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Chapter 1  Introduction 

1.1 Background 

1.1.1 Space Exploration Missions 

Space exploration missions, such as those to the Moon [1-6], Mars [7-10], asteroids [11-13], and comets 

[14-16], have been conducted by space agencies and research institutions worldwide to reveal more about the 

history of the solar system as well as the origin of life. There is important evidence that reveals the actual 

properties of material, such as gas, soil, and rocks, which cannot be precisely measured by observation from 

the Earth. In addition, this evidence has yielded information that shows traces of the history of these materi-

als. By directly analyzing the evidence, the formation process of the solar system can be deduced. In addition, 

the revealed conditions on planets can be used to determine whether life can exist on planets other than the 

Earth. Moreover, the information can be used to help determine how to construct exploration bases on an-

other planet, which will enable deeper exploration of space. The possibility of future migration of humans 

from the Earth depends on the success of future exploration missions. In light of the success of previous mis-

sions, additional exploration missions have been undertaken and planned [17-19] not only by space agencies, 

but also by other enterprises as well. The increase in participation and cooperation by the private sector will 

lead to further development of space science. 

1.1.2 Regolith Particles on the Moon, Mars, and Asteroids 

Planets and small celestial bodies are covered with regolith, a layer of unconsolidated rocks, pebbles, and 

soil particles. In space exploration missions, the analysis of regolith is crucial to the advancement of our 

knowledge of space science. Regolith is affected by meteoroid bombardments, solar wind, and cosmic rays, 

and it is important to investigate its mechanical, electromagnetic, and chemical properties, which vary de-

pending on the history of the planets and small celestial bodies under scrutiny. In previous exploration mis-

sions, 321 g and 115 kg of lunar regolith particles were brought back to the Earth in the Luna and Apollo 

missions, respectively [20], and the samples were analyzed to determine the conditions of the lunar surface 

[21]. Martian regolith has never been brought to the Earth; however, its regolith has been investigated in situ 

by landers and rovers operated by the National Aeronautics and Space Administration (NASA) [7-10]. Parti-

cles of the asteroid Itokawa, returned by the Hayabusa spacecraft operated by the Japan Aerospace Explora-

tion Agency (JAXA), were the only asteroid samples that humans have succeeded in bringing back to the 

Earth [22-24]. In addition, the Philae lander, which separated from the Rosetta spacecraft operated by the 

European Space Agency (ESA), tried to analyze a sample of comet 67P/Churyumov Gerasimenko in situ 

[15].  

Regolith particles smaller than 1 cm in diameter have been classified as lunar “soil” [21], whereas 
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particles smaller than 1 mm in diameter have been classified as “fines,” and particles smaller than 100 m in 

diameter have been classified as “dust”, historically [20]. The “dust” has occasionally been redefined with an 

upper limit less than 10 or 20 m. Based on previous investigations of lunar and Martian regolith, simulants 

of particles have been developed for use as research objects because the use of actual regolith particles is 

limited, owing to the small amounts available. Simulants such as FJS-1, JSC-1A, and JSC Mars-1 approxi-

mate the mechanical, electrostatic, and magnetic properties of regolith. The properties of lunar regolith and 

the simulants, FJS-1 and JSC-1A, are listed in Table 1.1, and those of Martian regolith and the simulant, JSC 

Mars-1, are listed in Table 1.2. In addition, the size distribution of FJS-1 is shown in Figure 1.1. As listed in 

Table 1.1, the lunar regolith and simulants contain few magnetic materials, such as FeO, and the simulants 

contain oxidized materials, such as Fe2O3, because they are exposed to air that includes oxygen on the Earth. 
The main components of the particles are silica; therefore, the relative permittivities of the particles, ranging 

from approximately 3.0 to 4.0, are also similar to that of silica. The lunar regolith and simulants appear sharp, 

and the regolith looks more distorted because it contains agglutinates that are aggregates of smaller lunar 

regolith. These aggregates probably bonded during a sublimation process caused by micrometeoroid impacts 

and quenching. The agglutinate particles are usually smaller than 1 mm, and the particles hold many fi-

ne-grained Fe metals called nanophase irons (np-Fe0), as shown in Figure 1.2. The np-Fe0 has probably been 

formed at the rim of the agglutinate during the reduction process of the iron droplets, caused by micromete-

oroid impact and by solar wind irradiation and sputter deposition. The relative magnetic permeability of the 

lunar regolith is larger than that of the simulant owing to the larger amount of FeO and np-Fe0. In addition, 

the lunar regolith and the simulant contain large amounts of small particles; approximately 50 wt% of the 

regolith consists of particles that are less than 70 m, as shown in Figure 1.1. 

 The properties of Martian regolith have not been determined in detail because the amount of sam-

ples has been limited. Comparing Tables 1.1 and 1.2, the compositions of Martian regolith, simulant, as well 

as lunar regolith are similar; therefore, the properties of Martian regolith can be assumed to be similar to the 

lunar regolith. In addition, because the Martian regolith could be captured by a magnet mounted on rovers 

[37], as shown in Figure 1.3, the regolith has magnetic properties as well. Although the size distribution of 

Martian regolith has not been determined, the simulant contains over 75 wt% of large particle above 150 m, 

as shown in Table 1.2. The shapes of the Martian regolith and the simulant appear more rounded than the 

lunar regolith because they are probably not affected by micrometeoroid impacts, owing to the properties of 

the Martian atmosphere; moreover, the particles do not contain agglutinates. Although the simulants and reg-

olith have slightly different properties, they are almost similar. Therefore, the simulants can be reasonably 

used for experiments as alternatives. In addition, because the main components of the particles are silica and 

the maximum sizes of the particles are approximately 1mm, the use of pure glass particles is a convenient 

option if particles larger than 1 mm are necessary for the experiment. 

 

 
 



Chapter 1  

3 
 

Table 1.1 Properties of FJS-1 and JSC-1A lunar regolith simulants, and actual lunar regolith. 

Types Parameters Measured 
Values Remarks 

Lunar regolith simulant FJS-1 
 

 

 
 

Specific gravity  2.7 [25] g/cm3 
Bulk Density  1.4 1.7 [25] g/cm3 
Angle of internal friction 33 [25] ° 
Major composition           

SiO2 
Al2O3 
CaO 
FeO 
MgO 

Fe2O3 

 
49.4 [25] 
10.0 [25] 
9.3 [25] 
8.0 [25] 
5.2 [25] 
4.4 [25] 

 
wt % 

Relative magnetic permeability 
overall* 

magnetic** 
nonmagnetic*** 

 
1.073 
1.193 
1.004 

 

Relative permittivity 3.8 4.5 [26]  
Lunar regolith simulant JSC-1A 
 

 

Specific gravity 2.87 [27] g/cm3 
Bulk Density  1.5 2.03 [27] g/cm3 
Peak angle of internal friction 41 56 [28] ° 
Major composition   

SiO2 
Al2O3 
Fe2O3  

CaO 
MgO 

 
45.7 [29] 
16.2 [29] 

12.4 [29] **** 
10.0 [29] 
8.7 [29] 

 
wt % 

Relative magnetic permeability 
overall* 

magnetic** 
nonmagnetic*** 

 
1.085 
1.092 
1.007 

 
 

Relative permittivity 3.9 4.2 [30]  
Lunar Regolith [21] 

 
(Apollo 11 sample 10084; 

Source: NASA Photo 
S69-54827) 

Specific gravity 2.3 3.2 [31] g/cm3 
Bulk Density  1.5 1.74 [31] g/cm3 
Angle of internal friction 30 50 [31] ° 
Major composition ***** 

SiO2 
FeO 
MgO 
Al2O3 
CaO 

 
45.1 [32] 
19.8 [32] 
10.9 [32] 
10.2 [32] 
9.9 [32] 

 
wt % 

Relative magnetic permeability 1.311 [33]  
Relative permittivity  
(effective value) 

3.0 [31]  

*  overall: particles without classification 
** magnetic: particles adhered to a permanent magnet. (400 mT magnetic flux density at the surface)  
*** nonmagnetic: particles that did not adhere to a permanent magnet (400 mT magnetic flux density at the sur-

face) 
****  No separate determination was made for FeO, and the total iron oxide content was reported as Fe2O3 [28].  
*****  element composition of Apollo sample 15601 
 
 
 
 
 

100 m

100 m

1 mm
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Table 1.2 Properties of JSC Mars-1 Martian regolith simulant, and actual Martian regolith. 

Types Parameters Measured Values Remarks 
Martian regolith simulant  

JSC Mars-1 
 

 
 

Bulk Density 0.87 1.07 [34] g/cm3 
Size distribution       m 

<5 
5 52 

53 149 
150 249 
250 449 

450 1,000 

 
1 [34] 
5 [34] 
19 [34] 
24 [34] 
30 [34] 
21 [34] 

 
wt % 

 

Major composition        
   SiO2 

Al2O3 
Fe2O3 

CaO 
MgO 

 
43.5 [34] 
23.3 [34] 
15.6 [34] 
6.2 [34] 
3.4 [34] 

 
wt % 

 

Martian regolith [38] 

 
(sand in Gusev crater, Source: sol 
710, NASA/JPL/Cornell/USGS) 

Bulk Density  1.52 [35] g/cm3 
Major composition   

SiO2 
Fe2O3 
Al2O3  
MgO 
CaO 

 
44.0 [36] 
16.5 [36] 
7.5 [36] 
7.0 [36] 
5.6 [36] 

 
wt % 

 

 

Figure 1.1 Size distributions of lunar regolith and FJS-1 simulant; obtained from literature [26]. 

The Hayabusa spacecraft took at least 1,534 particles from Itokawa, and these grains were less than 

a few hundred micrometers in diameter [24]. Because the sample amount was very small, the entire compo-

sition of the Itokawa particles has not been determined. One of the remarkable features was that the asteroid 

could have magnetic properties. As shown in Figure 1.4, the particle of Itokawa contains Fe0-bearing rims, 

and the formation process of np-Fe0 would be similar to that of the lunar regolith [22]. 

100 m

1 mm
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Figure 1.2 Image of a thin polished section of lunar regolith agglutinate using back-scattered electrons ob-
tained from literature [21]. The bright circles are np-Fe0 particles, which are not confined to surfaces, but are 
present throughout the volume of most agglutinates (Source: NASA Photo S87-38816). 

 

Figure 1.3 Observed magnetic chains of Martian regolith on a magnet mounted on the MER-B rover; obtained 
from literature [37]: (a) area of image: 30 mm2, and (b) enlarged view of lower part of (a).  

 

Figure 1.4 High-angle annular dark-field STEM image of pyroxene at the edge of an Itokawa particle (sample: 
RA-QD02-0042); obtained from literature [22]. Zones I, II, and III show amorphous surface layers containing 
np-Fe0, partially amorphized area, and crystalline substrate minerals, respectively. The bright dots are np-Fe0 
enclosed in darker material.  
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1.1.3 Problems Caused by Lunar and Martian Dust in Space Exploration Missions 

During the Apollo missions, the astronauts often reported that lunar dust significantly hampered their extra-

vehicular activities [39]. In the lunar environment, owing to the absence of air drag and the presence of a 

small gravitational force, lunar dust particles were easily lifted by manned and unmanned extravehicular ac-

tivities [40], rocket exhaust [41], and meteoroid bombardments [42]. Moreover, the lunar surface is electro-

statically charged owing to a number of complex processes, including the collection of electrons and ions, 

photoemission, and secondary electrons [43, 44], and the resultant electrostatic field created above the lunar 

surface naturally lifts lunar regolith particles to high altitudes [45-47]. Although concentrations of atmos-

pheric gases, which can cause light scattering, are extremely low on the Moon, the solar corona/zodiacal 

light glow was observed by Apollo crew members; therefore, the scattering of solar light was due to a signif-

icant amount of lunar dust that floated owing to the electrostatic field. The electrostatically charged floating 

particles had a strong tendency of adhering to spacesuits and equipment because of the relatively large elec-

trostatic and non-electrostatic adhesion forces. This caused several problems in the Apollo missions, such as 

obscuration of astronauts’ vision during landing, clogging of equipment mechanisms, spacesuit abrasions as 

shown in Figure 1.5, instrument surface scratches, radiator performance degradation, seal malfunctions, and 

irritation of astronauts’ eyes and lungs [48-50]. After the Apollo missions, the toxicity of lunar dust was also 

be considered. The Apollo crew reported that the dust was transferred to the command module during the 

Apollo 12 flight and dust inhalation occurred. The dust gave off a distinctive, pungent odor, similar to gun-

powder, suggesting that there are reactive volatiles on the dust particles [49]. 

 

Figure 1.5 SEM images from literature [50] showing progressive fabric wear and damage of T-164 Teflon fab-
ric from the Apollo 12 integrated thermal micrometeorite garment: (a) unused fabric in Apollo era, (b) unex-
posed fabric, (c) exposed fabric from shoulder area, and (d) exposed fabric from left knee area with particu-
late and glass fibers.  
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In addition, similar dust-related problems may be experienced in the Martian environment, where 

frequent dust devils occur and whirlwinds lift Martian regolith particles into the atmosphere [51, 52]. The 

particles are electrostatically charged owing to collisions among them and with other objects [53, 54]. The 

floating Martian dust deposited on exploration rovers, as shown in Figure 1.6, and deposited particles caused 

some problems. The deposited dust on the solar panels of the Spirit rover resulted in power degradation [55]. 

The Phoenix spacecraft collected Martian regolith samples by using the robotic arm scoop; however, the reg-

olith particles were dumped onto the inlet screen of the Thermal Evolved Gas Analyzer, and that disturbed a 

normal operation of the equipment [56]. Lunar and Martian regolith will cause serious problems in future 

exploration missions, unless effective countermeasures are undertaken to address this issue in future mis-

sions. 

     

                         (a)                                          (b) 

Figure 1.6 Photographs obtained from literature [56] (Source: NASA/JPL/Caltech/Cornell); (a) Sojourner rover 
displaying build-up of fine-grained material in wheel (Sojourner is approximately 65 × 48 × 30 cm3), and (b) 
Circular projection showing Spirit rover with solar panels almost coated with dust (Spirit is approximately 2.3 × 
1.6 × 1.5 m3).  

1.1.4 Utilization of Lunar and Martian Regolith Particles 

Lunar and Martian regolith particles have many characteristics that are not detrimental to exploration mis-

sions as well. These characteristics demonstrate that the particles can potentially serve as resources that can 

be used in manned and unmanned exploration missions. To reduce launch mass, costs, and mission risks for 

the purpose of advanced future exploration missions, as well as the colonization of space beyond the Earth, 

In-Situ Resource Utilization (ISRU) has been proposed. This effort will harness natural and discarded re-

sources at exploration sites to create fuel propellant and life support consumables for astronauts, and also to 

prepare repair tools and parts for robotic equipment in situ [57-59]. If ISRU is not conducted, astronauts 

must continue to bring everything from the Earth for their exploration missions, such as significant amounts 

of oxygen, water, and fuel, and the equipment must not malfunction. The primary goals of ISRU are the ex-
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traction or production of critical consumables from liquid, gas, and regolith present on site. The goals are 

roughly separated into five areas [59]:  

• Resource characterization and mapping 

• Mission consumable production (propellants, fuel, life support consumables, and feedstock for 

manufacturing and construction)  

• Civil engineering and surface construction (radiation shields, landing pads, habitats) 

• Energy generation, storage, and transfer using in-situ resources (solar, electrical, thermal)  

• Manufacturing and repair using in-situ resources (spare parts, wires, trusses, systems)  

In an environment where there is no gas or liquid, similar to the lunar environment, the resources are ex-

pected to combine with and remain in regolith particles. Utilization technologies for these particles must be 

developed in order to achieve the five goals listed above in future missions. In particular, the handling tech-

nology of the regolith is fundamental in achieving these goals, and the technology must be able to address 

the dust problems described in section 1.1.3.  

 The use of lunar regolith is interesting not only because of the ISRU in exploration missions, but 

also for the importation of these resources to the Earth where they can contribute to the global economy [60, 

61]. In fact, several private companies were established with the aim of exploiting extraterrestrial resources, 

considering the possibility of utilizing these resources for economic activities. Considerable interest has been 

focused on the light isotope of helium, 3He. 3He could be fused with deuterium to yield large amount of en-

ergy by nuclear reaction. 3He is very rare on the Earth, but it is abundant on the Moon; hence, 3He can be 

mined there and transported to the Earth where the resource could be used to generate electrical power [61]. 

In addition, rare earth elements, such as Ti, Au, and Ag, which are precious metals that have commercial-

ly-valuable optical, electrical, magnetic and catalytic properties, have also been proposed to be imported 

from the Moon [60, 61].  

1.2 Previous Studies about Handling Technology of Particles 

1.2.1 Mechanical and Pneumatic Methods 

To mitigate and utilize regolith particles in space environments, mechanical and pneumatic handling tech-

nologies have been used. In Apollo missions, the astronauts sampled the lunar surface by using a scoop, tong, 

and rake, as shown in Figure 1.7 (a) and (b) [1, 62]. The astronauts used a battery-powered drill and core 

tube sampler to sample deeper layers of the regolith as shown in Figure 1.7 (c) and (d) [1, 62]. 
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                       (a)                                                  (b) 

  

                    (c)                                             (d) 

Figure 1.7 Images of (a) scoop for Apollo 12 and 14 missions, (b) rake for Apollo 15 17 missions, (c) drill core 
of rotary-percussive drill for Apollo 15 17 missions, and (d) core tube sampler used in Apollo 15 16 missions 
(modified photographs from literature [1, 62]). 

The mechanical means that astronauts used have also been utilized in robotic systems. For example, 

regolith sampling was conducted using scoops with Viking lander 1 and 2 on the Mars [63], and the Phoenix 

lander was equipped with the Icy Soil Acquisition Device, which is composed of a scoop with passive cut-

ting blades and a small motor-driven drill to sample hard frozen soil from the Martian polar region [64]. The 

Curiosity rover was equipped with the Sample Acquisition, Processing, and Handling subsystem to obtain 

interior rock and regolith samples from Martian surface materials using a scoop and drill, as shown in Figure 

1.8. The Philae lander was equipped with a sampling drill, named the Sampling, Drilling, and Distribution 

(SD2) subsystem, to investigate the surface of comet 67P/Churyumov Gerasimenko [66], as shown in Fig-

ure 1.9. The mechanical handling systems were mainly mounted at the ends of the robotic arm or at the ex-

tended boom of the rovers and landers. The particles collected by rovers and landers were analyzed by 

on-board instruments. In addition, it has been planned that the collected regolith will be transported by a 

rover delivery system toward a site where ISRU processing will be performed [67]. As with other mechanical 

systems, some type of bucket ladder, hopper, conveyor belt, auger, impeller, and scraper have been proposed 

and prototypes were developed for lunar excavation [68]. The advantages of mechanical systems are their 



Chapter 1  

10 
 

ability to grind hard surfaces and rock, collect samples at the subsurface level and at deep layers, and deal 

with large amounts of regolith and large particles. Moreover, there have been many experiences on the de-

velopment and operation of these systems for terrestrial applications in civil engineering and in granular 

processing. On the other hand, some problems with the mechanical systems have not been resolved including 

dust contamination, short equipment lifetime owing to mechanical abrasion, and high-power consumption. In 

addition, these systems have large and complex configuration. As a conventional technology, the Apollo 

crew tried to remove dust attached to the extravehicular equipment by using brushes [49]. For the Curiosity 

rover, the Dust Removal Tool was mounted on the turret of the robotic arm to clear off the loose material that 

has been deposited from the observation tray, as shown in Figure 1.8 [65]. 

 

Figure 1.8 Image of the turret structure, approximately 60 cm in diameter, composed of a drill and scoop 
mounted at the end of the robotic arm of the Curiosity rover; obtained from literature [65].  

 

Figure 1.9 Diagram of the sample acquisition mechanism of SD2; obtained from literature [66]. Once the 
sampling depth has been reached, the sampling tube is pushed to collect samples as a coring device.  
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 Pneumatic handling technology has been used in terrestrial applications for moving fines and 

coarse particulates. The technology has some advantages, such as no moving parts that would cause clogging 

and jamming, ease of guiding the dusty gas stream across long distances and in variable directions, and low 

probability of dust contact that would cause large abrasion to mechanical equipment. This measure has been 

considered for use in space environments. Several types of pneumatic systems have been developed for 

feeding regolith particles into devices that perform chemical processing in ISRU, and the performance in a 

vacuum and at lunar gravity during parabolic flights have been investigated [69-71]. Recently, a pneumatic 

system was mounted on the OSIRIS-REx spacecraft to sample asteroid particles, as shown in Figure 1.10[19]. 

The main disadvantage of pneumatic systems is that all the required gas must be transported from the Earth 

because extracting gas in situ is difficult; thus, it is not suitable for long-term operation. Even if gas produc-

tion is feasible, the system may require a pump with mechanical drives in order to sustain the gas flow for 

long-term operation. In addition, the gas must be handled with the utmost care to prevent leakage. 

Nitrogen gas

filter filter

material
 

Figure 1.10 Image of the Touch-and-Go Sample Acquisition Mechanism (TAGSAM) mounted on the OSI-
RIS-REx; obtained from literature [19]. Nitrogen gas injected into the interior of the annulus entrains material 
and forces it through a filter, where it is captured.  

1.2.2 Electrostatic and Magnetic Methods  

As an alternative to mechanical and pneumatic systems, electrostatic handling technology for particles has 

been considered because these systems do not need mechanical drives, gas, or liquid. Because the electro-

static force is relatively small, the systems have been utilized in limited areas of terrestrial applications, such 

as in electrostatic precipitators and electrophotography [72].  

The electrostatic precipitator consists of a grounded electrode outer frame and wire electrode. 

