVE operation (once an hour)
was 6+ years. This indicates that though MOVE actively vibrates the radiator surface at relatively high accelerations,
the total stress imparted on the surface is sufficiently small to allow for frequent usage of the technology without
severely life-limiting the panel itself. Further work and analysis will investigate the detailed effects of vibration on
the radiator system’s life (e.g., effects on fastener lifetime) and long-term effects on the radiator’s thermal control
coating.

6
International Conference on Environmental Systems

B. Test Plan and Test Design
The primary goal of the MOVE Phase I test campaign was to demonstrate dust removal via modal vibration at
targeted harmonic modes of the radiator facesheet. To achieve this goal, a series of test variables were chosen to
evaluate. The independent variables tested under the Phase I, along with a brief description of each, are given in Table
2’s test matrix.
Table 2. Test matrix for the Phase I proof of concept testing
Independent Variable
Number of Variations

Description

Fastening Configurations

2

Bolted at one short end vs. both short ends

Surface Finishes/Coatings

2

Simulant Choice

2

Angle of Inclination

4

Total Pressure

2

2 commercial coatings selected
Base LHS-01 and 50-micron mean LHS-01, both from
Exolith Lab
0, 15, 30, and as close to 90 degrees as possible. Angle
of repose limited dust application above 40 degrees.
Rough vacuum and atmospheric

Further descriptions of the independent variables are provided in this paragraph. The two panel test configurations
are described earlier in this section; mounting locations can be seen visually in either Figure 1 or Figure 8. The two
commercial coatings used for testing are not disclosed in this paper to retain intellectual property, but the first coating
(Coating 1) was a medium-fidelity aerospace-grade white thermal control paint and the second coating (Coating 2)
was Coating 1 with an additional ESD surface clearcoat applied which increased the surface resistivity and surface
roughness. Exolith Lab’s LHS-1 (lunar highland simulant as
seen in Figure 7) was chosen to best represent Artemis
missions to the lunar south pole region.9 After further
discussion in a technical exchange with NASA Subject Matter
Experts regarding testing with simulants, it was determined
that in addition to the standard LHS-1 simulant, that a custom,
focused particle sized simulant would be ideal to maintain
consistency of dusting the radiator before test trials. Paragon
met with Exolith Lab to discuss options and gather additional
information, and consequently ordered a customized lunar
highlands simulant with a mean particle size of 50 microns and Figure 7. Exolith Lab LHS-1 Lunar Highlands
a range of 10 to 100 microns (Custom LHS-1) (ref. Figure 8). Simulant.9
This simulant was used for repeated testing to evaluate the
efficacy of the analysis presented in Section IV.A. Angles of inclination were selected between 0 and 90 degrees for
testing, but at angles greater than 35 degrees (the angle of repose of the simulant) dust application was difficult;
consequently, demonstration testing was limited at high angles. Lastly, tests were conducted in both an ambient
pressure environment (~101 kPa) and under rough vacuum pressure. The vacuum level achieved in the Phase I
demonstration testing was approximately 2.5 kPa, or the vapor pressure of water at room temperature. The vacuum
chamber struggled to draw the pressure down past this point, and a purging gas for further vacuum reduction was
unavailable. Further-phase test campaigns would make demonstration at low-vacuum (10-6 torr) a high priority to
demonstrate efficacy closer to lunar conditions.

