
 

 

 
Abstract—Detrimental effects of lunar dust on space hardware, 

spacesuits, and astronauts’ health have been already identified during 
Apollo missions. Developing effective dust mitigation technologies is 
critically important for successful space exploration and related 
missions in NASA applications. In this study, an electrostatic 
cleaning system (ECS) integrated with a negatively ionized 
Thunderon brush was developed to mitigate small-sized lunar dust 
particles with diameters ranging from 0.04 µm to 35 µm, and the 
mean and median size of 7 µm and 5 µm, respectively. It was found 
that the frequency pulses of the negative ion generator caused 
particles to stick to the Thunderon bristles and repel between the 
pulses. The brush was used manually to ensure that particles were 
removed from areas where the ECS failed to mitigate the lunar 
simulant. The acquired data demonstrated that the developed system 
removed over 91-96% of the lunar dust particles. The present study 
was performed as a proof-of-concept to enhance the cleaning 
performance of ECSs by integrating a brushing process. Suggestions 
were made to further improve the performance of the developed 
technology through future research.  
 

Keywords—Lunar dust mitigation, electrostatic cleaning system, 
brushing, Thunderon brush, cleaning rate.  

I. INTRODUCTION 

HE lunar surface is covered with a layer of micrometer-
sized dust particles that are electrostatically charged and 

tend to adhere to surfaces, e.g., spacesuits, optical devices, and 
mechanical components [1]-[3]. Lunar dust can cause serious 
problems such as vision obscuration, damage to mechanical 
parts of equipment, abrasion on spacesuits, deposition on 
optical surfaces, and harmful effects on astronauts such as 
respiratory and cardiovascular diseases [4]-[10]. Particularly, 
spacesuits are an essential part of space exploration because 
they protect the astronauts from the harsh extra-terrestrial 
conditions and provide several resources to assist astronauts 
during extravehicular activities [10]. As a result, developing 
effective dust mitigation technologies has been a priority for 
the US National Aeronautics and Space Administration 
(NASA) for successful future lunar and Mars missions as well 
as preventing the detrimental impact of lunar dust on the 
lifetime and functionality of spacesuits [11], [12].  

Brushing has been already identified as an effective lunar 
dust mitigation technique. In the NASA Glenn Research 
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Center, the effectiveness of Thunderon brushes to remove dust 
from the thermal control surfaces was demonstrated [13]. As 
another effective lunar dust mitigation technique, ECSs have 
been demonstrated high cleaning efficiency/rate of exceeding 
80% [14]. An ECS is a technology to repel particles by an 
electrostatic force that generates through a single- or multiple-
phase AC voltage supply to the electrodes that are embedded 
into a flexible substrate (e.g., spacesuit) [15], [16]. However, 
despite high cleaning performances of ECSs, complete 
cleaning is usually difficult to achieve due to remaining 
trapped small particles, particularly those with diameters of 
less than 10 µm, between the fibers of spacesuit fabric [14]. 
To overcome the challenges of removing remaining small 
particles, ECSs are integrated with other technologies. For 
example, [17] used a mechanical vibration technique; 
however, it failed to mitigate particles smaller than 10 µm. 

Under a NASA-funded project, the present study was 
performed as a proof-of-concept to develop an effective dust 
mitigation technology by integrating an ECS with a negatively 
ionized Thunderon brush to mitigate small dust particles. The 
justification for developing this technology was to remove the 
majority of large particles by the ECS and then the remaining 
particles by brushing. Specifically, brushing can be helpful to 
remove small particles from the areas where the ECS fails to 
mitigate dust such as between micrometer-sized fibers. Since 
Thunderon bristles are fine and soft, they reach into small 
areas and do not cause abrasion on spacesuits. This is an 
advantage of a Thunderon brush because abrasion is a 
significant concern in spacesuits. 

II. EXPERIMENT 

A. Sample Preparation 

In the present experiments, Kevlar fabric was used to 
represent spacesuit fabric. Two insulated copper wires with a 
diameter of 100 µm were embedded in parallel into the fabric 
to form the electrodes. The distance between two parallel 
electrodes is an important design parameter because the 
generated electrostatic force and, in turn, the cleaning 
performance highly depend on this distance [14], [17]. The 
present experiments were conducted at three different 
electrode distances of 3 cm, 4 cm, and 5 cm. 