Dust-laden gas is passed through the outer frame and the wire located at the centerline of the gas flow. When 
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a high voltage is applied to the wire, a corona discharge near the wire of the discharge electrode causes ions 

to traverse between the outer frame and the wire, and the particles obtain an electric charge of the same po-

larity as the voltage of the discharge electrode. The charged particles move toward the outer frame of the 

collecting electrode and are deposited there, owing to the electrostatic field between the outer frame and wire. 

The captured particles are removed from the collecting electrode by rapping mechanisms to clean the elec-

trode. The technology is mainly utilized in industrial applications to capture particles that are equal to or less 

than a micron in size, such as in the diesel engine exhaust gas and plant emissions, because the technology 

has several advantages, such as low-pressure drop, low power consumption, and high-collection efficiency 

[72]. Considering its advantages, the electrostatic precipitator has been considered for use in ISRU for the 

production of oxygen in the Martian environment [73, 74]. The Martian atmosphere contains large amounts 

of carbon dioxide, as well as dust lifted into the air by frequent dust devils [51, 52]. The electrostatic precip-

itator is expected to make the atmospheric gas clean and usable for oxygen extraction. Some prototypes of 

the electrostatic precipitator for the Martian environment have been developed, as shown in Figure 1.11 [73, 

74]. 

 

Figure 1.11 Schematic of the experimental setup of an electrostatic precipitator for the Marian environment; 
obtained from literature [73].  

Electrophotography is another process that utilizes electrostatic force. It is used only in terrestrial 

applications, such as in copiers and laser printers. Although the technology does not relate to space applica-

tions, it has contributed toward building the theory of particle dynamics in an electromagnetic field. For this 

reason, a summarized description is included here. The technology mainly consists of six distinct steps 
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[75-78]: charging, exposure, development, transfer, fusing, and cleaning. These steps are shown in Figure 

1.12. In electrophotography, the motions of pigmented toner particles on the photoreceptor are controlled 

using electrostatic and magnetic forces and the image of these toner particles are formed during the devel-

opment process. The toner images formed are transferred and fixed on a paper surface, and then the paper is 

delivered outside the printer. For the development process, the two-component magnetic brush development 

system is widely used. As shown in Figure 1.12, magnetic carrier particles with electrostatically attached 

toner particles are introduced into the vicinity of a rotatory sleeve, inside of which is a stationary multipolar 

magnetic roller. The diameter of the carrier particle is several tens of micrometers, and that of the toner parti-

cle is several micrometers. In the magnetic field created by the stationary magnetic roller, the carrier particles 

form their chain brushes by interacting magnetically with each other. The magnetic brushes are transported 

with toner particles by the rotating sleeve and contact the photoreceptor surface at the smallest gap between 

the two rollers. The toner particles then separate from the brushes and move toward the electrostatic latent 

images created on the photoreceptor by the electrostatic force to form real images. This technology utilizes 

the balance of forces acting on particles to control their motions. For example, the electrostatic force acting 

on the toner must exceed the adhesion force required to separate the toner particles from the magnetic brush-

es, and the magnetic force acting on the carrier particles should be set as the dominant force to create their 

brushes. The dynamics of electromagnetic particles, whose sizes range from a few to dozens of micrometers 

in diameter, in the environment on the Earth has been widely investigated in the field of electrophotography 

[75-78].  

 

Figure 1.12 Schematic of a two-component magnetic brush development system in electrophotography; ob-
tained from literature [77]. The picture on the right shows the observed and calculated magnetic particles in 
the development area (The diameter of electromagnetic particles ranges from a few to dozens of micrometers 
in diameter).  
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Related to electrophotography, the electrostatic curtain and electrostatic traveling wave were de-

veloped [79, 80] to transport toner particles [81, 82]. The electrostatic curtain is generated on the surface of 

insulating materials in which the parallel electrodes are embedded separately from one another when the AC 

high voltage of a standing wave is applied to the electrodes. The resultant electrostatic curtain creates an 

electrostatic force that can move small particles on the insulator. If the traveling wave is applied to the elec-

trodes, the resultant electrostatic field moves in one direction, and the particles can be transported in the di-

rection, as shown in Figure 1.13. Recently, electrostatic systems have also been utilized for cleaning dust 

particles deposited on the surfaces of solar panels, as shown in Figure 1.14 [83-85]. Sand storms often occur 

in desert areas, and the storm lifts up and blows the sand in the atmosphere. The floating particles are depos-

ited on solar panels, causing degradation of power generation from mega solar plants [86, 87]. Electrostatic 

systems are expected as effective countermeasures to dust related problems. Studies on electrostatic curtain 

and electrostatic traveling wave have shown the applicability of the electrostatic force to particles that are not 

industrially produced, exist in nature, and have non-uniform properties.  

 

Figure 1.13 Schematic of an electrostatic traveling wave that transports particles to the left on a plastic sub-
strate; obtained from literature [82].  
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(a) before cleaning operation                    (b) after cleaning operation 

Figure 1.14 Demonstration of an electrostatic cleaning system on a solar panel: (a) before and (b) after 
cleaning; obtained from literature [85] and modified. The cleaning operation was applied only to the left half of 
the solar panel for three minutes. 

The Electrodynamic Dust Shield System, which utilizes the same mechanisms of an electrostatic 

curtain and electrostatic traveling wave has been planned for space applications [88] and developed as 

cleaning equipment for optical lenses, solar panels, and thermal radiators [89-93]. For space applications, 

transparent indium tin oxide (ITO) is used for the electrode material because ITO is transparent in the visible 

region of the electromagnetic spectrum, and does not disturb the operation of optical equipment and solar 

panels. Electrostatic cleaning systems could clean most of the deposited lunar regolith simulant, JSC-1A [89, 

91], FJS-1 [93], and Martian regolith simulant [91] in air and at 1-G (G = 9.8 m/s2). In addition, cleaning in 

vacuum environments had been performed against the simulants [89, 91] as well as against the actual lunar 

regolith [93]. Moreover, cleaning in a vacuum and reduced gravity environments against the lunar regolith 

simulant JSC-1AF and actual regolith had been performed [90]. Numerical calculations were used to predict 

cleaning performance in the lunar environment [93]. The experimental and calculated results show high 

cleaning performance in reproduced space environments, and it is expected that performances in actual lunar 

and Martian environments are better than that in the Earth environment owing to the low gravitational force 

and absence of air drag that degrade the particle mobility. However, it should be noted that gas discharge oc-

curs easily on the Mars owing to the low density of air; therefore, preventive measures must be taken.  

For other electrostatic mitigation technologies in space applications, the concepts of electrostatic 

lunar dust collector and electrostatic lunar dust repeller have been proposed for use at the site between the 

light side and the dark side of the Moon. At this location, a large electrostatic field is created, owing to the 

effect of cosmic rays and solar winds, and lunar dust could be lifted by the resultant electrostatic field [94, 

95]. The electrostatic lunar dust collector and the electrostatic lunar dust repeller are composed of vertical 

plates and wire electrodes, respectively, above the lunar instrument. When a high DC voltage is applied to 

some electrodes and the others are grounded, the resultant electrostatic force could attract the floating dust to 

100 m
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the plates or repel them from the wires. The performance was predicted using numerical calculations, and the 

results showed high mitigation against particles that are charged with the same polarity [94, 95]. In addition, 

electrostatic and magnetic cleaning systems for removing lunar dust adhering to spacesuits have been devel-

oped [96, 97]. Although the cleaning mechanism of the electrostatic system is almost the same as that of the 

Electrodynamic Dust Shield, the system was adapted for spacesuit fabric consisting of insulated wire elec-

trodes stitched into the outer layer of the fabric [96]. When an alternating high voltage is applied to the elec-

trodes, most of the lunar regolith simulant, FJS-1, deposited on the fabric could be removed. The magnetic 

system consists of a shaft, stationary multipolar magnetic roller, rotating sleeve, collection bag, and back-up 

magnet. The magnet was similar to the stationary magnetic roller used in electrophotography to attract and 

transport carrier particles [75]. The sleeve is pushed against the fabric surface and pulled in a lateral direction 

by hand. Because lunar dust contains magnetic materials, the particles are attracted to the stationary magnetic 

roller and transported on the rotating sleeve by means of magnetic and frictional forces. The magnetic roller 

is designed such that a repulsive force acts on the particles at a particular position where the particles sepa-

rate from the sleeve and the separated particles are gathered in the collection bag [97].  

In addition to particle mitigation, a utilization technology using the electrostatic force has been de-

veloped, such as electrostatic beneficiation systems for the ISRU process [98, 99]. Refinement or enrichment 

of specific minerals in the regolith into feedstock for ISRU before the chemical processing to extract oxygen, 

water, and construction materials is more desirable as it can reduce the size and energy requirements of the 

equipment and simplify the process. In the electrostatic beneficiation system, the regolith is tribocharged by 

passing it through a static mixer, allowing it to fall through a high-electrostatic field that is produced by a 

pair of high-voltage parallel plates. From there, the regolith falls into a series of seven collection bins that 

collect the separated regolith. The beneficiation mechanism ensures that different minerals will be tribo-

charged differently, depending on the difference of the work function between the specific mineral and the 

static charger. Electrostatic beneficiation was demonstrated to enhance the desired mineral concentrates, such 

as iron oxides and ilmenite, in the lunar regolith simulant KSC-1 [98] and NU-LHT-2M [99], although the 

beneficiation using JSC-1A was not successful because of its lack of ilmenite [99].  

As for particle utilization technologies, a magnetic conveyor that utilizes the mechanism of the 

magnetic coil gun to transport particles has been developed for terrestrial applications [100-103]. The mag-

netic coil gun has been conventionally used for firing a bullet that is larger than the particles, and the basic 

characteristic of the control of the bullet motion has been widely investigated [104-106]. Based on studies 

concerning the bullet, the mechanism has been also utilized for the manufacturing and processing of small 

particles ranging from several tens to several hundreds of micrometers. The magnetic system does not have 

mechanical parts; thus, it is not necessary to consider mechanical malfunctions. Although space application 

is expected, the studies focused only on industrial processing, and the application was limited to ferromag-

netic particles that can be easily handled using a magnetic force [101, 102]. 
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1.3 Objective of Research 

According to the previous studies mentioned above, the electrostatic and magnetic handling technologies of 

regolith particles have several advantages that are suitable in space environments. The technologies have 

been developed for dealing with particles ranging from submicron sizes to sizes of several hundred microm-

eters, because the balance of forces acting on particles corresponds to the particle size and the electrostatic 

and magnetic force would be the dominate forces in that range. Although the balance of forces in the Earth 

environment has been investigated in previous studies, the balance is expected to change in the space envi-

ronment owing to the low gravity and low air drag, and the effect of these factors has not been investigated 

in detail. Researchers studying the Electrodynamic Dust Shield and electrostatic beneficiation systems have 

performed experiments in a vacuum and at low gravity; however, the experiments focused only on showing 

the feasibility of the system in the space environment. This is because frequent tests cannot be conducted 

owing to the long preparation time and large expense; thus, the change in the force balance has not been in-

vestigated thoroughly. On the other hand, although the numerical calculation is a suitable method of investi-

gating the force balance, the previous studies performed the calculations independently, and there are still 

some doubtful points regarding their accuracy. Numerical calculation needs to be developed and evaluated 

by mutually interacting with experimental results on the Earth as well as on reproduced space environments. 

Regarding the lack of insight on particle dynamics in space environments, the application of electrostatic and 

magnetic forces to handle particle motion has been few; in particular, the magnetic system has not been de-

veloped efficiently. Although there are still issues related to regolith particles, electrostatic and magnetic 

systems can be used for a specific application for future exploration missions. 

1.3.1 Position of Research 

Following the summary of the previous research shown above, the objective of this study is to build a fun-

damental theory on the dynamics of electromagnetic particles in space environments. This theory is applied 

to develop particle-handing technologies that utilize electrostatic and magnetic forces, which are suitable for 

use in space environments. The position of this research is shown in Figure 1.15. A variation in the balance 

of external forces acting on a particle, corresponding to its size, is crucial for understanding the dynamics of 

the particle. In addition, particle dynamics in the space environment is investigated in this research by theo-

retical calculations using actual properties of particles that exist in space. Based on the calculation results, 

some electrostatic and magnetic systems are developed, focusing on specific issues relating to regolith parti-

cles on the Moon, Mars, and asteroids, where the gravitational force and vacuum rate are different from those 

on the Earth. In particular, an electrostatic dust shield system for manned and unmanned exploration on the 

Moon and Mars, an electrostatic size-sorting system for the lunar ISRU, an electrostatic and magnetic sam-

plers used for sample return missions on asteroids, and an vibration transport system for ISRU as well as for 

sample return, are developed for future space missions. The explanations for each system are described in 
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later sections. The performances of the systems have been evaluated by conducting not only experiments in 

terrestrial environment, but also demonstrations in a vacuum and low-gravity and numerical calculations. 

 

Figure 1.15 Diagram of the position of this research. 

The distinct element method (DEM) is utilized [107] as the calculation method. The method has 

been used in several areas related to granular and particle dynamics, such as in electrophotography [75-78], 

fluidized bed [108-110], and geographical engineering [111-112]. Although the method is suitable for simu-

lating the distinct motion of each particle and the mechanical and electromagnetic interactions of particles 

with one another, the large calculation load is an issue. To reduce the calculation load and reproduce more 

actual conditions of particle dynamics, the calculation model needs to be modified. The fundamental theory 

on the dynamics of electromagnetic particles in space is constructed by conducting a combined process of 

parametric study in experiments, actual demonstrations, and numerical calculations. Because the dynamics of 

particles smaller than several micrometers have been considered in the field of electrostatic precipitators, this 

research focuses on particles ranging from several micrometers to several millimeters in size, as shown in 
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Figure 1.15. Although the electrostatic force has been utilized to manipulate particles smaller than 1 mm in 

previous research [89-93, 98, 99], the use of this force for particles larger than 1 mm is attempted in this re-

search, while considering the smaller gravitational forces present in space. 

1.3.2 Development of Dust Shield System for Lunar and Mars Explorations 

As described in section 1.1.3, one of the problems caused by lunar dust particles during the Apollo missions 

was their intrusion into the gaps of the mechanical drives installed on the equipment used for extravehicular 

activities [49]. In the lunar environment, lunar dust particles are easily lifted by exterior influences, and these 

floating particles adhere to the extravehicular systems and spacesuits. The adhered particles easily enter into 

the gaps of the equipment, resulting in serious mechanical problems, such as mechanical malfunction, exces-

sive leakage of air from the spacesuits, and the abrasion of mechanical drives [49]. Furthermore, when elec-

trical connectors are mated and de-mated repeatedly, and the surfaces are contaminated by dust, the adhered 

dust can clog the gaps and cause electrical malfunctions [48]. Based on the lessons learned from the Apollo 

missions, the problem of dust intrusion into the gaps of mechanical and electrical systems has been consid-

ered to be priority issue for future lunar explorations by space agencies worldwide. In addition, in Martian 

environment, frequently occurring dust devils lift Martian regolith particles into the atmosphere [51, 52], and 

it can be assumed that the floating particles cause the same problems as lunar dust. In the lunar and Martian 

environments, the repair and maintenance of equipment is difficult owing to the lack of tools and parts. 

Therefore, a dust shield system for mechanical gaps is required to prevent regolith contamination over a long 

exploration period. The sealing system, consisting of a brush seal made of fluorine resin and a labyrinth seal 

made of aluminum and SUS304, has been developed by JAXA [113, 114], as shown in Figure 1.16. JAXA 

has also considered the utilization of mechanical seals, such as Varilip® and Variseal®, as shown in Figure 

1.17 [115]. NASA has considered the application of a spring-loaded Teflon seal, such as Bal Seal® [116], as 

shown Figure 1.18. The performances of the systems in air and vacuum environments have been investigated, 

and the high-shield performance for dust intrusion were confirmed experimentally [114]. However, because 

the mechanical shields had to contact the rotating shaft, casing, and particles, abrasion of the shield was un-

avoidable. The life cycles of the mechanical shields have to be improved by decreasing the probability of 

contact with dust. As a mitigation technology for electrical malfunction caused by dust, the Dust-Tolerant 

Connector was developed by Honeybee Robotics [117], as shown in Figure 1.19. When the connectors are 

mated, permeable membranes are connected initially, and the membranes trap dust particles. After the dust is 

trapped, electrical pins stored in membranes are pushed through the membranes and mated. Although small 

amounts of dust could intrude into the membranes, no dust could reach the pins during the dozens of mate 

and de-mate cycles. To further extend the life cycle of the connection, dust must be kept away from the gaps 

of the connectors, and the intrusion of dust particles into the membranes should be prevented before mating 

and de-mating. 
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  (a)                                             (b) 

Figure 1.16 (a) Diagram of sealing system consisting of a labyrinth seal and a brush seal, and (b) photograph 
of a brush seal; obtained from literature [113, 114] and modified. 

              
   (a)                               (b) 

Figure 1.17 Photographs of (a) Varilip® and (b) Variseal®; obtained from literature [115] and modified. 

 

    (a)                                         (b) 

Figure 1.18 (a) Schematic of a Bal Seal® and (b) rotary shaft of approximately 19 mm in diameter equipped 
with the Bal Seal®; obtained from literature [116] and modified. 
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To support the mechanical shields and connectors and extend their lifetimes, new technology is 

needed to prevent the dust from coming in to contact with the mechanical systems. To achieve this, the elec-

trostatic shield system is developed in this study. The electrostatic system utilizes the Coulomb force and the 

dielectrophoresis force to remove the particles that may intrude into the mechanical gaps. The electrostatic 

system has some advantages, such as no mechanical drives, easy control, low-power consumption, and 

adaptability to mechanical systems. It is expected that the electrostatic system can increase the lifetime of the 

mechanical shields and connectors for long-term exploration missions on the Moon and Mars.  

 

Figure 1.19 Concept of the Dust-Tolerant Connector developed by Honeybee Robotics; obtained from litera-
ture [117]. 

1.3.3 Development of Size-Sorting System for ISRU Missions 

Before conducting ISRU processes, a particle size-sorting system will play an important role in improving 

ISRU performance [59]. The required particle size depends on the objective of the ISRU missions, because 

the components and properties of the lunar regolith changes with the diameter of the particle [118], as shown 

in Figure 1.20. In addition, to improve the efficiency of chemical processing in ISRU and to stabilize per-

formance, particles in a particular size range have to be supplied continuously. Although the size sorting of 

particles by size in any range is acceptable, that of small particles is significant for ISRU. Lunar regolith par-

ticles smaller than 10 μm in diameter contain relatively rich amounts of np-Fe0, as shown in Figure 1.20. 

Owing to the existence of np-Fe0, lunar regolith is expected to be a strong microwave absorber. It is expected 

to shape and form a brick from the regolith by sintering it using “hot pressing” [119, 120]. The microwave 
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can easily melt np-Fe0 and quickly fuse the particles with each other, thereby creating aggregates with high 

strength, as shown in Figure 1.21. The aggregates can be used as a lunar construction material for landing 

pads, paved roads, and habitats on the Moon. During hot pressing, the extraction of small particles contain-

ing rich amounts of np-Fe0 from the bulk of the lunar regolith is crucial. Furthermore, using small particles is 

important for improving chemical processing in ISRU, because the surface area of a particle is large com-

pared with its mass, and the reaction rate of the process is high [59, 121]. For the purpose of ISRU as well as 

for scientific surveying, it is necessary to prepare a large amount of small particles to be used for toxicity 

tests on astronauts for future manned explorations.  

For the above reasons, the development of a size-sorting system for small particles used in the lunar 

environment is one of the most important challenges, as the system must be adaptable to the harsh environ-

ment, such as dust contamination of equipment, limited power source, and non-existence of gas and liquid. 

To this end, a unique size-sorting system that utilizes the electrostatic traveling wave is developed to extract 

small particles. The electrostatic traveling wave was developed mainly in the industrial field of electropho-

tography to transport toner particles as described in section 1.2.2, and this study will introduce size-sorting as 

a new function of the technology.  

 

Figure 1.20 Chemistry of fine size fractions of lunar mare regolith; obtained from literature [118]. Regolith is 
divided into high-Ti and low-Ti types. Relative abundance of np-Fe0 is expressed as Is, and FeO expresses 
total iron content of regolith size fraction. 
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Figure 1.21 Diagram of the sintering process of lunar regolith; obtained from literature [120]. Development of 
transient liquid phase is caused by np-Fe0. 

1.3.4 Development of Sampling System for Sample Return Missions 

To obtain information about the formative history of asteroids and the solar system, as well as the origin of 

life, it is necessary to collect samples from asteroids and return them to the Earth, as described in section 

1.1.1. The development of a sampling system that works effectively on the surface of an asteroid is critical to 

the success of a sample return mission. In the Hayabusa mission, the Hayabusa spacecraft was equipped with 

an impact-sampling system for sample collection [122]. This system was intended to fire a small bullet at the 

surface of an asteroid and capture the resulting regolith spray, using its deployable collection horn, as shown 

in Figure 1.22. This system is adaptable to any surface condition, such as hard bedrock and regolith; there-

fore, the sampling system was appropriate for use in Hayabusa, because asteroid Itokawa’s surface condition 

was unclear from Earth-based observation. However, this system is very challenging because it requires a 

series of accurate and autonomous operations (i.e., landing on the asteroid, firing the bullet, and collecting 

samples) to be accomplished within a short duration without delay. In reality, the bullet was not fired at all 

owing to a slight error, and only a few floating particles were collected (possibly as a result of the Hayabusa 

touchdown operation). The bullet firing system mounted on Hayabusa was also used for Hayabusa-2. Alt-

hough its design is similar to that of Hayabusa, a new component was installed in the Hayabusa-2 [124]. 