7
International Conference on Environmental Systems

Figure 8. Particle size distribution analysis for the standard LHS-1 (left) and Custom LHS-1 (right) conducted
by Exolith Lab.
The MOVE Demonstrator Panel was a ~0.05 m2
aluminum facesheet mounted into an angled test fixture,
with the selected vibrational actuator mounted to backcenter of the panel. Rubber washers and feet were added
to the design to isolate the vibrations of the panel from the
rest of the fixture and from the vacuum chamber. The test
article was designed such that the relative stiffness of the
Demonstrator Panel would be similar to that of other
Paragon radiator designs. The MOVE actuator assembly
was mounted to the back of the Demonstrator Panel.
Figure 8 shows the Custom LHS-1 simulant being applied
to a Demonstrator Panel coated with Coating 1 and
installed into the angled test fixture. Application of dust
was performed inside the selected clear acrylic vacuum
chamber, prior to pump down. All tests were conducted
with the radiator panel fully covered in a monolayer of dust
(roughly 1 mm thick using ~40 grams each time). Power
and vacuum to the test article were provided via
feedthroughs in the top of the vacuum chamber. Filters and
best-practice containment methods were implemented to Figure 9. Application of lunar dust simulant with
maintain a dust-free environment outside of the vacuum Demonstrator Panel at 5° inclination.
chamber. To take images and videos of the surface for
visual data processing, a camera was setup outside of the vacuum chamber with the lens positioned against the acrylic
wall to minimize glare. A schematic of the overall test setup is shown in Figure 10.
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Figure 10. Schematic of MOVE Phase I test configuration. The test stand includes the means for providing
controlled power to the MOVE actuator assembly and significantly reducing the chamber pressure via the vacuum
pump. Pressure is read via gauge in the top of the chamber.
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V. Phase I Test Results and Performance Predictions
A. Data Processing and Evaluation
Power data and test observations were all recorded manually in the lab notebook. The vast majority of performance
data was visual data (videos) recorded by the camera. These videos were then downsampled to 1 frame/second for
image data processing. To obtain a quantitative assessment of how well the MOVE actuator cleaned the panels, a
MATLAB script was developed to evaluate each set of test images and compute several parameters to help evaluate
the overall performance of the system.
The MATLAB script performed three primary functions:
1. Executed a transformation algorithm to isolate the test panel from the rest of the image.
2. Converted the image from the RGB color space to a grayscale color space, then computed the intensity
(brightness) of each pixel and the average brightness of each image.
3. Using a reference image, generated a mask array that defines how many of the pixels returned to at least 95%
of the original (clean/pristine) brightness using a separate image of a clean panel in equivalent lighting
conditions for calibration. This is referred to as the “percentage cleaned” metric throughout the results.
a. Pixels defined as “clean” are assumed to have 0.01 – 0.05 mm dust thickness for later thermal
analysis; experiment demonstrated that areas defined as clean with this metric always had a submonolayer of dust remaining; therefore, a cleaned pixel could be said to have 𝑓𝑑𝑢𝑠𝑡 = 5% and dust
thickness < 0.05 mm.
Figure 11 depicts the data processing algorithm as the image is cropped (left), converted to brightness (center), and
then masked to determine percentage cleaned (right). By using a calibration image of a clean panel, the areas that are
always dark in the mask (e.g., the bolt locations) are removed from the calculations.