The capability of the developed dust mitigation technology 
was evaluated by using sufficiently small-sized particles. 
LHS-1D (Exolith Lab) was used as the lunar dust simulant. 
The particle size was ranged from 0.04 µm to 35 µm, with the 
mean and median size of 7 µm and 5 µm, respectively. Since 
large particles have high weight compared to their number, 
they are usually removed prior conducting the experiments to 
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avoid an overestimated cleaning performance [16]. However, 
because the particles in this study were sufficiently small, the 
experiments were conducted without elimination of larger 
sized particles. Fig. 1 illustrates the fabric, electrodes, and 
lunar dust simulant. 

 

 

Fig. 1 Components of the fabric: (1) Electrodes; (2) Kevlar fabric; (3) 
Lunar dust simulant 

 
The Thunderon brush (Gordon Brush Mfg. Co., Inc.), made 

of an extremely soft fiber (~ 38 µm in diameter), was used for 
the brushing. Fig. 2 illustrates the Thunderon brush and 
different components that were installed on that. 

 

 

Fig. 2 Components of the Thunderon brush: (1) Power supply; (2) 
Thunderon brush; (3) Ion generator 

 
The Thunderon brush can be used in a wide variety of 

electrical dusting and cleaning applications and dissipate a 
charge on any electrically charged surface. Preventing 
abrasion to spacesuits due to extremely soft fiber of 
Thunderon is another merit of using a Thunderon brush. The 
innovation of the present study was to use an ion generator, 
which allowed the brush to be activated and electrostatically 
discharge the dust particles in addition to applying the 
frictional forces (manual brushing).  

B. Experimental Procedure 

Lunar dust simulant particles were rubbed uniformly onto 
the area between two parallel electrodes, as shown in Fig. 1. 
For obtaining the weight of added particles, the weight of 

individual sample was measured before and after the simulant 
was added using an accurate digital weight scale with a 
capability of measuring grams up to four decimal places. We 
used an outlet with an output voltage of 110 V that was 
stepped down and converted to 12 V DC using a conventional 
adapter. Then, the voltage was transferred to a pulse frequency 
signal generator. The voltage was then emitted at 20% of the 
input (20% of 12 V) and 10 Hz toward a power module (i.e., 
high voltage pulse transformer arc generator). Then, the power 
module emitted a high single phase AC voltage to the 
electrodes. Because the fabric was insulative, the applied 
voltage between the parallel electrodes resulted in a large 
electrostatic field [17]. The frequency of the applied voltage at 
the present experiments was set at 10 Hz because it was 
identified as an optimal frequency in several studies such as 
[8] and [18]. 

The electrical power was applied for four 30 s periods with 
5 s of rest in between. Then, the negative ion generator 
activated the brush, and fabric was swept manually. The entire 
brushing process took for 30 s corresponding to 15 brushing 
cycles, which each cycles represented 1 s sweeping in one 
direction and 1 s rest. At the end of cleaning process, the 
weight of an individual fabric was measured to obtain the 
weight of removed particles. For minimizing the effects of 
environment on the experiments, the experimental setup was 
located inside a glass enclosure as shown in Fig. 3. 

 

 

Fig. 3 Experimental setup: (1) Glass enclosure; (2) Signal generator 
and voltage converter 

III. RESULTS 

Results included a combination of quantitative and 
qualitative data. The performance of the developed dust 
mitigation technology was characterized by the cleaning rate, 
which corresponded to the ratio between the weight of 
removed particles and the initial weight of particles [17]. The 
cleaning rates at different electrode distances are illustrated in 
Fig. 4. The developed technology achieved high cleaning rates 
of 91-96%. It was very difficult to identify the range of size of 
particles that remained on the fabrics. However, the lunar 
simulant in the present study consisted of particles with a 
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mean diameter size of 7 µm, which is less than the size of 
lunar dust of interest (i.e., 10 µm); therefore, it can be 
concluded that the most of mass removal in the present 
experiments was not due to the large particles. As a result, the 
high cleaning rates achieved in this study with sufficiently 
small particles indicate the developed technology as a 
promising dust mitigation technique for future missions in 
NASA. 

 

 

Fig. 4 Cleaning rates at different electrode distances 
 

Figs. 5-7 illustrate the dust mitigation at different cleaning 
steps for the sample with the largest electrode distance (i.e., 5 
cm). The substantial enhancement in the cleaning process due 
to utilizing the Thunderon brush is obvious by comparison 
between Figs. 6 and 7. It was observed that simulant particles 
near the Thunderon bristles were attracted and rapidly flicked 
in the opposite direction during the bristles discharge as they 
self-discharge in cycles. This observation indicates the high 
performance of an ionized Thunderon brush to enhance the 
cleaning process. 