Hayabusa-2 was designed to create an artificial crater on the surface of asteroid 1999 JU3 by using a small 

explosive and metal liner as a projectile, before collecting the samples to expose the internal materials and 

structures, as shown in Figure 1.23. The samples of exposed regolith were collected in a capsule. The Small 

Carry-on Impactor system also requires precise autonomous control. As with other sampling systems, some 

mechanical and pneumatic sampling methods used during touchdown have been developed, such as tethered 

sampling [125, 126], adhesive-based sampling [123], brush wheel sampler [127], bucket drum regolith ex-

cavator [128], and the touch-and-go sample acquisition mechanism (TAGSAM) that was installed in OSI-

RIS-REx [19].  
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                           (a)                  (b)                  (c)  

Figure 1.22 Diagram of the sampling method mounted on the Hayabusa spacecraft; obtained from literature 
[123]: (a) firing projectile, (b) breaking surface, and (c) collecting surface spray. 

 

Figure 1.23 Outline of impact operation of Small Carry-on Impactor System in Hayabusa-2; obtained from 
literature [124]. Mother spacecraft escapes to avoid fractions ejected from asteroid 1999 JU2.  

Instead of a sampling system used during touchdown, when a spacecraft lands on the asteroid sur-

face, scooping [129] and drilling [130, 131] methods can be used efficiently in long-term operations because 

they can collect a large amount of samples from the surface and subsurface of an asteroid, and can be 

adapted to any surface condition, including ice and hard surfaces. For example, in the Rosetta mission [15], 

the Philae lander was equipped with a drilling for collecting nucleus samples of a comet [66], as described in 

section 1.2.1. Although these methods require a successful landing on the asteroid surface, they are most 

suitable when the target surface condition is well-known, as would be the case, for example, on the Moon 
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and Mars. As discussed above, each sampling system has some advantages and disadvantages, and a select-

ing an appropriate system that is adaptable to the target surface conditions is necessary for a successful sam-

ple return mission. However, in space missions, it is difficult to predict incidents that may occur and prevent 

normal sampling operations. It is also difficult to prepare for them in advance, as in the case of the Hayabusa 

mission. In addition to selecting an appropriate sampling method for an objective surface condition, a relia-

ble method with simple configuration and easy control configuration is necessary for ensuring sample collec-

tion under any condition. 

In this study, an electrostatic sampler and a magnetic sampler are developed as sampling systems 

with high reliability in the space environment. Because the regolith particles on asteroids are expected to be 

electrostatically charged by solar wind and cosmic rays, the electrostatic sampler uses the Coulomb and die-

lectrophoresis forces to capture the particles and transport them to a collection capsule. On the other hand, 

the magnetic sampler utilizes the mechanism of the magnetic coil gun to collect samples [104-106]. Alt-

hough a powder processing system that utilizes the magnetic force has been used on the Earth in previous 

studies [100-103], a magnetic sampling system of particles has not been developed yet. It was confirmed that 

magnetic particles exist on the surface of asteroids and planets, such as on Itokawa, the Moon, and Mars 

[21-22, 38], and the magnetic sampler is expected to work effectively in these environments. The mecha-

nisms of electrostatic and magnetic samplers are simple, and the samplers do not require mechanical drives 

and complicated controls, which make them highly reliable in space missions.  

1.3.5 Development of Regolith Transport System in Space Environment  

In lunar and Mars exploration missions, ISRU, and sample return missions, the transport of regolith particles 

from one place to another is a fundamental process; however, the amount of the particles and the transport 

distance depends on the objective of using the particles. For example, in the construction of a lunar base, a 

large amount of particles are collected from an excavation site and transported to a silo near the construction 

site; then, the stored particles are used as the construction materials. In addition, to synthesize regolith parti-

cles and extract precious resources during ISRU, the regolith particles must be transported to the location 

where chemical processing is conducted. Moreover, collected asteroid samples have to be transported from 

the sampler to the container to keep the particles from being contamination with impurities. For these re-

quirements, mechanical and pneumatic transport systems have been considered, including bucket ladders, 

conveyer belts, augers, and gas transfer systems, as described in section 1.2.1 [68-71]. Although these me-

chanical systems can transfer large amount of regolith, the system must be equipped with mechanical drives, 

and malfunctions caused by small dust particles have been a concern. The gas transfer system can fluidize 

the regolith by using pressurized gas nozzles, and can transfer heat to or from the regolith. Therefore, the 

system is compatible with chemical processing in ISRU to improve the performance. In addition, the system 

does not require mechanical drives, and the gas purified using a filter can be reused. However, the gas must 
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be handled carefully to prevent leakage, and the system should be equipped with a pump, which requires a 

mechanical drive to maintain the gas flow for long-term operation. In addition, a magnetic transport system 

has been proposed for space missions, as shown in Figure 1.24 [132]. Although the transport systems do not 

require mechanical drives and the systems have high reliability in space, the magnetic force cannot be ap-

plied to non-magnetic materials.  

 

Figure 1.24 Schematic of magnetic transport system, obtained from literature [132]. Coaxial rings are se-
quentially powered up and down to transport magnetic particles.  

Although the transport systems described above have some advantages and can be used in a specif-

ic area where the advantages of the system can be utilized efficiently, it is necessary to develop a new 

transport system that can be used for a wide range of space applications for long durations without serious 

problems. The requirements of the new system include high tolerance to dust contamination, simple config-

uration, and the ability to transport large amount of particles regardless of type. In this study, a reliable 

transport technology, which utilizes the mechanism of vibration transport, is developed. The mechanism of 

vibration transport is simple. The solid parts that contact particles, such as the plate and tube, are vibrated 

using actuators, and the vibration pushes the particles in one direction repeatedly. Although this mechanism 

has been utilized in industries, such as food processing and drug development, because it can carry a large 

amount of particles regardless of the particle type, the system has not been sufficiently investigated for space 

applications. In a previous study [71], a spiral elevator using a vibration mechanism was developed by 

NASA, as shown in Figure 1.25. This device uses vibration to toss a material in a forward direction up an 

inclined spiral ramp without damaging the material. Although the spiral elevator could feasibly transport the 

JSC-1A lunar regolith simulant, the system was too massive and oversized, and detailed research has not 

been conducted. Moreover, the system was equipped with shaker motors to produce the vibration; thus, me-

chanical malfunctions have to be considered. In this study, a simple vibration transport system equipped with 

actuators, which have no mechanical drives and has a high tolerance for dust contamination, is developed for 

space applications, and the transport performance is investigated in detail. 
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Figure 1.25 Photograph of particle layers transported by the outlet of a spiral elevator; obtained from literature 

[71]. 

1.4 Structure of Dissertation 

This research centers on the dynamics of electromagnetic particles in space environments, and this disserta-

tion consists of eight chapters, as shown in Figure 1.26. The first chapter includes the introduction that has 

already explained the objective and position of the research.  

 

Figure 1.26 Diagram of dissertation structure. 
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In the second chapter, the theoretical equations for the external forces acting on the electromagnetic 

particle, and the theoretical model of the particle motion, are summarized. To consider the characteristics of 

actual particles in the equations, such as mechanical, electrostatic, and magnetic properties of the lunar rego-

lith particle, model experiments were conducted to obtain the properties. Then, the balance of the forces act-

ing on a single particle in a resting state was calculated. The calculation result could reveal the dominant 

factors that control the dynamics of the particle. A numerical calculation using the DEM, which is important 

for the completion of this research, is developed based on the theoretical model, and the algorithm and pro-

cedure are described here. A new calculation model for the mechanical interaction between particles is de-

veloped to reduce the calculation load. The calculation result of the theoretical model and numerical calcula-

tion method are used in later chapters of this dissertation. The main achievement of this chapter is that the 

fundamental theory of electromagnetic particle dynamics in the space environment has been constructed for 

the first time. In addition, the new calculation model of the DEM modified for this research can contribute to 

the field of numerical calculation for particle dynamics.  

 Application technologies for handing electromagnetic particles are described in chapters three 

through seven. This dissertation focuses on lunar, Martian, and asteroid regolith, whose properties are sum-

marized in section 1.1.2, and the handling technologies that are applied to those particles. In the third chapter, 

an electrostatic dust shield system is developed to prevent lunar and Martian dust particles from intruding 

into the mechanical gaps of extravehicular equipment. In addition, the terrestrial performance of the lunar 

regolith simulant is investigated experimentally to clarify fundamental effects of electrostatic parameters, 

including the effect of charge density of the particle on the motion. The accuracy of the calculation method is 

confirmed by comparing the experimental results and numerical calculations. The calculation predicted the 

performance of the system in the lunar and Martian environments. A unique and unprecedented point in the 

third chapter is that the electrostatic force is used as the dust shield system. 

In the fourth chapter, an electrostatic size-sorting system is developed to extract small particles of 

lunar regolith for future ISRU missions. During the development process, the effect of air drag on particle 

dynamics is investigated because air drag has a major effect on small particles. The difference between 

size-sorting performance in air and in a vacuum is calculated numerically, and an experiment is conducted in 

a vacuum. From the results of the experiments and calculations, the effect of vacuum environment on the 

motion of electromagnetic particles is confirmed. Finally, size-sorting performance and the feasibility of its 

application on the Moon are described. 

The descriptions of an electrostatic sampler and a magnetic sampler are provided in the fifth and 

sixth chapters, respectively. These devices were developed to achieve a reliable sampling of regolith particles 

from an asteroid surface for future sample return missions. The electrostatic sampler utilizes the Coulomb 

force and dielectrophoresis force. The performance in a low-gravity environment is investigated using nu-

merical calculations and model experiments in 0.01-G, reproduced by the parabolic flight of an aircraft. In 

the development process, several particle types with different sizes are sampled, and the effect of gravity on 
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particle size is clarified. In addition, the dielectrophoresis force becomes larger with respect to the particle 

size; therefore, the effect of particle conductivity on the dielectrophoresis force applied to large particles is 

also investigated. Finally, in the fifth chapter, the feasibility of the electrostatic sampler in negligible gravity 

on asteroid surfaces is explored. In the sixth chapter, the development of a magnetic sampler employing a 

coil gun mechanism is explained. A sampling is experimentally performed in air and in a vacuum by using 

the magnetic system, and sampling in low gravity is predicted using numerical calculations. From the results, 

the magnetic interaction of magnetically polarized particles is clarified and the fundamental characteristics of 

the sampling on the Earth and in space environments are confirmed.  

In the seventh chapter, two types of vibration transport systems are developed to transport large 

quantities of particles in space environments. First, the feasibility of vibration transport is investigated by a 

simple calculation involving a model of single particle on a vibrating plate. The calculation results indicate 

the fundamental characteristics of particle dynamics on a vibrating plate, and the potential for transporting 

large amounts of particles in both the horizontal and oblique directions. Based on the calculation results, a 

unique vibration transport system that utilizes a dielectric elastomer actuator (DEA) as the excitation device 

is developed. The actuator is excited only by the electrostatic force with no mechanical drives, and the 

transport performance in the horizontal direction is experimentally investigated. In addition, another vibra-

tion transport system using electromagnetic force as an excitation actuator is developed; this actuator also 

does not require the use of mechanical drives. In the development of this transport system, the transport per-

formance in the oblique direction is clarified. Moreover, as an extension of the vibration transport system, the 

combinations of the electrostatic sampler and magnetic sampler are considered.  

The range of potential applications for the handling technologies described in Chapters 3 7 are 

summarized in Table 1.3. The lunar and Martian simulants are mainly used for convenience in this disserta-

tion, and the basic properties are described in section 1.1.2. In the eighth chapter, the effect of vacuum and 

small gravity on the particle dynamics is discussed, considering the experimental and calculation results 

achieved in Chapters 3 7. Finally, the conclusion of this research and the future plan are described here.  
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Table 1.3 Range of applications for the handling technologies described in Chapters 3 7. 

Handling  
technologies Particle properties Usages Research Objective 

Electrostatic 
dust shield 

system 
 (Chapter 3) 

• lunar and Martian regolith 
• dust size 1 100 m 
• relative permittivity: 3.0 4.5 

• Moon (1/6-G, high vacuum) 
• Mars (1/3-G, high vacuum) 
• mitigation of regolith 

• effect of particle 
charge density 
• basic characteristic of 

electrical parameters 

Electrostatic 
size-sorting 

system 
 (Chapter 4) 

• lunar and Martian regolith 
• dust size 1 100 m in par-

ticular, < ~10 m 
• relative permittivity: 3.0 4.5 

• Moon (1/6-G, high vacuum) 
• utilization of regolith 

• effect of vacuum on 
small particle 

Electrostatic  
sampler 

(Chapter 5) 

• lunar and Martian regolith 
• particles 1 10 mm 
• relative permittivity: 3.0 4.5 
• conductive and insulative 

• Asteroid ( -G, high vacuum) 
• utilization of regolith 

• effect of low-G on 
large particle  
• effect of particle  

conductivity on 
dielectrophoresis force 

Magnetic  
sampler 

(Chapter 6) 

• magnetic particles 
• relative permeability: ~4 
• several tens micrometers 

• Asteroid ( -G, high vacuum) 
• utilization of regolith 

• basic characteristic of 
magnetic parameters 
• effect of magnetic 

interaction between 
particles 

Vibration 
transport  
system  

(Chapter 7) 

• lunar and Martian regolith 
• size 1 m to 1 mm 
• regardless of particle com-

position 

• Moon (1/6-G, high vacuum) 
• Mars (1/3-G, high vacuum) 
• support for electrostatic and 

magnetic systems 

• basic characteristic of 
vibration 
• combination with  

electrostatic and 
magnetic samplers 

 



Chapter 2 

 
 

31 

Chapter 2  Dynamics of Electromagnetic Particles 

2.1 Introduction 

In this chapter, the theoretical equations for the external forces acting on a particle in an electromagnetic 

field are described, and the particle motions affected by the forces in the Earth and space environments are 

predicted. After conducting several model experiments to obtain the parameters of lunar regolith, the balance 

of forces acting on a particle in a resting state is calculated by considering the characteristics of the actual 

particle in the equations. In subsequent chapters, several electrostatic and magnetic handling technologies for 

particles are developed based on insights obtained from these calculations. In addition, a numerical calcula-

tion using the DEM is developed based on theoretical equations. This is critical to the development of the 

handling technologies and for the prediction of the performance in space environments. The calculation 

methodology and algorithm are described here. Because the conventional algorithm of the DEM requires a 

large calculation load, a new calculation model for the mechanical interaction between particles is proposed 

to reduce the calculation load.  

2.2 Basic Equations 

The motion equations of the i-th particle with six degrees of freedom, including rotations are represented as 

Equations (2.1) and (2.2). 

i i ij
j

m ix F               (2.1) 

i i ij
j

I iθ M               (2.2) 

where m, x, I, F, and M are the particle mass, positional coordinate (x, y, z), particle inertia, rotational co-

ordinate ( x, y, z), external force, and external torque, respectively. The subscript j represents the type of 

force applied to i-th particle. The equations show that particle motion is affected by the summation of the 

external forces F and torques M. The Coulomb force, dielectrophoresis force, magnetic force, adhesion force, 

gravitational force, air drag, and mechanical interaction forces generated during contacts with other objects 

mainly affect particle dynamics in the electrostatic and magnetic fields. Balancing the external forces acting 

on a particle in the electrostatic and magnetic fields is crucial for the handling of particles using electrostatic 

and magnetic forces. Therefore, as a first step, the forces acting on the particle are calculated by assuming 

the property of the lunar regolith, and also by assuming the effects of the space environments, such as vac-

uum and low gravity. Then, an evaluation of the balance of the forces is performed. Assuming simple particle 

dynamics as shown in Figure 2.1, when the electrostatic and magnetic forces, which consist of the Coulomb 
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force, dielectrophoresis force, and magnetic force, exceed the adhesion and gravitational forces toward the 

ground, the particles start to float perpendicularly to the ground if the mechanical force is neglected. The 

floating particles move along the direction of the electrostatic and magnetic forces, disturbed by the gravita-

tional force and air drag. If the particle touches the ground, the adhesion force is produced again between the 

particle and the ground. Therefore, it is important to understand the balance of forces to control particle mo-

tion, and the utilization of estimated balance is important for developing handling technologies for particles.  

 

Figure 2.1 Simplified particle dynamics in electrostatic and magnetic fields. 

2.3 External Forces Acting on Particles  

2.3.1 Coulomb Force  

The Coulomb force acting on the i-th particle is represented by Equation (2.3) [1]. 

iqF E                 (2.3)  

Here, q and E are the particle charge and electrostatic field, respectively. A particle can be electrostatically 

charged by tribocharging during contact with other objects, and by using an electron gun and corona dis-

charge on the Earth. In space environments, particles are charged through irradiation by positive and negative 

ions, electrons, and protons, which are included in the cosmic ray and solar wind [2, 3]. In addition, a particle 

is exposed to solar light and electrons are ejected from the particle, resulting in a positively charged. When 

electrons collide with a particle, the secondary electrons are ejected from the particle, and the ejected elec-

trons affect other particles electrostatically. Lunar and Martian regolith contains many components, and each 

particle has its own specific tendency for electrification [4]. Thus, it is assumed that the particles are charged 

by several factors in space. However, the particle surface is not charged uniformly and it has been assumed 

that the charges are heterogeneously distributed on the particle surface [5]. Considering that the particle size 

is substantially small compared to the non-uniformity of the electrostatic field E, the particle charge q can be 

assumed to represent the total charges distributed on the particle surface. In this research, the charge q is as-
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sumed to be the total charge, and its position is assumed to be at the center of the particle. Moreover, the 

torque of the Coulomb force can be neglected. 

The electrostatic field E is generated by applying a voltage to electrodes and by the electrostatic 

charge q. The field E is determined by the gradient of the electric potential of voltage V, as represented by 

Equation (2.4) [6].  

E                     (2.4) 

The potential can be calculated by the Poisson equation or Laplace equation, as shown by Equations (2.5) 

or (2.6), respectively.  

0r q                     (2.5) 

0 0r                     (2.6) 

where εr and ε0, are the relative permittivity and permittivity of free space (8.85 × 10-12 F/m), respectively. If 

the charge q exists, the Poisson equation is applied; otherwise, the Laplace equation is applied. If the geome-

try of the experimental setup is simple, the electrostatic field can be calculated using Equations (2.5) and 

(2.6) analytically. In case of a complex experimental setup, the field E can be calculated numerically assum-

ing the boundary conditions of the setup.  

2.3.2 Dielectrophoresis Force and Magnetic Force 

Because the mechanism of the dielectrophoresis force is similar to that of magnetic force acting on the parti-

cle [7], the theories are explained in this section. If a particle exists in the electrostatic field E or in the field 

of the magnetic flux density B, the electrostatic or magnetic dipole moments are generated in the particle, 

respectively, as shown in Figure 2.2. The dielectrophoresis force and the magnetic force are produced by the 

dipole moments in the particle [7].  

 
                         (a)                                     (b) 

Figure 2.2 Dipole moments of a particle, which are generated in (a) electrostatic and (b) magnetic fields. 

If the electrostatic field E is non-uniform, it can be assumed that the dipole, which consists of two 

charges with an equal and opposite polarity over a small distance d, is created as shown in Figure 2.2 (a). 

Using Equation (2.3), the Coulomb force acting on the dipole moment of the particle can be represented by 

particle
+q

-q d

E(r+d)

E(r)

particle
N

S d
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Equation (2.7).  

q qF E r + d E r                    (2.7) 

Here, r is the position vector of the negative part of the dipole. Because the distance d is much smaller than 

the non-uniformity of the electrostatic field E, the field E at the position of r + d can be modified using the 

Taylor expansion. The higher orders can be neglected over the second order, and Equation (2.7) can be ar-

ranged as Equation (2.8).  

qF d E r                         (2.8) 

Assuming the dipole moment pele = qd, Equation (2.8) is modified as Equation (2.9). 

eleF p E                         (2.9) 

The force in Equation (2.9) is the dielectrophoresis force. Assuming that torque is exerted by the electrostatic 

field and the dipole moment, the torque is expressed by Equation (2.10).   

2 2
q qd dM E E                       (2.10) 

Substituting the dipole moment pele, Equation (2.10) is modified as Equation (2.11). 

eleM p E                        (2.11) 

The dipole moment pele is also represented by Equation (2.12) [7], and the dielectrophoresis force is ex-

pressed as Equation (2.13) conventionally by substituting Equation (2.12) into Equation (2.9). 

3
0

14
2

r

r
Relep E             (2.12) 

3
0

14
2

r

r
RF E E                   (2.13) 

where R is the particle radius. Considering Equation (2.4), (2.14), and (2.15), Equation (2.13) is simplified as 

Equation (2.16). 

21
2

E E E E E                   (2.14) 

0                     (2.15) 

3 2
0

12
2

r

r
RF E                    (2.16) 
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By similarity, the magnetic force and torque can be represented by Equations (2.17) and (2.18), respectively.  

magF p B                     (2.17) 

magΜ p B                     (2.18) 

The magnetic dipole moment pmag is represented by Equation (2.19), and the magnetic force is expressed as 

Equation (2.20) conventionally by substituting Equation (2.19) into Equation (2.17). 

3

0

14
2

r

r
Rmagp B                      (2.19) 

3

0

14
2

r

r
RF B B                        (2.20) 

where r and 0 are the relative magnetic permeability of the particle and the magnetic permeability of free 

space (1.25 × 10-6 H/m), respectively. The magnetic flux density B can be calculated assuming the vector 

potential A, as in Equation (2.21).  

B A                       (2.21) 

In addition, the derivative system of Ampere’s law is shown as Equation (2.22). 

0B j                       (2.22) 

Here, j is the electric current density. By combining Equations (2.21) and (2.22), Equation (2.23) is derived.  