Figure 11. Sample of cropped original image (left), conversion to image brightness (center), and application of
the calibration mask to determine percentage cleaned (right).
B. Test Results
In total, 23 performance tests were conducted during the Phase I period. Throughout these tests the panel coating,
fastening configuration, inclination angle, ambient pressure, and simulant choice were all varied. All performance
tests demonstrated that at least 80% of the test panel surface was cleaned; that is, 80% of the surface returned to at
least 95% of its original brightness. Of these tests, 19 out of the 23 tests demonstrated surface cleaning from 90 – 98%.
For all tests, particles > ~30 microns were consistently removed, with many of the 50-micron mean simulant tests
resulting in almost no visible dust after cleaning. Very fine particles were more difficult to remove, and most test cases
saw small amounts of fine dust settling in nodal (static) regions of the panel (this result was expected from the analysis
and modeling presented in the above sections). Dust removal occurred successfully in both ambient pressure and rough
vacuum environments, and there were only small variations in performance between test cases that traded coating and
simulant type. There were large differences in performance, specifically required time to clean, according to the
inclination angle. Each of these variables is discussed further below.
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Demonstration
testing
largely agreed with the
vibration analysis performed in
the system design phase of the
project. Figure 6 (Section
IV.A) compares the harmonic
analysis mode shapes to the
observed mode shapes for
Configuration 2 a few seconds
into each mode. As shown, the
harmonic analysis predicted the
modal shapes reasonably well.
This held true for test cases in
air, rough vacuum, and in both
fastening configurations.
Figure 12 compares the
effects of coating type and
inclination on dust removal
performance, all other things
equal. Dust removal was
successful on panels with both
Coating 1 and Coating 2
applied. Small differences were
observed in the performance Figure 12. MOVE dust removal performance for two selected coatings and
between panels coated with increasing inclination angle. All six tests presented in this figure were performed
Coating 1 versus Coating 2, on a fully-fastened panel, with Custom LHS-1, at atmospheric pressure.
with Coating 2 performing
slightly better in almost all comparative cases. Coating 2 had a higher surface resistivity and a higher surface roughness
than Coating 1, indicating that one or both properties reduced the lunar dust adhesion. Notably, the higher surface
roughness led to the larger dust particles “sticking” to the surface less with Coating 2, which resulted in faster bulk
removal of dust. Testing at inclines greater than 5-degrees demonstrated repeatable 90% dust removal; lower inclines
successfully clumped dust to smaller areas on the radiator but did not migrate as much dust off the surface. It was
difficult to consistently apply dust to the facesheet at inclines greater than 30-degrees, but tests at these higher inclines
demonstrated rapid and complete dust removal.
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Figure 13 compares the
effects of simulant type and
pressure environment on dust
removal performance, all other
things equal. Dust removal was
successful for both simulant
types and pressure environments,
with the custom simulant and
ambient pressure performing
better than the basic simulant and
rough vacuum pressure. The
simulant performance was asexpected; preliminary analysis
indicated that the MOVE
assembly could remove particles
greater than ~10 microns in
diameter and the custom simulant
only had particles of 10 – 100
microns in diameter. This
validated the first principles
analysis result.
Response to the pressure
environment did not perform as
expected; tests under vacuum had
slightly worse performance
Figure 13. MOVE dust removal performance for two simulant types and
(~5%) overall. It is possible that
ambient pressure conditions. All four tests presented in this figure were
the reduced pressure in the
performed on a fully-fastened panel, with Coating 1 applied, at a 30-degree
chamber was not sufficiently
incline.
reduced to remove air damping
effects and allow for the expected increase in vibrational acceleration to instigate dust removal. A second possible
cause of this result is excessive triboelectric charging inside the vacuum chamber: after the rough vacuum tests, the
inside of test chamber had a noticeable static charge build up, with very fine particles adhering to the chamber walls.
Further testing at higher levels of vacuum with a fully electrically isolated system would help better understand the
effects of vacuum on the MOVE system performance.
C. Thermal Performance Predictions
Using the nominal optical property data for the LHS-1 simulant (𝛼 = 0.81) and Coating 1 (𝛼 = 0.23) and
calibration images taken of a fully dusted panel and pristine panel, an empirical correlation was developed to relate
the image brightness to the surface reflectivity, and thus also the solar absorptivity. This correlation was used to
convert the average brightness of each panel into an estimated absorptivity over the entire time of each test. Select