 

 

Fig. 5 Lunar dust simulant on the fabric for the electrode distance of 
5 cm, prior generating the electrostatic force 

 
Since the purpose of this study was to demonstrate the 

performance of the ECS integrated with brushing, experiments 
were not conducted using the ECS and brushing, separately. 
Therefore, it is not possible to specify the contribution of 
individual technique on the cleaning performance. However, 
based on the available data in the literature, the cleaning rates 
of over 80% was achieved by ECSs similar to the ECS in this 

study [14]. Thus, it can be concluded that the integrated 
brushing significantly enhanced the cleaning performance of 
the ECS in this study.  

 

 

Fig. 6 Lunar dust simulant on the fabric with an electrode distance of 
5 cm after applying the ECS but prior to brushing 

 

 

Fig. 7 Lunar dust simulant on the fabric with an electrode distance of 
5 cm, after the brushing (end of dust removal process) 

 
Although the preliminary results demonstrated that the 

developed technique in this study can be a promising lunar 
dust mitigation technology, further research is required to 
address the challenges of the present technology for future 
space exploration and related missions in NASA applications. 
Suggestions for future research are provided as follows: 
(1) The present technology requires a high voltage to 

establish the electrostatic field, which is a safety concern 
for astronauts. Although we were not successful to 
measure the high voltage during the experiments, the 
applied voltage at the frequency of 10 Hz for generating 
the electrostatic field was reported in the order of KV in 
the previous studies in [8], [14], [16], and [17]. Because 
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spacesuits are made of multi-layered insulations [19], the 
hypothesis is that the spacesuit by itself can provide 
adequate protection to astronauts from high voltages 
applied to the outer layer of spacesuit. However, further 
research is required to prove this hypothesis.  

(2) Since the spacesuit is subject to geometrical changes with 
astronaut’s movements, insertion of electrodes into the 
fabric should be performed through accurate insertion 
techniques such that an astronaut’s movement does not 
cause uneven distances between parallel electrodes. 
Uneven electrode distances result in different electricity 
resistant paths and, in turn, uneven electrostatic fields, 
which reduce the efficiency of an ECS to remove 
particles. 

(3) The performance of the developed system needs to be 
analyzed in the cryogenic temperatures, which are the 
operating temperatures on the lunar surface. 

(4) The cleaning performance of the proposed technology 
should be investigated by using the brushing prior to the 
ECS. This configuration may decrease cleaning times as 
enormous sums of soil may be initially removed by 
brushing and the ECS remove smaller particles when the 
brushing is terminated. 

IV. CONCLUSION 

The present study was performed as a proof-of-concept to 
demonstrate the cleaning performance of an ECS integrated 
with brushing to remove small-sized lunar dust particles from 
spacesuits. By utilizing an electrostatic field generated on the 
surface of the fabrics along with using a negatively ionized 
Thunderon brush, cleaning rates of 91-96% were achieved. 
Further research is required to address the potential challenges 
arising from using the proposed lunar dust mitigation 
technology. Suggestions for future research were provided. 
Special attention must be paid to astronauts’ safety to ensure 
that using high voltages is feasible. 

ACKNOWLEDGMENT 

The financial support from NASA MINDS Undergraduate 
Student Design is gratefully acknowledged. Also, the authors 
are thankful to staff and director of the Center for Advanced 
Manufacturing in Space Technology and Applied Research 
(CAM-STAR) at the University of the District of Columbia 
for providing a workplace to conduct the experiments. 

REFERENCES  
[1] B. Farr, X. Wang, J. Goree, I. Hahn, U. Israelsson, M. Horanyi, “Dust 

mitigation technology for lunar exploration utilizing an electron beam,” 
Acta Astronaut. vol. 177, pp. 405–409, 2020.  

[2] C. I. Calle, C. R. Buhler, M. R. Johansen, M. D. Hogue, S. J. Snyder, 
“Active dust control and mitigation technology for lunar and Martian 
exploration,” Acta Astronaut., vol. 69, pp. 1082 –1088, 2011. 

[3] R. Christoffersen, J. F. Lindsay, S. K. Noble, M. A. Meador, J. J. 
Kosmo, J. A. Lawrence, L. Brostoff, A. Young, T. McCue, “Lunar dust 
effects on spacesuit systems insights from the Apollo spacesuits,” 
Johnson Space Center, 2009. 