0A j                       (2.23) 

Equation (2.23) is rearranged by substituting Equations (2.24) and (2.25), and then Equation (2.26) can be 

derived.  

2A A A                (2.24) 

0A                        (2.25) 

2
0A j                       (2.26) 

Equation (2.26) is the Poisson equation about the vector potential A. After calculating vector potential A, the 

field of the magnetic flux density B can be determined by calculating the rotation of the potential A. The 

magnetic field is calculated conventionally using numerical calculations.  
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2.3.3 Adhesion Force 

The adhesion force mainly consists of the non-electrostatic adhesion force and the electrostatic adhesion 

force. For the non-electrostatic adhesion force, the Van der Waals force and the liquid bridge force are well 

known, and studies on these forces have been widely conducted in the field of electrophotography. The Van 

der Waals force occurs between atoms, ions, and molecules as an attractive force, and it is applied when any 

material comes into contact with another object. The Van der Waals force between the i-th particle and k-th 

object is expressed by Equation (2.27) [8]. 

26
i k

i k

R RH
R Rh ikF n                         (2.27) 

where H, h and n are the Hamaker constant, and the gap between particle surfaces, and the unit normal vec-

tor from the i-th particle to the k-th object, respectively. In addition, the liquid bridge force occurs at the 

point where the liquid bridge is generated between two objects in a highly humid environment. If there is no 

moisture or liquid, as in the space environment, the force does not exist. The liquid bridge force between the 

k-th object to the i-th particle is expressed using Equation (2.28) [8]. 

4 cosi cR ikF n                      (2.28) 

Here,  and  c are the surface tension and contact angle of liquid, respectively. The forces easily vary when 

the particle has an irregular surface or the contact conditions between the particle and object vary. Although 

some models that consider the influence of these factors have been developed, it has been confirmed that the 

measured adhesion force is significantly different from the theoretical calculation models. 

 The image force is often considered to be the electrostatic adhesion force. If a charged particle is 

close to conductive and insulative objects, the particle evokes a charge that has an equal and opposite value 

of the polarity of the contacting objects, and an attractive force occurs between the particle charge and the 

induced charge. The image force between the i-th particle, which has charge q, and the k-th object is ex-

pressed using Equation (2.29) [8]. 

2
0

2
00

1
116 i

Zq
R ikF n                      (2.29) 

Here, Z and 0 are the correction coefficient depending on the permittivity of the objects, and the relative 

permittivity of the k-th object, respectively. Although Equation (2.29) deems that the particle is charged uni-

formly, the electrification process is complex and the charges are distributed on the particle surface as stated 

in section 2.3.1. Therefore, it has been confirmed that the measured adhesion force is significantly different 

from the theoretical calculation. Recently, the charge patch model that takes into account the distributed 

charges has been developed, and the model can reproduce the experimentally measured value fairly well [8]. 

However, the adhesion force is easily altered by changes in contact type and electrification conditions.   
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 Therefore, the adhesion force is affected by many factors. It is not stable and is easily altered. For 

simplicity, the adhesion force is assumed as Equation (2.30) in this research, which is Equation (2.27) modi-

fied to incorporate the correction coefficient of the adhesion force . 

i k

i k

R R
R R ikF n                      (2.30) 

Equation (2.30) means that the force is proportional to the particle diameter. If the adhesion force is meas-

ured experimentally, the correction coefficient of the adhesion force  is deduced from the results and the 

adhesion force can be determined. 

2.3.4 Gravitational Force and Air Drag 

The gravitational force is expressed as Equation (2.31). 

mF g                           (2.31) 

The gravitational acceleration g is 9.8 m/s2 on the Earth. The specific gravitational acceleration on the Moon, 

Mars, and or an asteroid should be considered.  

Conventionally, air drag can be calculated using Equation (2.32) from Stokes equation [9]. 

6 iRF xx                         (2.32) 

The viscosity of air η is 1.82 × 10-5 Pa·s at 1 atm, and it is determined by the compositions and condition of 

the atmosphere. The viscosity is calculated by Equation (2.33) from Sutherland's formula [10].  

3
2

1 2
2 1

2 1

T S T
T S T

                      (2.33) 

Here, T and S are the temperature of the atmosphere and Sutherland's constant, respectively. The value with 

subscript 2 is calculated using the given value with subscript 1. When the Reynolds number of the moving 

particle is large, the air drag equation (2.32) is modified as Equation (2.34) [9].  

2
2

2DC R xF
2

                      (2.34) 

where  and CD are the atmospheric density and drag coefficient, respectively. The drag coefficient is deter-

mined by the Reynolds number Re as shown in Equation (2.35). 
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                   (2.35) 

2 RRe xRxRR                        (2.36) 

If the Reynolds number is less than 2, Equation (2.34) becomes Equation (2.32). In addition, if the atmos-

pheric pressure is low, Stokes equation is modified using the Cunningham correction factor CC, as shown in 

Equation (2.37) [11].  

6 i

C

R
C

xF x
                        (2.37) 

There are some models for calculating the Cunningham correction factor CC, which were determined from 

experiments. In this research, Davis’s model is used. The Cunningham correction factor CC is determined 

using Equation (2.38) [12].  

1.571 0.882 0.281CC K exp
K

           (2.38) 

where K is the Knudsen number which is calculated using Equation (2.39). 

2
K

R
                            (2.39) 

The mean free path of the atmosphere  is affected by the composition and condition of the atmosphere. The 

equation used to calculate the mean free path of the atmosphere is described by Equation (2.40) [13].   

24
23.11 10 T
P

                       (2.40) 

where  and P are the diameter of the molecule and the pressure of the atmosphere, respectively. The appro-

priate equation for calculating air drag has to be selected to simulate specific environmental effects, such as 

the low pressure and variable temperature on the Mars, if the air drag significantly affects the particle dy-

namics. 
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2.4 Numerical Calculations of Electrostatic and Magnetic Fields 

2.4.1 Numerical Calculation of Electrostatic Field  

The Poisson’s equation for electric potential  can be calculated using the finite difference method [6]. To 

calculate Equation (2.5) using the finite difference method, a square-shaped computational mesh is used as 

shown in Figure 2.3. The boundary conditions are fixed as the potential of the voltage V and the charge q at 

the node and as the relative permittivity εr at the element. Δh is the mesh length of one side of the grid. The 

control volume is assumed around the node ij. The subscripts i and j express the number of the grids in the x- 

and y- directions, respectively.  

 

Figure 2.3 Computational mesh for calculating the electrostatic field using the finite difference method. 

For the finite difference method, the integration system is convenient; therefore, Equation (2.5) is 

expressed as the integration system of the electric flux density D as Equation (2.41). 

S

ds qD                         (2.41) 

The electric flux density is calculated by Equation (2.42). 

0 rD E                         (2.42) 

Equation (2.41) indicates that the electric flux density flowing in and out of the control volume is equal to 

the charges in the volume. E+x in Figure 2.3 is expressed as Equation (2.43). 

1i j ij

h+xE                         (2.43) 
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E x, E+y, and E y are expressed similarly to Equation (2.43). Using E+x and Equation (2.42), D+x is expressed 

by Equation (2.44), and the average relative permittivity is used in the equation.  

1

2
ij ij

+x +xD E                        (2.44) 

D x, D+y, and D y are expressed similarly to Equation (2.44). The balance of the inflow and outflow of the 

electric flux density D and the charge q in Equation (2.41) can be expressed by Equation (2.45).  

h q+x +x +x +xD D D D                       (2.45) 

Using Equations (2.43) and (2.44), Equation (2.45) is arranged for ij, as shown in Equation (2.46).  

1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1

2

2
i j ij ij i j ij ij i j i j i j ij ij i j

ij
i j i j ij ij

hq
    (2.46) 

If the charge q is neglected, Equation (2.46) is modified as Equation (2.47). 

1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 12
i j ij ij i j ij ij i j i j i j ij ij i j

ij
i j i j ij ij

          (2.47) 

If there is no charge, Equation (2.47) is calculated about the potential  at all nodes repeatedly until the cal-

culation residual is stabilized at less than a substantially small value. Then, the distribution of the potential  

is calculated. Finally, the distribution of the electrostatic field E is calculated by solving Equation (2.4). If the 

specific boundary conditions are reproduced in the same way as with the actual experimental setup, such as 

the potential at the electrode, the charge q at particles, and the relative permittivity εr at the insulating tape, 

the complex electrostatic field can be calculated. Although the explained procedure focuses on two dimen-

sions, the procedure can be expanded to three dimensions. 

2.4.2 Numerical Calculation of Magnetic Field  

The magnetic flux density B can also be calculated by the finite difference method. Because a solenoid coil 

is used to generate the magnetic field B in this research, as shown in Figure 2.4, the cylindrical coordinate 

system is convenient for calculating the magnetic field. 
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   (a)                                  (b) 

Figure 2.4 (a) Solenoid coil in cylindrical coordinate and (b) cross-sectional view of the coil.  

Regarding axial symmetry, the calculation area can be simplified into two dimensions as shown in 

Figure 2.4 (b). The rotational operation in the cylindrical coordinates system is expressed as Equation (2.48) 

1 1z r z r

zr

AA A A ArA
r z z r r r

A            (2.48) 

The subscript represents the direction of the vector in Equation (2.48). Considering axial symmetry and 

Equation (2.48), Equation (2.26) is rearranged to Equation (2.49). 

2 2

0 02 2 2
1A A A A j
r rr z r

               (2.49) 

A square mesh, as shown in Figure 2.5, was used to calculate Equation (2.49) using the finite difference 

method.  

 

Figure 2.5 Computational mesh for calculating the magnetic field using the finite difference method. 
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The boundary conditions are fixed as the vector potential A  of the -direction, the electric current 

density j of the -direction, and the relative magnetic permeability r at the node. Δh is the mesh length of 

one side of the grid. The subscripts i and j express the number of the grid in the r and z coordinates, respec-

tively. Equation (2.49) is modified to the difference form, as represented by Equation (2.50). 

1 11 1 1 1
0 02 2 2

2 2
2

i j i ji j ij i j ij ij ij ij
ij ij

h A AA A A A A A A
j

rh h r
         (2.50) 

Rearranging Equation (2.50) with respect to A ij results to Equation (2.51). 

2
1 1 2

1 1 1 1 0 02 2 24
i j i j

ij i j i j ij ij ij ij

h A ArA A A A A j h
rr h

       (2.51) 

Equation (2.51) is calculated with respect to the potential A ij at all nodes repeatedly until the calculation re-

sidual is stabilized. Finally, Equation (2.21) is formulated in the cylindrical coordinates system, and the 

magnetic flux density B is calculated using the A ij distribution. If the specific boundary conditions are re-

produced in the same way as the actual experimental setup, such as the electric current density j at an elec-

trode, and the relative magnetic permeability r at the sheath of electrode, the complex magnetic field can be 

calculated in two-dimensional coordinate. 

2.5 Measurement of Parameters 

2.5.1 Measurement of Adhesion Force  

As described in section 2.3.3, the adhesion forces acting on FJS-1 particles were experimentally measured 

from the centrifugal force by using the ultra-centrifuge (CS ISOFNX, Hitachi Koki), as shown in Figure 2.6. 

The coefficient of the adhesion force was estimated from the results. In the measurement, the particles ad-

hered to the rotating capsule, and then the rotating speed was increased stepwise and the centrifugal forces 

acting on the particles were calculated from the speed and the separated particle weight, as shown in Equa-

tion (2.52).  

2
cmF b                   (2.52) 

where c and b are the angular velocity of the capsule and vector from the rotating shaft to particles, respec-

tively. The diameters of the particles thrown out of the capsule were measured optically at each speed, and 

the adhesion force that balanced the centrifugal force was determined. The measured value consists of the 

non-electrostatic adhesion force and the electrostatic adhesion force. From the measured value, the coeffi-

cient of the adhesion force  in Equation (2.30) was deduced. 
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Figure 2.6 Diagram of experimental setup used for measuring the adhesion force using centrifugal force. 

Figure 2.7 shows the measured adhesion force acting on each particle. The adhesion force applied 

to particles larger than 50 m could not be measured because the gravitational force disturbed the adhesion 

to the capsule. As shown in Figure 2.7, the measured adhesion force shows a large dispersion because it was 

easily affected by the contact and surface conditions of the particles. Therefore, it was assumed that the ad-

hesion force would increase linearly with particle size, and two approximate equations for the maximum and 

minimum adhesion force were derived. In the subsequent theoretical and numerical calculations, these coef-

ficients were used for the adhesion force.  

 

Figure 2.7 Measured distribution of adhesion force acting on particles, deduced from the balance of centrif-
ugal force (x and y coordinates are the particle diameter and adhesion force, respectively). 
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2.5.2 Measurement of Particle Charge  

The charge distribution of bulk FJS-1 particles was measured using the Faraday cage and free-fall system to 

calculate the Coulomb force. Figure 2.8 shows the setup of the Faraday cage. The particles were indrawn to 

the inner conductive cage, which was insulated from the outer cage. Then, the voltage V between both ends 

of the capacitor connecting the inner and outer cage was measured using the electrometer (R8252, Ad-

vantest). When the capacitance C of the electrometer and capacitor are known, the total charges Q of the in-

drawn bulk particles can be calculated using Equation (2.53).  

electrometer capacitorC C
Q

V
                (2.53) 

Because the balance between the gravitational force and the Coulomb force is critical to evaluate the particle 

dynamics in the electrostatic force, the charge density was deduced. The measured charge density ranges 

from 0.002 to 0.01 C/g. 

 

Figure 2.8 Configuration of the Faraday cage used to measure the charge density of bulk particles. 

Figure 2.9 shows the measurement setup of the free-fall system. The parallel plate electrodes, to 

which the 5 kV of DC voltage was applied, were set at a distance of 170 mm and a height of 270 mm. When 

the particles were supplied to the system by passing through a 1 mm gap, the particles fell down, moving 

right or left from the centerline of the supplied point owing to the electrostatic force. A wind shelter was 

placed around the system to prevent airflow in the space between the plate electrodes. A picture of all fallen 

particles that settled on an adhesive sheet on the grounded lower plate was taken using a high-precision 

scanner (CanoScan 9000F, Canon), and is shown in Figure 2.10. The distances between the touchdown posi-

tions of each fallen particle and the centerline were measured using an image analyzer. In this measurement, 
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the electrification states of the particles were not controlled, and particles existing in a natural state were di-

rectly supplied to the measurement system. The motion equation of i-th particle is given by Equation (2.54), 

represents the motion of the falling particles in the experiment.  

6im R6 R66 R6 R6i Coulomb dielectrophoresis gx x F F F               (2.54) 

The Coulomb force, dielectrophoresis force, and gravitational force, which are represented by Equations 

(2.3), (2.16), and (2.31), respectively, affect particle dynamics. The external electrostatic field E was calcu-

lated using a two-dimensional finite difference method, as described in section 2.4.1. The geometry of the 

experimental setup was taken into consideration and the electric parameters were used as boundary condi-

tions. The relative permittivity εr of the acrylic plate in Figure 2.9 is 3.1. All parameters except the particle 

charge in Equation (2.54) are known; therefore, the charge of the particle can be calculated using the distance 

from the centerline. 

 

Figure 2.9 Configuration of the experimental setup for the free-fall method used to measure the charge den-
sity of individual particles. 
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Figure 2.10 Illustration of fallen particles on the lower adhesive sheet using the free-fall method.  

Figure 2.11 shows the measured charge distribution of the lunar regolith simulant FJS-1 that ranged 

from 100 μm to 1.13 mm in diameter. The charges of particles with the same diameter were not equal, and 

they were randomly charged in negative and positive polarities. Because FJS-1 has a wide variety of compo-

sitions, the charge quantities and polarities are non-uniform. Moreover, the particles interacted with each 

other mechanically, and an exchange of charges occurred between the particles during collisions. The charge 

density was assumed to decrease with the particle size, and two approximate equations for the maximum al-

lowable values of the positive and negative charge densities were derived. The reason why the charge densi-

ties measured using the Faraday cage and free-fall system were different was because the Faraday cage 

measured the density of the bulk particles, and the summation of the negative and positive charges was close 

to zero. If the charge of each particle is required, the free-fall system results are more appropriate for use.  

 

Figure 2.11 Measured charge density distribution of FJS-1 particles using the free-fall method. 
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2.5.3 Measurement of Dielectrophoresis Force  

As described in section 2.3.2, the dielectrophoresis force can be calculated using Equation (2.16), and the 

external electrostatic field E can also be calculated by the finite difference method, as described in section 

2.4.1. Although Equation (2.16) is conventionally used to calculate the dielectrophoresis force, it is reported 

in the literature [7] that Equation (2.16) should be utilized for small particles less than 1 mm in diameter. 

Therefore, it is necessary to estimate the dielectrophoresis force acting on particles larger than 1 mm in di-

ameter and to confirm whether Equation (2.16) can be utilized for large particles. The actual dielectrophore-

sis force was measured by conducting a model experiment; the result and the theoretical value were com-

pared to confirm the accuracy of Equation (2.16). Figure 2.12 shows the experimental setup used to measure 

the force. Because the size of simulant FJS-1 is less than 1 mm, a glass bead 2 mm in diameter was used as 

an alternative material. The particle was suspended using a nylon wire (length: 60 mm, diameter: 100 m) 

from an acrylic cantilever (length: 70 mm, width: 5 mm, thickness: 0.5 mm, Young’s modulus: 7.2 GPa), and 

a DC voltage was applied to a parallel screen electrode (wire diameter: 1.3 mm, pitch: 10 mm, gap: 5 mm) to 

generate the dielectrophoresis force produced by the non-uniform electrostatic field. The electrostatic field 

was calculated using the finite difference method, as described in section 2.4.1, and by considering the ge-

ometry of the experimental setup and using the electric parameters as boundary conditions. The voltage ap-

plied to the electrodes was a parameter of the experiment and calculation.  

 

Figure 2.12 Configuration of the experimental setup used to measure the dielectrophoresis force applied to a 
particle in a non-uniform electrostatic field. 
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The particle was attracted to the electrodes, and the resultant deflection of the cantilever was meas-

ured using a laser displacement meter (LT-8010, Keyence). The force acting on the particle was calculated by 

multiplying the measured deflection to the cantilever stiffness. The particle charge was neutralized by using 

alcohol before the experiment; therefore, only the dielectrophoresis force and gravitational force acted on the 

particle. By eliminating the influence of gravitational force, it was possible to determine the dielectrophore-

sis force alone. Figure 2.13 shows the measured dielectrophoresis force and the theoretical value calculated 

using Equation (2.16). Although there is a small difference between the experimental and calculated results, 

the values agreed fairly well. Therefore, Equation (2.16) was deemed to be adequate for estimating the die-

lectrophoresis force. 

 

Figure 2.13 Measured and calculated dielectrophoresis forces acting on a glass particle 2 mm in diameter. 

2.6 Comparison of External Forces 

2.6.1 Effect of Electrostatic Force 

From the results of the model experiments and the calculations of the electrostatic and magnetic fields de-

scribed above, the balance of external forces acting on the particles can be estimated. The calculation model 

is shown in Figure 2.14. Electrostatic forces such as the Coulomb force and the dielectrophoresis force were 

calculated in this model. The external electrostatic field E was calculated using the finite difference method, 

considering the boundary conditions of the actual experimental setup in Figure 2.14. Because the bulk of the 

particle layer was assumed to be composed of FJS-1, the permittivity of the particle layer was fixed to that of 

FJS-1. For the calculation parameters, the particle diameter was altered within the range of 10 m to 10 mm. 

The charge densities of particles were determined using the approximate equation for the maximum allowa-

ble value of the positive charge densities, corresponding to the particle diameter, as shown in Figure 2.11. 
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Figure 2.14 Calculation model for comparing the balance of external forces acting on a particle when an 
electrostatic field is applied (applied voltage: 10 kVp-p, coefficient of adhesion force : 0.00027, specific gravity 
of particle: 2.7 g/cm3, relative permittivity of particle 0: 3.0).  

Figure 2.15 shows the calculation results of for the forces acting on the particle. The adhesion force 

is the highest in particles smaller than 20 μm in diameter (Figure 2.15, adhesion force area) because it is 

proportional to the particle diameter and becomes dominant as the particle diameter decreases. When the 

diameter increases to larger than 20 μm, the Coulomb force becomes dominant against particles ranging from 

20 μm to 500 μm (Figure 2.15, Coulomb force area). Therefore, it is expected that the handling of charged 

particles will be successful by controlling the electrostatic field. For particles larger than 500 μm in diameter, 

the gravitational force is highest at 1-G (Figure 2.15, gravitational force area) because the gravitational force 

is proportional to the cube of the particle diameter. Particles larger than 1 mm would not float in a 1-G envi-

ronment, and the electrostatic handling of particles is difficult. However, in low-gravity environments, simi-

lar to that on the Moon (gravitational acceleration: 1.6 m/s2), the Coulomb force maintains its dominant ef-

fect on particles larger than 1 mm and less than 4 mm in diameter, as shown in Figure 2.15. The results con-

firm that the electrostatic force can be used effectively in low-gravity environments, and the performance of 

the electrostatic handling technology is improved in low-gravity. For example, on a small asteroid similar to 

Itokawa (gravitational acceleration: 8.6 × 10-5 m/s2), the gravitational acceleration can be neglected and par-

ticles larger than 20 m can be manipulated freely if the electrostatic field is optimally created. In addition, 

the dielectrophoresis force is proportional to the cube of the particle diameter, and it becomes larger than the 

adhesion force as the particle diameter increases as shown in Figure 2.15. Therefore, even in a case where 

the particle is not charged electrostatically, the particles can be moved by the dielectrophoresis force. 
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Figure 2.15 Forces acting on a particle ranging from 10 μm to 10 mm in diameter in an electrostatic field (ap-
plied voltage: 10 kVp-p, coefficient of adhesion force : 0.00027, specific gravity of particle: 2.7 g/cm3, relative 
permittivity of particle 0: 3.0). 