absorptivity changes over time are given in Figure 14.
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Figure 14. Estimated absorptivity values over the course of several tests. Tests are displayed in no particular
order. Top and bottom dashed lines represent fully dusted and pristine absorptivity, respectively.
Across all tests, the average final estimated absorptivity was 0.26. This indicates that after complete dirtying the
MOVE system could return the panel’s effective absorptivity to within 13% of its original value on average. Notably,
several test cases returned the absorptivity to its original value, but because of the noise of the measurement method
(~ ±0.025) it is difficult to say with certainty that there was truly a near-100% performance recovery. An independent
optical property measurement will be necessary in future phases for more accurate property-improvement metrics.
To generate performance predictions for MOVE on a real radiator system, the lunar thermal radiator model
described in Section II.A was used to compare four cases with three radiator sizes. The four cases studied were:
1. Pristine – ideal radiator performance, no dust coverage
2. Soiled – 75% covered in a monolayer of dust (assumed 1 mm thick blanket)
3. Dusty – 50% covered in a sub-monolayer of dust (assumed 0.01 mm thick blanket)
4. Cleaned – Either of the above two cases post-MOVE operation (assumed MOVE removes dust blanketing and
returns the effective absorptivity to within 13% of the nominal value per above)
Table 3 captures the results of this study, using a radiator with a nominal heat rejection of 400 W/m2 and an average
radiator temperature of 30°C located at the lunar south pole (same conditions as Figure 3). Scaling of MOVE power
draw based on Phase I power data is also computed (note that MOVE does not operate continuously; a duty cycle of
5 minutes per hour is suggested based on required operating time during testing). As shown, dust can have a significant
detrimental effect on radiator performance. Even a panel only half-covered in a thin layer of dust can have a
performance degradation of greater than 30% due almost solely to the increase in absorptivity. In contrast, post-MOVE
operations where most dust has been removed, thermal performance can return to ~95% of its original value.
Table 3. Dusted radiator performance case study results. Assumptions are listed above.
Facesheet
MOVE
Heat Rejection (W)
Facesheet
Case
Surface Area
Power Draw
Mass (kg)
Pristine Soiled Dusty
Cleaned
(m2)
(W)
Phase I Demonstrator
0.05
0.13
0.75
20
4
14
19
Robotic Application
0.34
0.85
8.6
136
27
93
129
Habitat/Lander
1.54
11
64
616
123
420
585
Application
Relative Performance:
100%
20%
68%
95%
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VI. Phase I Conclusions
The development testing done by the Paragon team during the Phase I SBIR contract yielded promising results
and demonstrated proof of the proposed technology concept at TRL 4. The test campaign demonstrated that the MOVE
concept prototype could remove >90% of the lunar dust simulant from the surface of 0.05 m2 test panels in a variety
of test conditions and configurations while drawing <1 watt of power.
During Paragon’s proof-of-concept testing:
• An optimal vibration profile was determined for the test panel in multiple configurations. An actuator sizing
process was developed for choosing actuator(s) based on panel stiffness and required acceleration. Limits of
the technology based on reduced-order modeling were also explored.
• Concept validation was performed using lunar highlands dust simulant LHS-1 and demonstrated >90%
removal of dust from the test panels, returning panel absorptivity to within approximately 13% of its original
value. In most tests, all particles greater than ~10 microns in diameter were completely removed.
• The effective influence of variables including radiator inclination angle, vibration time, and passive coating
on dust removal performance were assessed and quantified.
• A scaling study was performed following Phase I test results to produce estimated mass and power draw
metrics for larger application sizes and estimate improvement in thermal performance of a radiator fitted with
MOVE.
Success of the MOVE technology under ambient pressure conditions and throughout a wide range of test
parameters provides strong confidence in the potential for the technology in the future and elevated its TRL from 2 to
4. The next critical step in the development of this technology will be the refinement of the electronics integral to the
technology’s operation and control, improved thermal and mechanical modeling of MOVE-equipped radiator systems,
and performance testing and validation of the concept in a relevant lunar environment (e.g., a dust-tolerant thermal
vacuum chamber with quantifiable electrostatic environment or a demonstration on a commercial lunar payload). We
anticipate, based on the success seen and lessons learned in this proof-of-concept work, that MOVE has the potential
to become a staple technology for interplanetary bulk dust mitigation and operate in the parameter space where
technologies such as the EDS and airjets are not suitable or do not provide a complete dust mitigation solution.
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