[4] N. Afshar-Mohajer, C-Y. Wu, J. S. Curtis, J. R. Gaier, “Review of dust 
transport and mitigation technologies in lunar and Martian 
atmospheres,” Adv. Space Res. vol. 56, pp. 1222–1241, 2015. 

[5] Z. Mao, G. R. Liu, “A smoothed particle hydrodynamics model for 
electrostatic transport of charged lunar dust on the moon surface,” 
Comput. Part. Mech. vol. 5, pp. 539–551, 2018. 

[6] J. Jiang, Y. Lu, X. Yan, L. Wang, “An optimization dust-removing 
electrode design method aiming at improving dust mitigation efficiency 
in lunar exploration,” Acta Astronaut.  vol. 166, pp. 59–68, 2020. 

[7] K. K. Manyapu, L. Peltz, P. D. Leon, “Extending the utilization of dust 
protection systems using carbon nanotube embedded materials for lunar 
habitats for exploration missions,” J. Space Saf. Eng. vol. 6, pp. 248–
255, 2019. 

[8] H. Kawamoto, S. Hashime, “Practical performance of an electrostatic 
cleaning system for removal of lunar dust from optical elements utilizing 
electrostatic traveling wave,” J. Electrostat. vol. 94, pp. 38–43, 2018.  

[9] H. Tang, X. Li, S. Zhang, S. Wang, J. Liu, S. Li, Y. Li, Y. Wu, “A lunar 
dust simulant: CLDS-i,” Adv. Space Res. vol. 59, pp. 1156–1160, 2017.  

[10] M. Gondhalekar, C. Parks, N. Shetty, B. Wang, “Mitigation and 
prevention of lunar dust on NASA Artemis xEMU spacesuits,” 2020.  

[11] N. Afshar-Mohajer, C-Y. Wu, R. Moore, N. Sorloaica-Hickman, 
“Design of an electrostatic lunar dust repeller for mitigating dust 
deposition and evaluation of its removal efficiency,” J. Aerosol Sci., vol. 
69, pp. 21–31, 2014. 

[12] 2020 NASA Technology Taxonomy (https://www.nasa.gov), 2020. 
[13] J. R. Gaier, K. Journey, S. Christopher, S. Davis, “Evaluation of 

brushing as a lunar dust mitigation strategy for thermal control 
surfaces,” In International Conference on Environmental Systems, July 
2011, Portland, Oregon. 

[14] H. Kawamoto, “Electrostatic and magnetic cleaning systems for 
removing lunar dust adhering to spacesuits,” In Earth and Space 2012: 
Engineering, Science, Construction, and Operations in Challenging 
Environments, pp. 94–103, 2012. 

[15] S. A. M. Said, G. Hassan, H. M. Walwil, N. Al-Aqeeli, “The effect of 
environmental factors and dust accumulation on photovoltaic modules 
and dust-accumulation mitigation strategies,” Renewable Sustainable 
Energy Rev. vol. 82, pp. 743–760, 2018. 

[16] H. Kawamoto, “Improved electrostatic shield for lunar dust entering into 
mechanical seals of equipment used for long-term lunar exploration,” 
44th International Conference on Environmental Systems, July 2014, 
Tucson, Arizona. 

[17] H. Kawamoto, N. Hara, “Electrostatic cleaning system for removing 
lunar dust adhering to space suits” J. Aerosp. Eng. vol. 24, pp. 442–444, 
2011. 

[18] H. Kawamoto, M. Uchiyama, B. L. Cooper, D. S. McKay, “Mitigation 
of lunar dust on solar panels and optical elements utilizing electrostatic 
traveling-wave,” J. Electrostat. vol. 69, pp. 370–379, 2011. 

[19] D. Cadogan, J. Ferl, “Dust mitigation solutions for lunar and Mars 
surface systems,” No. 2007-01-3213. SAE Technical Paper, 2007. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

World Academy of Science, Engineering and Technology
International Journal of Aerospace and Mechanical Engineering

 Vol:15, No:8, 2021 

350International Scholarly and Scientific Research & Innovation 15(8) 2021 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 A
er

os
pa

ce
 a

nd
 M

ec
ha

ni
ca

l E
ng

in
ee

ri
ng

 V
ol

:1
5,

 N
o:

8,
 2

02
1 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

24
2.

pd
f