2.6.2 Effect of Magnetic Force 

In addition to the effect of the electrostatic force, the magnetic force was estimated as well. The calculation 

model is assumed as shown in Figure 2.16. The external magnetic field B was calculated using the finite dif-

ference method, considering the boundary conditions of the actual experimental setup shown in Figure 2.16. 

The relative magnetic permeability r of the lunar regolith was assumed to be 1.01. Moreover, the magnetic 

force applied to the particle (the relative permeability of iron r = 5,000) was also calculated assuming a case 

where the particle contains a rich nanophase iron. The particle diameter was changed in the range of 10 m 

to 10 mm as calculation parameters.  

Figure 2.17 shows the calculation results of forces acting on the particle. If the relative magnetic 

permittivity of the particle is assumed to be 1.01, the magnetic force is smaller than the adhesion force in the 

case when the particle diameter is less than 500 m, because the magnetic force decreases with the cube of 

the diameter. The magnetic force will exceed the adhesion force when the particle is larger than 500 m in 

diameter as shown in Figure 2.17. The magnetic force is similar to the gravitational force in 1/6-G as in the 

case where 5,000 AT of electric current is applied. AT is the product of an ampere applied to a coil and wire 

turns, and it is a unit for magneto-motive force. It can be assumed that the magneto-motive force should be 

larger than 5,000 AT to move the lunar regolith simulant. When the relative magnetic permittivity of the par-

ticle is assumed to be 5,000 similar to that of an iron particle, the adhesion force is still highest for particles 

smaller than approximately 20 μm in diameter (Figure 2.17, adhesion force area). For particles larger than 

adhesion
force
area Coulomb force area 

predominant 
force : gravitational force area 

particle diameter  mm

fo
rc

e 
 N

1.E-11

1.E-09

1.E-07

1.E-05

1.E-03

1.E-01

0.01 0.1 1 10

gravitational
adhesion
Coulomb
dielectrophoresis
gravitational 1/6



Chapter 2 

 
 

51 

about 20 μm in diameter, the magnetic force is dominant (Figure 2.17, magnetic force area). If a particle has 

a large relative magnetic permeability, a particle larger than 20 m can be handled using the magnetic force 

when the magneto-motive force is higher than approximately 5,000 AT.  

 
Figure 2.16 Calculation model for comparing the balance of external forces acting on a particle when a 
magnetic field is applied (applied magneto-motive force: 5,000 AT, coefficient of adhesion force : 0.00027, 
specific gravity of particle: 2.7 g/cm3). 

 
Figure 2.17 Forces acting on a particle ranging from 10 μm to 10 mm in diameter in a magnetic field (applied 
magneto-motive force: 5,000 AT, coefficient of adhesion force : 0.00027, specific gravity of particle: 2.7 
g/cm3). 
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2.6.3 Disturbance of Air Drag 

The balance of forces including the air drag was also estimated using the calculation models shown in Fig-

ures 2.14 and 2.16. For simplicity, Equation (2.32) was used for calculating air drag. The velocity of the par-

ticle was assumed to be 0.5 m/s in air.  

Figure 2.18 shows the calculation results of forces acting on a particle ranging from 10 μm to 10 

mm in diameter. For particles smaller than approximately 20 m, air drag is dominant because its effect is 

proportional to the particle diameter, similar to the adhesion force. Actually, air drag must not exceed the 

other forces; however, the results confirm that particles smaller than 20 m are significantly affected by air 

drag. It is necessary to consider the difference in the dynamics of small particles in air and vacuum environ-

ments.  

Following the estimations described in sections 2.6.1, 2.6.2 and 2.6.3, the balance of forces acting 

on the particles in the electrostatic and magnetic fields could be roughly evaluated, and the systems using the 

electrostatic and magnetic forces are expected to be useful in specific conditions. However, these simple es-

timations could not take into account the dynamic motions of particles and the interactions between particles; 

the actual dynamics is more complex than these estimations. Therefore, it is necessary to conduct experi-

ments and perform numerical calculations by assuming more practical conditions.  

 
Figure 2.18 Forces acting on a particle less than 10 mm in diameter (applied voltage: 10 kVp-p, applied mag-
neto-motive force: 5,000 AT, coefficient of adhesion force : 0.00027, specific gravity of particle: 2.7 g/cm3, 
relative permittivity of particle 0: 3.0, particle velocity: 0.5 m/s, viscosity coefficient: 1.82 × 10-5 Pa·s). 
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2.7 Numerical Calculation of Particle Motion 

2.7.1 Distinct Element Method 

As described in the preceding section, although the system using electrostatic and magnetic forces is ex-

pected to be useful in space, the performance and particle dynamics in space must be investigated by exper-

iments and numerical calculations that consider actual conditions. Because experiments involving the repro-

duction of vacuum and low-gravity conditions are not easy, and because experimentally-based parametric 

studies are difficult to conduct in terms of cost and duration, the numerical calculations based on the DEM 

are indispensable [14]. In this section, the methodology of the DEM is described.  

The basic principle of the DEM is Newton’s equation of motion, as represented by Equation (2.1) 

and (2.2). When Equation (2.1) and (2.2) are solved repeatedly using the Runge Kutta method at each short 

time step, the velocity, position, angular velocity, angle, and the trajectory of a moving particle can be calcu-

lated [6]. Any external force and torque can be easily considered by adding forces and torques to the right 

hand side of Equation (2.1) or (2.2). In this research, the torque acting on a particle is assumed to be zero, 

because particles similar to lunar regolith have irregular shapes and the rotation of the particles is disturbed 

by high-rolling friction. Only Equation (2.1) is considered. The Coulomb force, dielectrophoresis force, 

magnetic force, gravitational force, adhesion force, and air drag are considered by adapting each calculation 

model. The theoretical equations are already described in the previous sections. The DEM has some ad-

vantages, one of which is that the specific parameters of each particle can be evaluated. For example, if the 

size distribution or charge distribution of particles is known, the distribution can be reproduced in calcula-

tions and the effect can be investigated. The advantage is effective for investigating the dynamics of particles 

that have a wide variety of compositions and geometric configurations similar to the lunar regolith described 

in section 1.1.2. In addition, the DEM can take into account the interactions within particles; therefore, both 

single and plural particles can be calculated. Moreover, it is easy to include the effect of complex electrostat-

ic and magnetic fields to particle dynamics. For example, if the external electrostatic field E and magnetic 

field B are calculated before the DEM calculation using the methods described in sections 2.4.1 and 2.4.2, 

those values at various particle position can be looked up at each time step in the DEM calculation. The the-

oretical equations of the external forces were already described in the previous sections. Other specific pro-

cedures for conducting the DEM calculation such as how to treat the interaction of particles are explained in 

this section. On the other hand, the DEM has a disadvantage for the calculation load because the time of cal-

culating the mechanical, electrostatic, and magnetic interactions for all particles increases proportionally 

with the square of the particle number. The method for reducing the calculation load is also proposed in this 

section. 
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2.7.2 Soft Sphere Model 

When a particle collides with another particle, the mechanical interaction is conventionally calculated by us-

ing a soft sphere model [14-16]. In this model, the mechanical interaction forces in the normal and tangential 

directions are estimated based on the Voigt model, shown in Figure 2.19, from the Hertzian contact theory 

and Mindlin contact theory, respectively. An overlap of particles is assumed to be an elastic deformation, and 

the repulsive and frictional forces are produced owing to the elastic deformation of colliding particles. 

 

Figure 2.19 Voigt model for calculating the contact force between particles. 

The normal force Fmech.nij from the i-th particle to the j-th particle is represented by Equation (2.55). 

3
2

nij nijk cmech.nij nij ij ij ij ijF δ n ν n n                     (2.55) 

where knij, | nij|, nij, cnij, and vij are the spring constant based on the Hertzian contact theory, the particle over-

lap, the normal unit vector from the center of particle i to that of particle j, the damping constant, and the rel-

ative velocity of particle i to j, respectively. The first term of Equation (2.55) is the static reaction force and 

the second term is the damping force. The spring constant knij and the damping constant cnij are calculated 

using Equation (2.56) and (2.57), respectively. 
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Here, , , and  are the Poisson’s ratio, Young’s modulus, and coefficient of restitution, respectively. In a no 

slip case, the tangential force Fmech.tij exerted by the i-th particle on the j-th particle consists of the static reac-
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tion force and the damping force, as represented by Equation (2.58). 

tij tijk cmech.tij tij tijF δ ν                        (2.58) 

The spring constant ktij and the damping constant ctij in the tangential direction are calculated using Equations 

(2.59) and (2.60), respectively. 
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Here, L is the modulus of rigidity. Conversely, if slip occurs, the tangential force is limited by the friction 

force by using the friction coefficient d, as represented by Equation (2.61). 

d tijk tij
mech.tij tij

tij

ν
F δ

ν
                       (2.61) 

The moment Mmech.ij from the i-th particle to the j-th particle consists of the contact torque, which is the first 

term on the right-hand side of Equation (2.62), and rotational friction, which is the second term on the 

right-hand side of Equation (2.62). 
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Here, f is the rotational friction coefficient. The calculated mechanical force and torque are added to the 

right hand side of Equations (2.1) and (2.2) of Newton’s law, respectively. By setting a small time step for 

the DEM process, multi-body collisions can be calculated in the soft sphere model. However, if the particle 

overlap is large compared with the particle diameter, the solution of the mechanical force will diverge. 

Therefore, the time step must be set sufficiently small; however, this will result in an increase in calculation 

load. The calculation load is one of the issues on the soft sphere model.  

2.7.3 Hard Sphere Model 

The hard sphere model is another tool that can be used to calculate particle collisions [16, 17]. This model is 

used to calculate particle velocities after collision based on the conservation law of momentum. In this model, 

the calculation of a particle collision and that of the external force are separated, and the time step of the 
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DEM is not limited by the effect of the collision, similar to that of the soft sphere model. If the particle colli-

sions occur rarely in a calculation model, a large time step can be set as long as it does not affect the particle 

motions. However, because the hard sphere model is based on the conservation law of momentum, the model 

cannot calculate multi-body collision. For this reason, the hard sphere model is rarely utilized in calculations 

that involve many particles crowded in a small area. In the hard sphere model, only one pair of two-particle 

collision at a particular moment must be processed owing to the conservation law of momentum. Multiple 

pairs of two-particle collisions cannot be calculated at the same moment; thus, it is important to consider the 

order of the collision pairs in the hard sphere model. 

Begin t1=0, t2all=0

Detect all partners of potential collisions

End

Apply forces to particles

Calculate velocities of all particles by 
the Newton’s law with Δtforce

Determine the fastest collision partner (i, k) and 
time  Δtcollision, ik from t1 to the fastest collision, 

t1 =t1 + Δtcollision,ik

t2i=t1, t2k=t1

Move only the partner (i, k) of the fastest collision 
to the position of their collision

Solve impact equation for the partner (i, k)

t1> Δtforce

Δt2all =Δtforce- t2i

If Δt2i> 0, move i th particle by the Newton’s law with Δt2i

 

Figure 2.20 Calculation algorithm for the hard sphere model for one step. 
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 Figure 2.20 shows the algorithm of the hard sphere model for one step. When the calculation pro-

cess reaches the “End,” the process returns to “Begin”, and then the calculation continues until it is stopped. 

In the first step of the algorithm, the external forces acting on particles are calculated, considering the initial 

conditions of the particles. t1 and t2 are the elapsed time of the entire calculation process and of each particle, 

respectively. Then, the updated particle velocities are calculated with the time step Δtforce for calculating the 

effects of external forces. From the updated velocities and former positions, all partners of potential colli-

sions are predicted, and the fastest partner of the i-th and k-th particles and the time Δtcollision,ik from t1 to their 

collision are determined. At that time, t1 is updated with Δtcollision,ik. The i-th and k-th particles are moved 

based on Newton’s law with Δtcollision,ik and t2i and t2k are updated by Δtcollision,ik. The fastest collision between 

the i-th and k-th particles is calculated by the impact equation based on the conservation law of momentum, 

and their velocities are updated. The method of calculating the impact equation will be described later. If the 

elapsed time of the entire calculation process t1 is larger than the time step Δtforce for calculating the effect of 

external forces, the calculation of the collisions are stopped, and all particles are moved to their individual 

position at the next time step based on Newton’s law. Otherwise, the calculation process, which involves de-

tecting the fastest collision partner and calculating the impact equation, is continued. 

The velocities and angular velocities of the i-th and k-th particles can be calculated by the impact 

equations based on the conservation law of momentum, are represented by Equations (2.63), (2.64), (2.65), 

and (2.66) [16-18].  
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where J and nki are the impulsive force from the k-th particle to the i-th particle and the normal vector from 

the k-th to the i-th particle, respectively. The asterisk * denotes the velocity or angular velocity after collision. 

In Equations (2.65) and (2.66), if the particles are rotating during the collision, the rolling friction is assumed 

to be proportional to the angular velocity and the vertical impulsive force. The relative velocities v and v* of 

particles at the point of collision before and after collision are represented by Equation (2.67) and (2.68), re-

spectively.  

i kR Ri k i k kiv x x θ θ ni k kikθ θ nRkRk k kkkkkRRi k iRiixi k θiθ                  (2.67) 
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i kR Ri k i k kiv x x θ θ n* *

i k kikθ n* *R*
kRk k kkkkk

* * RRi k iRixi                 (2.68) 

The relative velocities v after collision can be represented by the velocities before collision using the coeffi-

cient of restitution  and normal vector as Equation (2.69).  

*
ki kin v n v                     (2.69) 

By combining and arranging Equations (2.63), (2.64), (2.65), (2.66) (2.67), (2.68), and (2.69), the impulsive 

force in the normal direction Jn can be calculated by Equation (2.70). 
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In the case of slip, the impulsive force in the tangential direction Jt can be calculated using Coulomb’s law, 

which is represented by Equation (2.71). 

dtki nkiJ J                          (2.71) 

In the no slip condition, the subtraction between v* and v is represented by Equation (2.72). 
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Using Equation (2.73), Equation (2.72) can be modified into Equation (2.74). 
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where y and t are the coefficient of restitution in the tangential direction and the tangential vector from the 

k-th to the i-th particle, respectively. If Jtki in no slip case is larger than that in the slip case, as shown in 

Equation (2.75), Jtki is saturated, as it is in the slip case.  
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The impulsive force Jki consists of Jnki and Jtki as shown by Equation (2.76).  

ki nki ki tki kiJ J n J t                     (2.76) 
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The velocities and angular velocities of particles after collision can be calculated by substituting the impul-

sive force Jki into Equations (2.63), (2.64), (2.65), and (2.66). When the i-th particle collides with another 

object such as a plate or wall that is significantly large compared to the particle, it is assumed that such an 

object is a k-th particle with an infinitely large diameter and mass. 

2.7.4 Modified Hard Sphere Model 

The mechanical interaction force between particles should not affect the dynamics of particles agitated by the 

electrostatic and magnetic fields largely because the particles are not densely distributed. Therefore, the hard 

sphere model, which has the possibility of reducing the calculation load of the DEM, was chosen in this re-

search. Because the conventional hard sphere model has to process each pair of two-particle collision in the 

order of their occurrence and it cannot calculate plural pairs at the same moment, the model is not appropri-

ate to apply to dynamics of particles agglutinated to each other owing to the adhesion force and the electro-

static and magnetic interactions of particles. In this case, particle collisions will occur frequently, and the 

time step must be set as small, which makes the calculation load large. Therefore, the conventional hard 

sphere model was modified in this research.  

A flowchart of calculation algorithm used in the modified hard sphere model is shown in Figure 

2.21 [18, 19] for one time step. At the first calculation process, the summation of the external forces F acting 

on each particle is calculated. Then, particle velocities and positions at the next step Δtforce are calculated by 

Newton’s law. After updating the velocities and positions, all the collisions between the next step and the last 

step are predicted from the velocities and positions at the next and the last steps. Then, the time Δtcollision,ik 

between the last time step and the moment when a collision occurs for all pairs of two-particle collisions are 

calculated using Equation (2.77) [20].  
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   (2.77) 

Equation (2.77) is derived from the relative positions and velocities of particles, as shown in Figure 2.22. 

The relationship between the i-th and k-th particles is represented by Equation (2.78). 

,collision ik i kt R Ri k i kx x x x collisiontcollisiontcollisioni ki k                 (2.78) 

By multiplying Equation (2.78) by itself, Equation (2.77) is derived. In case the inequality in Equation (2.79) 

is not satisfied, the collision between the i-th and k-th particles is assumed not to occur and that the distance 

between the particles is increasing.  

0i k i kx x x x 0i ki ki                      (2.79) 
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Figure 2.21 Calculation algorithm of the modified hard sphere model for one time step. 

 

Figure 2.22 Relationship between particle positions and velocities before and during collision. 

After calculating Δtcollision,ik for all collision pairs, the pairs are arranged in ascending order. Then, 

the collision pairs are calculated by the impact equation. This algorithm can take into account the order of 

particle collisions, which is important in the hard sphere model, even though all particles can be moved at the 

same moment. If an overlap of colliding particles occurs, the positions of the particles overlapping with each 

other are modified by Equation (2.80). 

Begin

Detect all collision partners (i, k)all

End

Calculate the time Δtcollision,ikall from the prior step to 
each collision for all partners  

Solve the impact equation and modify the particle positions for
all collision partners in order of time

Apply forces to particles

Calculate velocities and positions
of all particles by Newton’s law

Rearrange all collision partners 
in order of time

xi tcollision,ik

i k

xk tcollision,ik

Ri Rk

xi xk
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where overlap and h are the amount of overlapping in the normal direction and the gap between particle sur-

faces, respectively. The gap h is assumed to be 0.4 × 10-9 m because the Van del Waals’s attractive force bal-

ances Born’s impulsive force at the distance. As the gap h is set, the small distance between particles occurs 

continuously, and the times Δtcollision,ik for all collision pairs are calculated repeatedly.  

Figure 2.23 shows the concepts of the calculation models. Because the soft sphere model includes 

the mechanical forces, Fmech.nij and Fmech.tij, the forces must be added to the right hand side of motion Equa-

tion (2.1), and the time step has to be made extremely small to avoid divergence in the calculation of me-

chanical forces. In contrast, the hard sphere model is a type of event-driven calculation. The calculation of 

external forces is separated from that of particle collision, which is conducted during the long interval of ap-

plying external forces. Because plural collisions cannot be processed, the calculation load increases if many 

collisions occur, and parallel computing is not compatible with the hard sphere model. In the modified hard 

sphere model, the time step can be set relatively large, and all collisions can be processed at the same mo-

ment. In addition, because the collision calculations are processed in order of occurrence, parallel computing 

is also not compatible with the modified hard sphere model. 

 

Figure 2.23 Timing of calculating external forces and particle collisions in the soft sphere model, the conven-
tional, and modified hard sphere models. 

2.7.5 Accuracy of Modified Hard Sphere Model 

A simple particle collision model was used to confirm the accuracy of the modified hard sphere model. As 

shown in Figure 2.24, three particles are assumed to collide with each other. In this calculation, it is assumed 

: Collisions
(All pairs)
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(All particles)
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(One pair)

Hard Sphere Model

Soft Sphere Model

Calculation flow

Modified
Hard Sphere Model



Chapter 2 

 
 

62 

that external forces are not applied to particles but initial velocities are provided. Considering the relative 

positions and velocities of the particles, a collision between the i-th and j-th particles will occur and then a 

collision between the j-th and k-th particles will occur in order. This particle motion is calculated using the 

soft sphere model and the modified hard sphere model. Rolling friction was neglected in the soft sphere 

model calculation. In addition, two types of calculations using the modified hard sphere model were con-

ducted to confirm the effect of the arrangement of the collision order. One type contains the process of the 

arrangement of particle collisions, while the other does not consider it. In each calculation, the time step was 

selected as a parameter, and an adequate time step was evaluated. 
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Figure 2.24 Calculation model to confirm the accuracy of the modified hard sphere model. 

Figures 2.25 shows the motion of the particles after the calculation, and Figure 2.26 shows the po-

sitions of particles in the y-direction. When the time step is 1.0 × 10-8 s, the particles reach almost the same 

position in all calculation models, as shown in Figure 2.26. In the calculation of the soft sphere model, the 

particle motions become unstable as the calculation progresses when the time step is large, and the particles 

move beyond the borders of the image of Figure 2.25 when the time step is 1.0 × 10-6 s. Moreover, the cal-

culation diverges when the time step is 1.0 × 10-5 s. In the calculation of modified hard sphere model, the di-

vergence does not occur; however, the particle motions in the case where the collision order is considered are 

clearly different from the motions in the case that does not consider it, when the time step is 1.0 × 10-5 s. This 

is because a collision between the j-th and k-th particles, followed by a collision between the i-th and j-th 

particles, were calculated in order in the case that did not consider the collision order. Therefore, it is im-

portant to take the collision order into account as demonstrated by the modified hard sphere model.  
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Figure 2.25 Calculated particle motions using the soft sphere model and the modified hard sphere model 
when collision order is considered and not considered. 
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Figure 2.26 Calculated particle positions in the y-direction using the soft sphere model and the modified hard 
sphere model when collision order is considered and not considered (Initial positions of particles, i : 1.13 mm, 
j : 0.8 mm, k : 0.93 mm). 
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Figure 2.27 shows the computation time expended in each calculation repeated for 1,000,000 times. 

Because the calculation of the soft sphere model diverges when the time step is 1.0 × 10-5 s, the computation 

time in this condition is eliminated from Figure 2.27. The computation time increases when the time step is 

decreased in all calculation models. The computation time in the soft sphere model is larger than that in the 

modified hard sphere model in same time step, because the calculation process of the hard sphere model is 

simpler than that of the soft sphere model, as described in sections 2.7.2 and 2.7.3. The proposed modified 

model can calculate particle motions and reduce the calculation load to approximately 1/3,000 of that re-

quired in the soft sphere model, while preserving particle collision calculation accuracy, as shown in Figures 

2.26 and 2.27. 
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Figure 2.27 Computation times expended in calculations repeated 1,000,000 times using the soft sphere 
model and modified hard sphere model when collision order is considered and not considered.  

2.7.6 Electrostatic and Magnetic Interactions between Particles 

In the DEM calculations, the electrostatic and magnetic interactions within particles affect their dynamics, 

and the effect cannot be neglected. The Coulomb force, dielectrophoresis force, and magnetic force are 

mainly affected by these interactions, and their calculation methods have to be modified. In this section, the 

calculation methods that consider these interactions are described.  

 Equation (2.3) of Coulomb’s law considers only the external electric field generated by the experi-

mental setup. When the electrostatic field E is generated by the charges of other particles, the field can be 

calculated using Equation (2.5) of Poisson’s equation. In that case, the electrostatic field E has to be calcu-

lated using the finite difference method repeatedly, which results in large calculation loads. Considering the 

superposition principle, which can be applied to the electrostatic field, Coulomb’s law can be modified as 
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Equation (2.81). 
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Here, N and r are the number of all particles and the position vector from k-th to i-th particle. The first term 

of Equation (2.81) is the Coulomb force from the external electrostatic field E, and the second term is that 

from the charge of other particles. Before the DEM calculation, the external electrostatic field E is calculated 

by the finite difference method in advance. During the DEM, the first term is calculated by looking up the 

electrostatic field E at the position of the particle, and the second term is calculated for all other particles.  

 Equations (2.9) and (2.17) for the dielectrophoresis force and magnetic force, respectively, can be 

modified because the electrostatic and magnetic dipole moments are affected not only by the external elec-

trostatic field E and magnetic field B but also by the electrostatically and magnetically polarized particles, 

respectively. The electrostatic field E* and the magnetic field B* which are affected by other dipole moments 

can be represented as Equation (2.82) and (2.83), respectively. 
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The first terms on the right hand side of Equation (2.82) and (2.83) are the external electrostatic field E and 

the magnetic field B, respectively, and the second terms are the electrostatic field E and magnetic field B 

generated by the dipole moment in other particles. In addition, the fields generated by the dipole moments 

are represented by Equation (2.84) and (2.85) [15]. 
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The simultaneous equations of (2.12), (2.82) and (2.84) for the electrostatic dipole moments of plural parti-

cles can be calculated by substituting the electrostatic field E* into E of Equation (2.12). Similarly, the sim-

ultaneous equations of (2.19), (2.83) and (2.85) can be calculated for the magnetic dipole moments of plural 

particles. The direct method of calculating the simultaneous equations results to a large calculation load. 

Thus, the equations are calculated by the iteration method, where the calculations are continued until the 
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electrostatic and magnetic dipole energies become stable. The electrostatic energy Uele and the magnetic en-

ergy Umag are represented by Equations (2.86) and (2.87), respectively.  
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Finally, the dielectrophoresis force and magnetic force considering the particle interaction can be calculated, 

respectively, by substituting the calculated electrostatic field E* and the electrostatic dipole moment pele into 

Equation (2.9), and the magnetic field B* and magnetic dipole moment pmag into Equation (2.17). 

2.7.7 Cyclic Boundary Condition and Detection Method for Particle Collisions 

Although the modified hard sphere model can reduce the calculation load, the load is still large. A large part 

of the calculation load involves the detection of collisions because the detection time is proportional to the 

square of the particle quantity. The cyclic boundary condition and cells for the detections are applied to re-

duce the number of the detections.  

 

Figure 2.28 Cyclic boundary conditions of DEM in one-dimensional and two-dimensional systems. 

 As shown in Figure 2.28, two types of boundary conditions are applied in this research; such as 

one- and two-dimensional systems. If the same pattern of particle geometry appears repeatedly in the 

x-direction (Figure 2.28 (a)), the calculation area is segmented between the patterns. The particles in one area 

are calculated, and if the particle reaches the end of the area, the particle is moved to the other end. Similarly, 

the cyclic boundary conditions can be applied to the x-y two-dimensional system (Figure 2.28 (b)). The 

number of particles can be reduced in case of the boundary conditions of one- and two- dimensional systems, 
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and the calculation load can also be decreased.  

The introduction of detection cells for particle collisions is useful for the reduction of calculation 

loads in the DEM. As shown in Figure 2.29, the cells are mapped in the calculation area in one-, two-, and 

three-dimensional systems. In the case where three cells are applied in the x-direction (Figure 2.29, 

one-dimensional cells), the detections of collisions about the i-th particle needs to be applied to particles in 

the same cells, and the number of the detections is reduced to 1/3 that in the case in which the cells are not 

applied. In the case where nine cells are applied in the x- and y- directions (Figure 2.29, two-dimensional 

cells), the number of detections is reduced to 1/9 of that in the case without applying the cells. In the case of 

three-dimensional cells, the calculation loads can be similarly reduced. If the two- or three-dimensional cells 

are used and their cell size is set to be small, the number of detections is further reduced. Actually, the num-

ber of calculating detections is proportional to the number of particles when sufficiently small cells are ap-

plied. In addition, the numbers of cells in the case of two- and three-dimensional cells are proportional to the 

square and cube of that in the case using one-dimensional cells, respectively, and it requires a significant 

computer memory. Moreover, managing the cells also increases the calculation load; therefore, the optimum 

number of cells has to be applied, depending on how the particles are distributed in the calculation area. 

 

Figure 2.29 Detection cells for particle collisions to reduce calculation load in DEM. 

2.8 Summary 

The motion equation for a particle and the constitutive equations for external forces were described in this 

chapter to understand the particle dynamics in electrostatic, magnetic, and space environments. In addition, 

model experiments were conducted to evaluate the specific values used in the equations by considering an 

actual particle, such as lunar regolith. In addition, the balance of external forces was evaluated to achieve in-

sights that can be used to develop a system capable of handling particles by using the electrostatic and mag-
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netic forces. The insights achieved in this section are: (1) lunar regolith particles, ranging from 20 m to 500 

m in diameter, can be moved by the Coulomb force in 1-G environment, and particles larger than 500 m in 

diameter can be moved in a low-gravity environment similar to that on the Moon and on asteroids; (2) lunar 

regolith particles with small relative magnetic permeability can be moved by the magnetic force in 

low-gravity environments, and particles with large relative permeability can be moved in a 1-G environment; 

and (3) particles smaller than 20 m are significantly affected by the adhesion force and air drag; however, 

the effect of air drag can be neglected in a vacuum. From the calculation results, systems that can handle par-

ticles using the electrostatic and magnetic forces are expected to be useful in the space environment. Howev-

er, these estimations were conducted with a simple assumption; therefore, demonstrations of the system in 

experiments and numerical calculations are necessary to confirm the results of the simple calculation. More-

over, the methodology of the DEM, which is the key numerical calculation used in this research, was also 

described. The hard sphere model of the DEM was modified to adapt the method to this research. The modi-

fied DEM can reduce the calculation load, which is one of the most important issues of the DEM, to 1/3,000 

compared with the conventional DEM. In addition, the introductions of cyclic boundary conditions and de-

tection cells for particle collisions are useful for further reducing the calculation load. 
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Chapter 3  Electrostatic Dust Shield System Used for Lunar 
and Mars Exploration Equipment 

3.1 Introduction  

As described in section 1.1.3, a serious problem with lunar dust during the Apollo missions was its intrusion 

into the gaps of mechanical drives installed on the equipment used for extravehicular activity. Lunar dust was 

responsible for several fatal mechanical problems [1]. To address this problem, mechanical dust shield sys-

tems [2-5] and the Dust-Tolerant Connecter [6] were developed in previous studies. Although these systems 

demonstrated high mitigation performance when tested against lunar regolith simulants, the life cycles of the 

systems had to be improved because they had to withstand contact with a rotating shaft, casing, and particles, 

and system wear was determined to be unavoidable. To support the mechanical systems and extend their life-

times, it is necessary to develop new dust mitigation technology that can prevent dust intrusion into mechan-

ical gaps and can be easily adapted to mechanical systems.  

In this study, the electrostatic shield system was developed. The electrostatic system utilized the 

Coulomb force and dielectrophoresis force to remove particles that are about to intrude into mechanical gaps. 

As described in section 2.6.1, it is expected that the electrostatic force can move lunar regolith particles 

smaller than 500 m in diameter by using the electrostatic force in the Earth environment. Because the sizes 

of the particles subjected to the issue range from approximately one micrometer to several hundred microm-

eters, which are smaller than the mechanical gaps, the electrostatic force could be used. The electrostatic 

system has several advantages, such as no mechanical drives, ease of control, low-power consumption, and 

adaptability to mechanical systems. It is expected that the electrostatic system can increase the lifetime of the 

mechanical shields and connectors for long-term exploration missions on the Moon and Mars. In this chapter, 

two types of electrostatic shield systems were developed (plate and plate + wire configurations), and their 

performances were experimentally evaluated in the Earth environment. In addition, because the Coulomb 

force is significantly affected by particle charge, the effect of the charge on the system performance was in-

vestigated as well. Moreover, a numerical calculation based on the DEM of the modified hard sphere model, 

as described in section 2.7, was conducted, and the calculated results were compared to the experimental re-

sults to confirm the accuracy of the numerical calculations. By using the numerical calculation, the perfor-

mance of the system in the lunar and Martian environments was predicted. Part of this work has been pub-

lished in literature [7]. 

3.2 Experiment  

3.2.1 System Configuration  

Figure 3.1 shows the mechanism of the electrostatic dust shield system. It consists only of insulated elec-



Chapter 3 

 
 

70 

trodes and a power supply, as shown in Figure 3.1 [7]. The electrodes are set at both sides of a mechanical 

gap, and one electrode is grounded. When a high voltage of alternative standing wave is applied to the other 

electrode, an electrostatic field is created near the gap, and the resultant Coulomb force and dielectrophoresis 

force can attract particles that are about to intrude into the gap. When the polarity of the voltage is changed, 

the direction of the electrostatic field reverses, and particles are shifted outward.  

 

Figure 3.1 Mechanism of removing particles by using electrostatic dust shield system. 

Two types of electrodes were utilized in this research: the plate type and plate + wire type. Both 

types are shown in Figure 3.2. The plate type consists of two acrylic plates (thickness = 2 mm, gap between 

plates = 1 mm, area of the gap = 30 mm2, relative permittivity  = 3.1), copper plate electrodes (width = 5 

mm, thickness = 0.08 mm, gap between electrodes = 1 mm), and insulative polyamide tape (thickness = 0.06 

mm, relative permittivity  = 3.1), as shown in Figure 3.2 (a). The gap between the acrylic plates is set to be 

1 mm, as a matter of convenience for the evaluation of the experiments. However, the actual mechanical gap 

of the exploration equipment is assumed to be much smaller than 1 mm. Therefore, the actual performance of 

this electrostatic system will be better compared to the performance achieved for this research. The plate + 

wire type consists of the copper plate electrodes and wire electrodes (diameter = 0.4 mm, distance of each 

wire = 1.25 mm, gap = 3.0 mm, insulated), as shown in Figure 3.2 (b). In the plate + wire type, the electro-

static flux line can be created laterally between the wire electrodes. It can be expected that the particles fall-

ing between electrodes are ejected laterally along the electrostatic flux lines passing through the space be-

tween wires; thus, the shield performance will be better compared with that of the plate type.  
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(a) plate type 

 

(b) plate + wire type 

Figure 3.2 Configurations of (a) plate and (b) plate + wire electrodes with photographs. 

The power supply consists of two DC power supplies (HJPM-5P0.6, Matsusada Precision), a mi-

crocomputer (Arduino Uno, Arduino), and a switching circuit, as shown in Figure 3.3. The DC power sup-

plies generate positive and negative DC high voltage, and the microcomputer generates the digital signal as 

the frequency is altered. The positive and negative voltages are switched alternately as their phases are shift-

ed by 180° using the switching circuit consisting of Photo MOS semiconductors, corresponding to the fre-

quency of the digital signal. Then, the rectangular high voltage is supplied from one output.  

The electrostatic dust shield system can be installed in any equipment as the shape of the electrodes 

is adaptable to different types of mechanical gaps, such as line and circular gaps. The application of the me-

chanical shield system is shown in Figure 3.4. JAXA has developed a brush seal made of fluorine resin, a 

labyrinth seal made of aluminum and SUS304, and mechanical seals made of Varilip® and Variseal® [2-4]. 

NASA has considered the application of a spring-loaded Teflon seal, such as Bal Seal® [5], as described in 

section 1.3.2. The electrostatic system can support the mechanical shield as well as the mechanical connect-

ors to expand the life cycle of the mechanical systems.  
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Figure 3.3 Configuration of power supply used to generate rectangular high voltage. 

 

Figure 3.4 Application of electrostatic shield system to support mechanical shield systems. 

3.2.2 Experimental Setup 

Figure 3.5 shows the experimental setup [7]. The particles were fed into the gap between the acrylic plates by 

using the particle supplier. The particle supplier consisted of an electromagnetic shaker (G-2005D, Shinken), 

a mechanical sand sieve (aperture = 106 m), and an acrylic base. The supply rate of the particles was kept 

constant by arranging the vibrational acceleration and the frequency of the electromagnetic shaker. The dis-

tance between the sieve and the gap was 40 mm. The lunar regolith simulant FJS-1 was used for the experi-

ments. The properties of the simulant were summarized in section 1.1.2. Before the simulant was set on the 

sieve, the size was sorted with the maximum size of less than 106 m by using another sieve because the 

particles should be smaller than the mechanical gap. The particles were supplied to the mechanical gap at a 

rate of 5.0 g/s∙m2 for 120 s. The particles that were not removed by the electrostatic dust shield system passed 

through the mechanical gap and were collected in a tray and measured. The experiment was conducted in 
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two cases when the electrostatic dust shield system was operated and not operated. The difference between 

the amounts of collected particles for two cases was evaluated as the shield rate. The size distributions of the 

collected particles were analyzed using a particle analyzer (Morphologi G3, Malvern). The particle motions 

were observed using a high-speed microscope camera (FASTCAM SA5, Photoron).  

 

Figure 3.5 Configurations of electrostatic dust shield system. 

3.2.3 Control of Particle Charge 

Because the Coulomb force is affected by the particle charge, it is assumed that the system performance is 

highly dependent on the charge. To confirm the effect, the particles were discharged and charged electrostat-

ically by UV neutralization and corona charging, respectively, before the experiments. A UV lamp (handy 

UV lamp 1408, AS ONE) was used to neutralize the charge. The ultra violet light ejected from the lamp ex-

posed the atoms and molecules in air, and the electrons were separated from the atoms and molecules. The 

atoms and molecules change as positive ions and negative ions are generated when the separated electrons 

bond with other atoms and molecules. When the generated negative and positive ions and electrons freely 

collide with the material near the UV lamps, the material is electrostatically neutralized. In addition, the co-

rona charging equipment, as shown in Figure 3.6, was used to charge the particles. When a DC high voltage 

of  6.0 kV was applied to the tungsten wire electrode (0.1 mm in diameter), the corona discharge occurred 

near the electrodes, and the resultant positive and negative ions were generated. The positive ions were at-

tracted to the wire electrodes by the Coulomb force along with the electric flux line. On the other hand, most 

of the negative ions flowed toward the grounded casing electrode, and some of the ions collided with parti-

cles resting below the wire electrode.  
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Figure 3.6 Corona charging equipment to charge particle negatively. 

Figures 3.7, 3.8, and 3.9 show the charge distributions of the particles in the cases where untreated 

particles, particles neutralized by UV lamp, and particles charged by corona discharge were used, respective-

ly. The particle charges were measured by the free-fall method, as described in section 2.5.2. Although the 

maximum size of the particles is approximately 200 m in Figure 3.7, 3.8, and 3.9, that size is the aggrega-

tion of particles smaller than 106 m. The particle charges, which are neutralized by the UV lamp and 

charged by corona charging, are not equal; however, they are randomly charged positively and negatively, as 

shown in Figure 3.8 and 3.9. Figure 3.10 shows the number ratios of charge distributions and the average 

charges. As shown in the figure, the ratio of the number of particles neutralized by the UV lamp is relatively 

uniform, which means that the most of the particles are lightly charged. On the other hand, the ratio of the 

number of particles charged by the corona discharge shows a broad distribution, which means that the parti-

cles are heavily charged compared with those neutralized by the UV lamp. Although the negative corona 

discharge is applied, the particles are randomly charged not only negatively but also positively. This is be-

cause the particles interact mechanically and electrostatically with each other, and the electrons provided by 

corona discharges moves between particles. However, the peak of the charge distribution in Figure 3.10 was 

shifted negatively, so the effect of the negative corona charging apparently appeared. The untreated, neutral-

ized, and charged particles were set on the sand sieve and used for the experiments. The effect of the charge 

on the system performance was investigated.  
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Figure 3.7 Charge density distribution of untreated lunar regolith simulant particles. 

 

Figure 3.8 Charge density distribution of lunar regolith simulant particles neutralized by UV lamp. 
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Figure 3.9 Charge density distribution of lunar regolith simulant particles charged by negative corona dis-
charge. 

 

Figure 3.10 Charge density distribution of untreated, neutralized, and corona charged lunar regolith simulant 
particles (M: Mean, SD: Standard Deviation). 
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3.3 Numerical Calculation  

Numerical calculations based on the modified hard sphere model of the DEM were conducted to analyze the 

particle motions in the electrostatic field and to predict system performance in the space environment. The 

basic procedure of the calculation was described in section 2.7, and some specific conditions of the calcula-

tions are described in this section. The external forces on the right hand of Equation (2.1), such as the Cou-

lomb force, dielectrophoresis force, adhesion force, gravitational force, and air drag, represented by Equa-

tions (2.81), (2.16), (2.30), (2.31), and (2.37), respectively, were considered. The electrostatic field E was 

calculated using the finite difference method as described in Chapter 2, reproducing the geometry and elec-

trostatic properties of the electrostatic dust shield systems. In the DEM calculation, the calculation area was 

set as 0.017 × 0.03 × 0.04 m3, and the geometries of the actual experimental setup, such as the electrode 

shapes and positions, were reproduced. The particles of 10,000 were used for the calculation, and the diame-

ters and charges were randomly assigned corresponding to the actual size and charge distributions of regolith 

particles less than 106 m in diameter. The particles larger than 20 m fell freely from a height of 40 mm to 

the mechanical gap. In the Earth condition, the velocity of small particles did not exceed terminal velocity 

because of air drag; therefore, the particles fell slowly. This required long calculation time. Considering that 

the velocity of small particle easily reaches terminal velocity, small particles were supplied from 20 mm 

above the mechanical gap to reduce the calculation load. The particle charge distribution q was created by 

using normal random number, and the average was 0.01 C/g that is the charge density of the bulk particles 

measured using the Faraday gauge as shown in section 2.5.2, while the standard deviation was 0.06 C/g. 

The time step for the Runge Kutta calculation was set to be 1.0 10-5 s, and the DEM calculation was 

performed until all particles reached near the height of plate electrodes. 

Table 3.1 Conditions for the numerical calculations for the electrostatic dust shield system on the Earth, Moon, 
and Mars. 

Conditions Earth Moon Mars 

Gravitational acceleration  m/s2
 9.8 1.6 3.7 

True density of particle  kg/m3  2,700 (FJS-1) 2,700 2,170 

Atmospheric pressure  hPa 1,013 High vacuum 7.5 

Viscosity coefficient  Pa s 1.8×10-5 - 1.0×10-5 

In cases where the space environments are assumed, some parameters were replaced with actual 

conditions, such as gravitational acceleration, atmospheric pressure, and specific gravity of the particle, as 

shown in Table 3.1. The true density of particles in the Martian environment was determined to be the bulk 

density obtained from the literature [8] divided by a porosity of 0.7. Because the Martian atmosphere 

consists of CO2, and the atmosphere‘s viscosity coefficient and mean free path were calculated using 
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Equations (2.33) (2.40). The air drag in the Martian atmosphere was calculated using the Cunningham 

correction represented by Equation (2.37). In the lunar environment, the air drag was neglected. The weights 

of particles collected in the tray that settled below the mechanical gap were measured.  

3.4 Results and Discussion 

3.4.1 Basic Characteristic of Electrostatic Dust Shield System on Earth 

Figure 3.11 (a) and (b) show the experimental and calculated results of the effects of applied volt-

age and frequency, respectively. In addition, Figures 3.12 and 3.13 show the observed and calculated particle 

motions. As shown in Figure 3.11 (a), the shield rate was improved with an increase in the applied voltage, 

simply because the strength of the electrostatic field increased owing to the high voltage applied. Comparing 

the results of the plate and plate + wire types, the performance of the plate + wire type was better than that of 

the plate type. This is because the supplied particles were ejected toward the outside, passing through the 

space between wire electrodes, as shown in Figure 3.12. When the applied voltage is higher than 3 kVp-p, gas 

discharge occurred near the plate electrodes; therefore, the voltage of 3 kVp-p is the maximum in the Earth 

environment. In vacuum environments similar to that on the surface of the Moon, a voltage higher than 3 

kVp-p can be applied because gas discharge cannot occur in a vacuum. From the results shown in Figure 3.11 

(b), the performance at frequencies less than 10 Hz was better than that over 10 Hz in cases of using plate 

and plate + wire types. This is because the polarity of the applied voltage changes before the particles are 

removed sufficiently far from the mechanical gap, as shown in Figure 3.13. Although the optimum frequency 

is less than 10 Hz on the Earth, the frequency in a vacuum is higher than 10 Hz because there is no air drag 

and particles can move faster. It can be observed from Figures 3.11, 3.12, and 3.13, that the calculation re-

sults agreed fairly well with the experimental results, quantitatively and qualitatively. Therefore, the calcula-

tion method is sufficiently accurate for simulating particle dynamics in the electrostatic field. The system 

performance in the lunar and Martian environments was predicted using the numerical calculation. 
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  (a)                                               (b) 

Figure 3.11 Shield rates versus (a) applied voltage (frequency: 10 Hz, untreated particles) and (b) frequency 
(applied voltage: 2.0 kVp-p, untreated particles), in air and 1-G gravity environment.1-G is equal to 9.8 m/s2. 
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Figure 3.12 Observed and calculated particle motion (voltage: 3.0 kVp-p, frequency: 10 Hz, untreated particles, 
in air and 1-G gravity environment). 
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  0 ms                5 ms               10 ms               15 ms 

Figure 3.13 Observed and calculated particle motion (voltage: 2.0 kVp-p, frequency: 100 Hz, untreated parti-
cles, in air and 1-G gravity environment).  

The size distributions of the experimentally collected particles in the tray are shown in Figure 3.14 

(a). In addition, the charge density distribution of the untreated particles used in numerical calculations and 

that of particles collected in the tray are shown in Figure 3.14 (b). Although it can be observed that most of 

the particles that are not heavily charged are removed by the system in Figure 3.14 (b), the particles do not 

intrude into the gap even in the case without using the electrostatic shield system. Figure 3.14 (a) and (b) 

indicate that large particles and particles that have small charge density intrude easily into the mechanical 

gaps. For large particles, the charge density, which represents the rate between the particle mass and charge, 

decreases with an increase in particle diameter, as shown in Figure 3.14 (b). The effect of the electrostatic 

force decreases with charge density, and this makes the removal of particles difficult. This tendency agreed 

closely with the prediction described in section 2.6.1. In addition, because the performance was improved in 

the case of the plate + wire system, and because the number of collected small particles that can be easily 

removed were comparably decreased, the size distribution of particles collected in this case shifted toward 

the large size, as compared with that of the plate type.  

Figure 3.15 shows the system performance when untreated, neutralized, and charged particles are 

used. The performances in all cases were improved by an increase in applied voltage in the following order: 

charged particles, untreated particle, and neutralized particles. From the results, the particles that have small 

charge density are barely removed using the electrostatic system; therefore, an additional method that is not 

dependent on the particle charge is required to improve the performance. 
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  (a)                                              (b) 

Figure 3.14 (a) Measured particle size distributions and (b) charge density distributions of initially fed particles 
and particles falling into gap of plate and plate + wire types (voltage: 3.0 kVp-p, frequency: 10 Hz, untreated 
particles, in air and 1-G gravity environment).  

 

Figure 3.15 Shield rate versus applied voltage for untreated, neutralized, and charged particles (frequency: 10 
Hz, plate type, in air and 1-G gravity environment).  

3.4.2 Shield Performance in Space Environments  

The system performances were predicted not only on the Earth but also on the Moon and Mars. Figures 3.16 

and 3.17 show the calculated performance on the Moon and Mars, respectively. Assuming that the particles 

on the Moon and Mars are heavily charged because of the effect of cosmic rays and solar wind, the calcula-
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tion where the particles are heavily charged were also conducted as well. In these calculations, the frequency 

of the applied voltage was fixed at 10 Hz, which is the optimum condition obtained from the experiments on 

the Earth. Figure 3.16 shows that the performance on the Moon is improved compared with that on the Earth 

owing to the small gravitational force and absence of air drag. Moreover, as gas discharge does not occur in 

the lunar environment, a voltage higher than 3 kVp-p, which is the maximum voltage on the Earth, can be ap-

plied. When the high voltage is applied, the performance is improved as shown in Figure 3.16. In particular, 

for heavily charged particles, the performance reaches almost 95% using the plate + wire type electrodes.  

 

Figure 3.16 Calculated shield rate versus applied voltage of the electrostatic dust shield system on Moon 
(frequency: 10 Hz). 

The gas discharge limit is much smaller on the Mars than on the Earth. It is assumed that 0.15 kVp-p 

is the maximum voltage on the Mars. Figure 3.17 shows that the performance drops in the Martian environ-

ment, compared with the results on the Earth when the same charge distribution is assumed. When the parti-

cle charge on the Mars is same as that on the Earth, the performance becomes negative because a small Cou-

lomb force cannot repel the particles outside owing to the small applied voltage and because the dielectro-

phoresis force attracts a small amount of particles toward the mechanical gap. However, the performance is 

improved as the particle charge increases. The performance reaches approximately 75% of the shield rate 

when it is assumed that the particles on the Mars are charged five times higher than those on the Earth. 

Therefore, if the particles are heavily charged, the electrostatic shield system is expected to be a useful 

method for removing the particles on the Mars. 
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Figure 3.17 Calculated shield rate versus applied voltage of the electrostatic dust shield system on Mars 
(frequency: 10 Hz). 

3.4.3 Power Consumption 

Because power consumption is one of the key factors that determine application in space environments, the 

power consumption of the electrostatic dust shield system was measured using the circuit shown in Figure 

3.18 (a). The electrostatic dust shield system is assumed as the capacitance in Figure 3.18 (a). When the rec-

tangular high voltage is applied to the shield system, the voltages V1 and V2 at both ends of the shunt re-

sistance (resistance RS = 98.4 kΩ) are measured, as shown in Figure 3.18 (b). The electric current IS can be 

calculated from the voltage drop at the resistance as represented by Equation (3.1). Because the voltage ap-

plied to the capacitance is known, the power consumption for a moment w at the capacitance can be calcu-

lated. The electric current flows each time when the polarity of the applied voltage is altered. The power 

consumption W for one period can be represented as Equation (3.2).  
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Here, f is the frequency of the applied voltage. Because the power consumption is assumed to be proportional 

to the length of the mechanical gap, the power consumption per unit length of the electrostatic dust shield 

system is deduced. Figure 3.19 shows that the power consumption increases with the square of the applied 

voltage. The power consumptions of the plate and plate + wire types are not very different, because most of 

the electric current is consumed near the mechanical gap and plate electrodes. Because the electric current 

flows each time when the polarity of the applied voltage is changed, the power consumption increases line-

arly with the frequency, and operation under low frequency is preferable for the system. Although the power 

consumption increases with the size of the shield system, it is extremely small when the system is 1 m in size. 

The shield system has many advantages in terms of power consumption. 

 
  (a)                                                   (b) 

Figure 3.18 (a) Diagram of circuit used for measuring power consumption of the electrostatic dust shield 
system, and (b) measured voltage waveform at both ends of resistance and the voltage drop (voltage: 1 kVp-p, 
frequency: 10 Hz, plate + wire type). 
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Figure 3.19 Power consumption of electrostatic dust shield system versus applied voltage. 

3.5 Summary 

To achieve long-term exploration on the Moon and Mars, the electrostatic dust shield system was developed. 

Its performance on the Earth, Moon, and Mars was evaluated by conducting experiments and numerical cal-

culations. The accuracy of the calculation method was confirmed by comparing the experimental results with 

the results of numerical calculations. The insights achieved from the experimental and calculation results are 

shown below. 

1. The electrostatic dust shield system can remove most of the particles that are about to enter into the me-

chanical gaps. The performance of the plate + wire configuration was better than that of the plate type, 

and the shield rate reached approximately 95% for the plate + wire type.  

2. The electrostatic dust shield system worked well against heavily charges particles. Although the limit of 

gas discharge is much lower on the Mars than it is on the Earth, and high voltage cannot be applied to 

the shield system, the system can work effectively even in the Martian environment if the particles are 

heavily charged.  

3. The performance of the shield system is expected to improve in the Moon environment owing to the 

small gravitational force and absence of air drag. 

4. The power consumption of the shield system is extremely low, which is a big advantage. 

Based on these results, the electrostatic dust shield system is expected to be usable in future lunar and Mars 

exploration missions.  
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Chapter 4  Particle Size-Sorting System for Lunar Regolith 
             Using Electrostatic Traveling Wave 

4.1 Introduction  

As described in section 1.1.4 and 1.3.3, ISRU is necessary for conducting long-term exploration missions on 

the Moon. Size sorting is one of the key processes in ISRU [1] because the components and properties of 

lunar regolith vary with diameter [2]. In particular, the extraction of particles smaller than 10 μm in diameter 

from lunar regolith is important in ISRU, because those particles are rich in np-Fe0 [2], and can therefore be 

used as lunar construction materials for landing pads, paved roads, and habitats [3]. In addition, to improve 

chemical processing in ISRU, it is crucial to use small particles with relatively large specific surface area to 

increase the reaction rate of particle chemical processing [1].  

Size sorting is conducted conventionally by utilizing the balance of forces acting on particles. 

Pneumatic and mechanical methods have been used in terrestrial applications, such as cyclone sorting, sedi-

mentary sorting, and sieve systems. However, it is difficult to utilize pneumatic methods in space because 

gas and liquid resources are limited. Mechanical methods, including the rotating cone separator and the vi-

bratory sifter, have been developed for lunar regolith [4, 5]. Because the rotating cone separator utilizes cen-

trifugal force for size sorting, the system must be equipped with mechanical drives [4], and thus mechanical 

malfunctions and wear caused by small particles have to be addressed. On the other hand, the vibratory sifter 

uses a sieve for size sorting [5]; therefore, the system must require periodic cleaning of accumulated particles 

to prevent clogging [6]. However, an additional mechanical cleaning system will make the system more 

complex and increase the risk of failure. When considering long-term ISRU, a new type of size-sorting sys-

tem that can work reliably in the lunar environment is necessary. 

To achieve this, a unique size-sorting system that utilizes the electrostatic traveling wave [7, 8] is 

developed to extract small particles. The particles transported by the traveling wave are sorted using the bal-

ance between the electrostatic and gravitational forces acting on the particles, which depend on the particle 

diameter, as described in section 2.6.1. In this chapter, the variation in particle charges during transport was 

experimentally investigated because particle charge significantly affects particle motion and it is critical to 

the success of size sorting. The measured particle charges were used to calculate particle motion during 

transport in air and vacuum environments using the DEM of the modified hard sphere model, as explained in 

section 2.7. In addition, demonstrations of particle size sorting were experimentally conducted in a vacuum 

environment. From the predictions shown in section 2.6.1, it can be assumed that particles smaller than 20 

m are significantly affected by air drag; therefore, the effects of air and vacuum were also investigated in 

the experiments and numerical calculations. Finally, the performance of size sorting on the Moon was pre-

dicted by numerical calculations. Part of this work was published in literature [9]. 
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4.2 System Configuration  

The electrostatic size-sorting system mainly consists of three parts, as shown in Figure 4.1 [9]. One is the 

power supply that generates the four-phase rectangular voltage. The waveforms of generated voltages are 

shown in Figure 4.2. The power supply explained in section 3.2.1 was duplicated in four pairs, and the phas-

es of the output voltages were shifted to 90° by using a microcomputer. The second part is the particle con-

veyor in which parallel copper electrodes (thickness: 18 μm, width: 0.3 mm, pitch: 1.3 mm) are printed on a 

flexible polyimide substrate (thickness: 0.1 mm, width: 128 mm, length: 490 mm), as shown in Figure 4.3. 

The surface of the conveyor is covered with an insulating film made of a polyimide film (thickness: 12.5 μm) 

to prevent electrical breakdown between the electrodes. The last part is the collection box located at the end 

of the conveyor. When voltage is applied to the parallel electrodes, an electrostatic traveling wave is created 

on the surface of the conveyor, and particles on the conveyor follow the wave propagating to the right. Be-

cause the gravitational force significantly affects the motion of large particles, large particles cannot float at a 

higher altitude than the small particles in a vacuum; thus, the large particles pass underneath the collection 

box. On the other hand, the small particles that float and reach the collection box are collected. Four collec-

tion boxes were installed at heights of 100, 150, 200, and 250 mm above the conveyor. The electrostatic 

size-sorting system utilizes only the electrostatic force, and it does not require a gas or liquid. The power 

consumption of the system is very low, similar to the electrostatic dust shield system described in section 

3.4.3. The electrostatic size-sorting system does not require periodic cleaning of the conveyor surface; there-

fore, it could be operated reliably on the Moon. The lunar regolith simulant FJS-1was used for the experi-

ment. The simulant was sorted before the experiments by using a mechanical sieve, as its maximum diameter 

was less than approximately 106 μm.  

power supply (four-phase traveling voltages)

output 1

traveling wave collection box

altitude

output 2

output 3

0utput 4

conveyor

 

Figure 4.1 Configuration of electrostatic size-sorting system using electrostatic traveling wave. 
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Figure 4.2 Waveforms of four-phase traveling wave.  

 

Figure 4.3 Cross-sectional diagram of electrostatic conveyor. 

4.3 Measurement of Particle Charge  

4.3.1 Free-Fall Method 

Particle dynamics in an electrostatic field are affected by the particle charge, and the particle charge variation 

during transport on the conveyor was investigated. The charge quantities of each particle were measured by 

utilizing the free-fall system. The measurement setup is almost the same as the setup shown in section 2.5.2. 

Although the setup shown in section 2.5.2 can detect particles larger than 20 m, the size-sorting system in 

this chapter focuses on particles smaller than 20 m; therefore, the setup of the free-fall method was modi-

fied as shown in Figure 4.4. The conveyor with parallel plate electrodes was placed above the free-fall sys-

tem. The particles that initially settled at 30 mm, 100 mm, and 150 mm from an edge of the conveyor were 

transported toward the edge and supplied to the free-fall system. To reduce the scattering of particles, two 

layers of slits were used at the inlet of the free-fall system. After the DC voltage was applied to the parallel 

plates, the supplied particles fell, moving right or left from the centerline owing to the electrostatic force. To 

prevent the effect of airflow in the space between the plate electrodes, a wind shelter was installed around the 

system. After supplying the particles, the distances between the centerline and fallen particles on the glass 

plate were measured using a particle image analyzer (Morphologi G3/G3S, Malvern) which can detect parti-

cles in one micrometer scale. The procedure used to calculate the charge of a particle by using the measured 

distance was described in section 2.5.2. 

(a) output 1 & 2 (b) output 1 & 3 (c) output 1 & 4

0 100 200
time  ms

m
ea

su
re

d
vo

lta
ge

kV
2

1

0

-1

-2
0 100 200

time  ms
0 100 200

time  ms

output 1 output 2 output 1 output 3 output 1 output 4

0.3 mm
1.3 mm

0.
1 

m
m

copper electrode
(thickness: 0.018 mm)

polyimide

x

z

y

polyimide tape
(thickness: 0.0125 mm)



Chapter 4 

 89 

+qEqE
mg

distance from 
centerline

gap of slit 
1 mm 

10
0 

m
m

 
10

0 
m

m
 

17
0 

m
m

 
150 mm 

Glass plate
148 mm

conveyor

10
 m

m
 

modified free-fall 
system

 

Figure 4.4 Diagram of modified free-fall system used to measure particle charge.  

4.3.2 Effect of Tribocharging on Conveyor 

Figure 4.5 shows the measured charge distribution of particles transported at 30 mm and 150 mm, respec-

tively. The modified free-fall system could detect particles smaller than 100 m. The measured charges are 

shown as the charge density. As shown in Figure 4.5, the charges of particles with the same diameter were 

not equal, and they were randomly charged in negative and positive polarities; this tendency is similar to the 

previous results shown in section 2.5.2. In addition, the particles transported at 150 mm have slightly larger 

charges than those particles transported at 30 mm. The standard deviations of the charge distributions are 

shown in Figure 4.6. As shown in Figure 4.6, although the particle charges are uneven, the charge of trans-

ported particles increased with a decrease in particle diameter; therefore, it is expected that small particles 

move higher than large particles, and size sorting of small particles using the balance between the electro-

static and gravitational forces is possible. For reference, Figure 4.6 also shows the standard deviation of the 

previous results obtained using the free-fall system in section 2.5.2. It shows the charge distributions of par-

ticles that were not transported on the conveyor and not electrostatically treated before being supplied to the 

free-fall system; the minimum size is approximately 106 m. The transported particles have larger charges 
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than the untreated particles because the transported particles are charged by tribocharging, which in turn is 

caused by friction with the polyimide surface of the conveyor. In addition, the charges of transported parti-

cles increases as the transport distance increases. 
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                      (a) 30 mm                                     (b) 150 mm 

Figure 4.5 Charge distributions of transported particles at (a) 30 mm and (b) 150 mm, measured using modi-
fied free-fall system.  
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Figure 4.6 Standard deviation of the charge densities of particles transported for 30 mm, 100 mm, and 150 
mm, measured by modified free-fall method in air and 1-G gravity environment and charge densities of un-
treated particles, measured by previous free-fall method. 1-G is equal to 9.8 m/s2. 
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4.4 Numerical Calculation 

To analyze the particle motions and predict the system performance in space, numerical calculations were 

conducted using the modified hard sphere model of the DEM. The basic procedure of the calculation was 

described in section 2.7, and some specific conditions of the calculations are explained in this section. As the 

external forces acting on particles, the Coulomb force, gravitational force, and air drag represented by Equa-

tions (2.3), (2.29), and (2.31), respectively, were considered. The torque acting on particles was assumed to 

be zero. The electrostatic field E was calculated by using the finite difference method as described in section 

2.4.1, reproducing the geometry and electrostatic properties of the conveyor and electrodes. Assuming that 

the electrostatic field in the y-direction was zero, the two-dimensional electrostatic field was calculated as 

shown in Figure 4.7. Because the pattern of the electric field appears repeatedly in the x-direction, the cyclic 

boundary condition was applied to both the right and left ends of the calculation domain as shown in Figure 

4.7 (a). In addition, the Neumann condition was applied to both the upper and lower ends of the calculation 

domain. The calculated equipotential line is shown in Figure 4.7 (b). In the DEM calculation, the calculated 

electrostatic field E at the center of the particle was used to calculate the Coulomb force and dielectrophore-

sis force.  

 

                      (a)                                         (b)  

Figure 4.7 (a) Calculation model of the electrostatic field, and (b) calculated equipotential line (applied volt-
age: 2 kVp-p). 
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 The calculation area of the DEM was set to be 0.0052 × 0.06 m2, and the length of the z-direction 

was assumed as infinity. The height of the conveyor surface was set to be zero in the z-direction. When parti-

cles collide with the conveyor, the mechanical interactions were calculated using the modified hard sphere 

model, as described in section 2.7.4. To reduce the calculation loads, periodic boundary conditions were ap-

plied at the ends of the calculation area in the x- and y- directions, similar to the calculation of the electro-

static field. The actual size distribution of regolith particles was reproduced, and 300,000 particles were set 

randomly on the conveyor. The particle properties were assumed equal to that of the lunar regolith simulant 

FJS-1. The particle charges were reproduced using the standard deviation measured in section 4.3. The parti-

cles were transported in one direction by the Coulomb force produced by the traveling wave. The time step 

for the Runge Kutta calculation was set to be 1.0 × 10-5 s, and the DEM calculation was conducted for 1.0 s. 

In the lunar environment, air drag was neglected and the gravitational acceleration was set to be 1.6 m/s2. 

During the calculation, maximum heights of each floating particle were calculated. 

4.5 Experiment in Vacuum  

To confirm the performance of the electrostatic size-sorting system in a vacuum, experiments were conduct-

ed in an air and vacuum chamber of the JAXA Chofu Aerospace Center. The vacuum chamber and the ex-

perimental setup are shown in Figure 4.8, while the diagram is shown in Figure 4.9. In vacuum conditions, 

the particles were fed from the right side of the conveyor by using a vibration supplier. The supplier consists 

of a mechanical sieve (mesh size: 0.5 mm) and a DC vibration motor (FA-130RA, Mabuchi Motor). The ex-

perimental procedure is as follows. (1) Lunar regolith simulant FJS-1 of 5 g was set on the sieve before 

evacuating the air. (2) The evacuation of air took approximately 1 h. After the vacuum environment reached 

below 1.5 × 10-2 Pa in the chamber, a DC voltage of 2.0 V was applied to the motor for 10 s. The sieve was 

vibrated for 10 s to feed the particles to the conveyor passing through the openings of the sieve. (3) The ap-

plied DC voltage was turned off for 50 s, and the fed particles were transported by the electrostatic traveling 

wave. (4) Processes (1) and (2) were repeated for 15 min. (5) Air was injected into the chamber. After the air 

injection restored the atmospheric pressure, the collected particles in collection boxes were sampled and an-

alyzed using a particle image analyzer (Morphologi G3/G3S, Malvern). The same experimental procedure 

was conducted in air without evacuating and restoring air. 
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Figure 4.8 Photographs of the vacuum chamber and the experimental setup in the chamber. 

 

Figure 4.9 Diagram of the size-sorting system in the vacuum chamber. 
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Figure 4.10 (a) and (b) show the calculated particle motions in air and vacuum environments, while Figure 

4.11 (a) and (b) show the maximum heights of the particles in air and in a vacuum, respectively. Only the 
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cles in air and in a vacuum can be transported in one direction by the electrostatic traveling wave. The parti-

cles float higher in the vacuum than those in the air owing to the absence of air drag. In addition, Figure 4.11 

(a) shows that the small particles do not float higher than the large particles in air because a relatively large 

air drag acts on the small particles. On the other hand, because there is no air drag in vacuum, the small par-

ticles reach higher altitudes than the large particles, as shown in 4.11 (b). This corresponds to the tendency of 

the measured charge distribution, as shown in Figure 4.6. From the calculation results, the size sorting of the 

particles is expected to succeed only in the vacuum environment by using the collection box. In addition, 

when the collection box is set at higher positions, it can collect smaller particles. 

 
                    (a) in air                                    (b) in vacuum 

Figure 4.10 Calculated particle motions at 1-G gravity in (a) air and (b) vacuum environments (applied volt-
age: 2.0 kVp-p, frequency: 10 Hz). 1-G is equal to 9.8 m/s2. 
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                      (a) in air                                      (b) in vacuum 

Figure 4.11 Maximum heights of floating particles transported by electrostatic traveling wave at 1-G gravity in 
(a) air and (b) vacuum environment (applied voltage: 2.0 kVp-p, frequency: 10 Hz).  

 

                      (a) in air                                    (b) in vacuum 

Figure 4.12 Measured volume fractions of particles transported and sorted by electrostatic traveling wave at 
1-G gravity (a) in air and (b) in vacuum environments (applied voltage: 2.0 kVp-p, frequency: 1 Hz).  

Particle size sorting was performed by using the electrostatic traveling wave in air and in a vacuum 

(~1.5×10-2 Pa), and the measured size distributions of the sorted particles in each collection box are shown in 

Figure 4.12 (a) and (b), respectively. As predicted by the numerical calculations shown in Figure 4.11 (a), the 

size sorting of small particles in air was not successful because of air drag, and the particles collected in the 

box at 20 mm have larger diameters than all particles. In addition, the peak of the size distribution was ap-

proximately 80 m. The calculation results shown in Figure 4.11 (a) show that the particles ranging from 70 
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particles was experimentally successful in a vacuum. This system could effectively collect particles smaller 

than 20 μm, and the collection box could collect smaller particles when set at a higher position. In the ex-

periments, although the collection box positioned at 250 mm could collect small particles less than approxi-

mately 20 μm in diameter, the total amount of collected particles in the box was extremely small, and the 

image analyzer could not detect the particles. If we use a large amount of regolith particles (> 5 g) for the 

experiments, the number of collected particles in the box at 250 mm increases, and the image analyzer can 

detect the small particles. Although the calculation results reproduce a trend similar to the experimental re-

sults in the case of air, the calculated particles do not reach altitudes as high as the measured particles in the 

vacuum. This is because the particles in the vacuum were more heavily charged than the particles in air. Gas 

discharge does not occur in a vacuum owing to the absence of air, and the particles can keep large amount of 

charge on their surfaces. Therefore, the particle charges in the vacuum were assumed to be 5 times greater 

than that in air, as shown in Figure 4.13 (a). To reproduce the experimental results in the numerical calcula-

tions, the size-sorting performance was calculated using the assumed charge distribution, as shown in Figure 

4.13 (b). The calculated particles can reach the heights of collection boxes set at 100 mm, 150 mm, and 200 

mm as high as the measured particles in vacuum, and the calculated performances of the size sorting in Fig-

ure 4.13 (b) reproduce the experimental results in Figure 4.12 (b) fairly well. 

 
                 (a) charge distribution                             (b) size distribution 

Figure 4.13 (a) Charge distribution of particles used in numerical calculations, assumed to reproduce ex-
perimental results, and (b) calculated volume fractions of particles transported by electrostatic traveling wave 
at 1-G gravity and in vacuum environment (applied voltage: 2.0 kVp-p, frequency: 1 Hz).  
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                 (a) in vacuum on Earth                       (b) in Moon 

Figure 4.14 Maximum heights of floating particles transported by electrostatic traveling wave in (a) vacuum at 
1-G gravity and (b) in Moon environment (applied voltage: 2.0 kVp-p, frequency: 10 Hz). 

4.6.2 Size Sorting in Moon Environment 

Figure 4.14 (a) and (b) show the maximum heights of each particle in a vacuum on the Earth and the Moon, 

respectively. As shown in Figure 4.14, the particles in the lunar environment float higher than those in the 

vacuum, owing to the small gravitational force. Figure 4.15 shows the calculation results of size sorting in 

the lunar environment. Because Figure 4.14 indicates that the collection box should be set at a higher posi-

tion on the Moon than that in the vacuum and 1.0-G environments, the box was set as 100 mm, 500 mm, 

1,000 mm, and 1,500 mm in the calculations. Figure 4.15 shows that size sorting on the Moon is successful, 

as the collection box was set higher than that on the Earth. Moreover, if the collection box is set much higher, 

the size-sorting performance will be improved. In particular, particles with a diameter of approximately 10 

m can be collected effectively when the box is set at 1.5 m. 
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Figure 4.15 Calculated volume fractions of particles transported by electrostatic traveling wave in the lunar 
environment (applied voltage: 2.0 kVp-p, frequency: 1 Hz).  
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4.7 Summary  

The electrostatic size-sorting system for lunar regolith was developed for future ISRU missions. The system 

utilizes the electrostatic traveling wave, and a new function of size sorting was added to the system. The 

size-sorting performances in air, vacuum (1.0-G), and lunar environments were evaluated by conducting ex-

periments in a vacuum (1.0-G) and by numerical calculations. The insights achieved from the results are 

shown below. 

1. Particles transported on the polyimide surface by the traveling wave were charged mainly by tribo-

charging, and small particles had relatively large charge densities compared to large particles. 

2. Although the small particles transported did not reach high altitudes in air owing to air drag, the small 

particles can float higher than the large particles in a vacuum.  

3. It was experimentally demonstrated that particles smaller than 20 μm in diameter were sorted effectively 

using the electrostatic size-sorting system in vacuum. In addition, the numerical calculation results using 

the DEM qualitatively reproduced the experimental results in air.  

4. The numerical calculation predicted that the size-sorting performance will be successful on the Moon, 

and the system is expected to extract particles smaller than 10 μm.  

Based on these insights, the electrostatic size-sorting system could play an important role in future ISRU 

missions on the Moon.  
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Chapter 5  Sampling of Regolith on Asteroids  
   Using Electrostatic Force 

5.1 Introduction  

As discussed in section 1.3.4, it is important to develop a sampling system that can work effectively in space 

environments in order to conduct successful sample return missions. In previous studies, mechanical and 

pneumatic sampling systems have been developed, such as the bullet firing system installed on Hayabusa 

and Hayabusa-2 [1, 2], adhesive-based sampling [3], tethered sampling [4, 5], the brush wheel sampler [6], 

the bucket drum regolith excavator [7], scooping [8], drilling [9], and the touch-and-go sample acquisition 

mechanism (TAGSAM) that was installed on the OSIRIS-REx [10]. Although each sampling system has ad-

vantages and disadvantages, one of the most important factors of such a system is its operating reliability in 

unpredictable environments that may disrupt normal operation. 

 The electrostatic sampler is developed to serve as an easy-to-control sampling system with a simple 

configuration that is suitable for space operations. The electrostatic sampler employs the Coulomb force and 

dielectrophoresis force to capture regolith particles and transport them to a collection capsule. This electro-

static sampler is very simple, is not mechanically driven, does not require complicated controls, and does not 

contaminate particles, making it highly reliable in space environments. In this chapter, the electrostatic sam-

pler has been developed for sample return missions and its performance has been evaluated in vacuum and 

low-gravity environment similar to that of an asteroid surface by conducting experiments and numerical cal-

culations. As predicted in section 2.6.1, sampling in the 1-G environment on the Earth is impossible owing to 

the effect of gravitational force; therefore, numerical calculations were conducted. These calculations pre-

dicted the sampling performance in a vacuum and in low gravity environments by using the DEM, as de-

scribed in section 2.7. Moreover, demonstrations of lunar regolith particle sampling, ranging from several 

micrometers to one millimeter in diameter, were conducted in a low-G environment created by the parabolic 

flight of an aircraft. There may also be large particles on the surface of an asteroid, with diameters of 1.0 mm 

or larger, such as those on asteroid Itokawa investigated by the Hayabusa mission [11] and on asteroid Eros 

investigated by the NEAR-Shoemaker spacecraft [12]. Therefore, large particle sampling (using 4 mm diam-

eter rocks and 2 mm diameter glass particles) were also conducted in low gravity, by utilizing the parabolic 

flight of an aircraft. The sampling of large particles is expected to be more difficult than that of small parti-

cles because the balance of forces acting on the particles varies depending on the particle diameter. In partic-

ular, the gravitational force becomes dominant as the particle diameter increases because the force is propor-

tional to the cube of the diameter, as described in section 2.6.1, and it hinders the sampling of large particles. 

In this chapter, the effect of gravity on the sampling of large particles in the electrostatic field was investi-

gated by numerical calculations and experiments. Part of this work was published in literatures [13, 14]. 
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5.2 System Configuration  

Figures 5.1 and 5.2 show the sampling procedure of the electrostatic sampler and a photograph of the device, 

respectively [13, 14]. When rectangular two-phase high voltage is applied between the parallel screen elec-

trodes attached to the lower end of the sampling tube (inner diameter: 50 mm, acrylic composition) (Figure 

5.1 (a)), the resultant Coulomb force and dielectrophoresis force act on the particles near the electrodes, and 

some agitated particles pass through the openings of the screen electrodes. The power supply described in 

section 3.2.1 was modified and used for this sampling system. Because the sampler requires a two-phase 

standing wave, the power supply was duplicated for two pairs, and the output voltages were shifted to 180° 

by using the microcomputer. Two types of parallel electrodes were used: Type 1 (1.3 mm, pitch: 5 mm, gap: 

5 mm) and Type 2 (wire diameter: 1.3 mm, pitch: 10 mm, gap: 10 mm), and are shown in Figure 5.3. Type 1 

was used for sampling of small particles, and Type 2 was used for the sampling of large particles. Large par-

ticles cannot pass through the narrow windows of Type 1, and easily clog at its windows. In a microgravity 

environment, the captured particles would be transported to a collection capsule, which is located at the up-

per 150 mm of the screen electrodes owing to their own inertial force. After several seconds of operation, the 

collection capsule was closed with a stopper plate to keep the particles in the capsule (Figure 5.1 (b)). During 

the operation, the behavior of the particles was observed during the sampler operation using a high-speed 

camera (GZ-V590, JVC Kenwood). After the experiments, the weights of the collected particles were meas-

ured, and the particles were analyzed using a particle image analyzer (Morphologi G3/G3S, Malvern). Be-

cause this system uses a very small electrostatic force, it would not disturb the motion of the spacecraft. In 

addition, the system can be designed to be compactly. Moreover, the electrostatic sampler is also compatible 

with other sampling systems, such as the impact sampling systems used in the Hayabusa and Hayabusa-2 

because the electrostatic sampler can automatically capture floating particles without precise control. 

 
Figure 5.1 Sampling procedure using electrostatic sampler: initial condition, (a) capturing regolith, and (b) 
closing collection capsule. 
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Figure 5.2 Photograph of electrostatic sampler. 

 

    (a)                          (b) 

Figure 5.3 Photographs of screen electrodes for (a) small particles (Type 1) and (b) large particles (Type 2). 

The lunar regolith simulant FJS-1 was used as the experimental material for small particle sampling. 

The properties of the simulant were described in section 1.1.2. As alternative to large particles, glass beads 

and rocks were used for the experiment. Photographs and size distributions of the glass beads and rocks are 

shown in Figure 5.4. Most of the glass beads were approximately 2 mm in diameter. The glass beads were 

primarily made of silicon dioxide, which is the main component of lunar regolith, as described in section 

1.1.2. On the other hand, most of the rocks were approximately 4 mm in diameter, and their compositions 

were similar to those of lunar regolith. The particles were initially set in the container (height: 30 mm, inner 

diameter: 50 mm) below the parallel screen electrodes.  
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   (a) glass beads                                (b) rocks 

 
     (c) size distribution 

Figure 5.4 Photographs of (a) glass beads and (b) rocks; (c) size distribution of particles.  

5.3 Particle Dynamics under Operation of Electrostatic Sampling System  

Positively and negatively charged particles would be captured by the Coulomb force because the electrostatic 

sampler uses an alternating electrostatic field. In addition, uncharged particles are also expected to be cap-

tured successfully because the dielectrophoresis force acts on them in a non-uniform electrostatic field. Be-

cause the electrostatic field strength increases closer to the electrodes, the dielectrophoresis force acts on par-

ticles basically as an attractive force to the electrodes. Figure 5.5 shows the motions of particles that are agi-

tated and captured by the sampler. If the Coulomb force and dielectrophoresis force exceed the adhesion 

force between the particle and asteroid, the particles float (rest state). If the gravitational force is extremely 

low in a microgravity environment, such as on the asteroid Itokawa (gravitational acceleration: 8.6 × 10-5 

m/s2 [15]), the floating particles are driven by the Coulomb force, dielectrophoresis force, and their own in-

ertial force between the parallel screen electrodes (agitated state). In the agitated state, if the polarity of the 
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applied voltage changes before the particles pass through the openings of the upper electrode, the particles 

vibrate between the electrodes. When the particles approach the upper electrodes (between the agitated and 

suspended states), their successful capture depends on their inertial force. If the particles are efficiently ac-

celerated between the parallel electrodes, some of them can pass through the upper electrodes (suspended 

state), and the inertial and Coulomb forces, which act as repulsive forces against the asteroid surface, would 

push them upward. In a vacuum, the motions of particles are not affected by air drag; therefore, the particles 

are easily transported to the collection capsule. 

 

Figure 5.5 Changes in particle motions under electrostatic sampler operation: (a) initial state, (b) rest state 
(adhering with asteroid), (c) agitated state (vibrating between parallel electrodes), and (d) suspended state 
(passing through upper electrode). 
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scribed in section 2.6.1, the dynamic force in the alternating electrostatic field was not clarified. An experi-

mental investigation is difficult because the electron motion, which induces the electrostatic dipole moment 

in the particle, cannot be observed. The electron motion is affected by the conductivity and permittivity of 

the particles. Therefore, considering the electrostatic properties of particles, the effect of the dielectrophore-

sis force on the particle motion was investigated by conducting numerical calculations.  

The differential form of the dielectrophoresis force is represented by Equation (5.1). The force is 

calculated by integrating cE  over the particle volume Vp. The charge density c and electrostatic field E are 

calculated by solving the following coupled Poisson’s equation of differential form (5.2) and conservation of 

charge (5.3). 

p

c p
V

dVF E               (5.1) 

0 r c               (5.2) 

c
pt
E               (5.3) 

where , εr, ε0 and σr are the electrical voltage potential, relative permittivity (1.0 for air, 3.0 for particle), 

permittivity of free space (8.8×10-12 [F/m]), and conductivity, respectively. Equations (5.2) and (5.3) were 

calculated by the finite difference method, as described in section 2.4.1. The calculation method described in 

section 2.4.1 was expanded in three-dimensions. The conductivity was set at the same element as the permit-

tivity. Because the conductivity of the asteroid regolith is unknown, it was selected as a parameter in the 

calculation. The particle charge density c was assumed to be zero as an initial condition. These equations 

were calculated iteratively with a time step Δt, which was determined to be negligibly small relative to a time 

constant of particle charge polarization as determined by εrε0 /σr. Figure 5.6 shows the calculation model. 

One particle (diameter: 1mm) was set at a height on the lower surface of the lower electrode, and then, an 

AC voltage (10 kVp-p, 9 Hz) was applied to the parallel screen electrodes.  

 

Figure 5.6 Schematic model for calculating dielectrophoresis force. 
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Figure 5.7 Calculated dielectrophoresis force acting on (a) insulative = 1.0 × 10-10 Ω-1m-1), (b) resistive ( = 
1.0 × 10-8 Ω-1m-1), and (c) conductive ( = 1.0 × 10-6 Ω-1m-1) particles. (d) Mechanism of dielectrophoresis force 
as attractive force and repulsive force. 

Figure 5.7 shows the calculated dielectrophoresis force acting along the z-axis, where the attractive 

force in the upper direction is positive. To compare the adhesion force acting on particle, the calculated ad-

hesion force is also shown in Figure 5.7. Because the adhesion force varies widely, the measured maximum 

and minimum adhesion coefficients  are used to calculate the adhesion force. For an insulative particle (  

=1.0×10-10 Ω-1m-1) (Figure 5.7 (a)), the particle is polarized slowly, and an extremely weak attractive force 

acts on the particle. In this case, the dielectrophoresis force can be neglected. On the other hand, for a con-

ductive particle (  =1.0×10-6 Ω-1m-1) (Figure 5.7 (c)), the particle polarizes quickly, and a large dielectro-

phoresis force that exceeds the minimum adhesion force acts on the particle. For a resistive particle (  

=1.0×10-8 Ω-1m-1) (Figure 5.7 (b)), attractive and repulsive forces act on the particle, as shown in Figure 5.7 

(d). When a positive voltage is applied to the electrode, a negative and positive charge is induced in the up-

per and lower surface of the particle, respectively. The attractive force is generated between the negative 

charge and positive electrodes. Subsequently, even when the polarity of the applied voltage changes, the 

charge polarization remains in the particle and the repulsive force is generated between the negative charge 

and the negative electrode. This force is larger than the minimum adhesion force. However, because the time 
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duration is extremely short, it would actually not affect the motion of floating particles in the agitated and 

suspended states. For the calculated results, the particles with conductivity exceeding 1.0×10-8 Ω-1m-1 are 

expected to be captured successfully using the dielectrophoresis force. On the other hand, for conductivity 

lower than 1.0×10-10 Ω-1m-1, the dielectrophoresis force would be negligibly small compared to the adhesion 

force.  

5.5 Numerical Calculation 

Numerical calculations using the modified hard sphere model of the DEM were conducted to analyze the 

particle motions and predict the sampler performance. The basic procedure of the calculation was described 

in section 2.7, and several specific conditions of the calculations are described in this section. As for the ex-

ternal force acting on particles, the Coulomb force, dielectrophoresis force, gravitational force, adhesion 

force, and air drag were considered. The forces are calculated by Equations (2.3), (2.16), (2.30), (2.31), and 

(2.32), respectively. The torque acting on the particles was assumed to be zero. The air drag was neglected in 

the vacuum environment. The electrostatic field E was calculated using the finite difference method, as de-

scribed in section 2.4.1, reproducing the geometry and electrostatic properties of the conveyor and electrodes. 

In the DEM calculation, the electrostatic field E at the position of the particle was used to calculate the Cou-

lomb force and dielectrophoresis force. The calculation area of the DEM was set to be 0.18 × 0.18 m2, and 

the length of the z-direction was assumed as infinity. The geometry of the experimental setup was reproduced 

in the calculation of the collision between the setup and particles. 20,000 lunar regolith simulant (FJS-1) par-

ticles, 5,000 glass bead particles, and 4,000 rock particles were used for the calculations, and the particles 

were randomly set below the parallel electrodes. The coefficient of the adhesion force  was assumed to be 

0.00027. The charge distribution of lunar regolith q measured by the free-fall method, as described in section 

2.5.2 was used in the DEM calculation. The dielectrophoresis force should be calculated dynamically by us-

ing the method explained in section 5.4; however, the method is not realistic in the DEM calculation because 

of the large calculation load. From the results obtained in section 2.5.3, Equation (2.16) is used if the parti-

cles are conductive. Otherwise, the dielectrophoresis force can be neglected. The time step for the 

Runge Kutta calculation was set to be 1.0×10 5 s. Because the calculated number of small particles is greater 

than that of large particles, a short calculation time was set in the case of small particles. The small particles 

that reached 50 mm in height within 1.0 s were assumed to be collected. Similarly, the large particles that 

reached a height of 120 mm within 5.0 s of operation were assumed to be collected.  

5.6 Experiment in Low-Gravity Environment 

In light of the prediction described in section 2.6.1, the sampling of particles at 1-G was considered to be 

impossible. To confirm particle sampling performance, sampling demonstrations were performed in a 

low-gravity environment, which was reproduced for approximately 20 s by the parabolic flight of an aircraft 
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operated by Diamond Air Service, as shown in Figure 5.8. Each experiment was conducted while the gravi-

tational acceleration was stabilized below 0.01-G. The collected particles in the collection box were weighted 

and analyzed using a particle image analyzer (Morphologi G3/G3S, Malvern). The particle motions were 

observed using a high-speed video camera (GZ V590, JVC KENWOOD). 

 

Figure 5.8 Diagram of aircraft parabolic flight. 

5.7 Results and Discussions  

5.7.1 Sampling of Small Particles 

Figure 5.9 shows the calculated particle motions in air and in the zero-G environment under the application 

of rectangular high voltage (10 kVp-p 20 Hz). The particle colors indicate the dominant force. Conductive and 

insulative particles can be agitated, and some agitated particles passed through the openings of the upper 

electrodes. In addition, the particles adhering to other particles can also be captured as agglomerate. Figure 

5.10 shows the calculated amount of collected particles versus the frequency of the applied voltage. The cal-

culated result shows that an optimum frequency exists. At low frequency, infrequent polarity changes during 

the 1.0 s operation resulted in low performance. On the other hand, a large amount of stirred-up particles vi-

brate between the parallel screen electrodes at high frequency. This tendency is similar to the electrostatic 

dust shield system described in section 3.4.1. Furthermore, more conductive particles are collected compared 

with insulative particles because of the effect of the dielectrophoresis force. Figure 5.9 (b) shows that float-

ing insulative particles are agitated by the Coulomb force, and high-frequency operations cause a vertical 

flip-flop motion of the particles, leading to low performance. On the other hand, some conductive particles 

are agitated by the dielectrophoresis force, as shown in Figure 5.9 (a). The dielectrophoresis force is not af-

fected by the frequent polarity change in the applied voltage; thus, it transports a large amount of particles 

passing through the windows of the upper electrodes. In the agitated and suspended states, the motions of 

floating particles can be controlled by the optimum frequency of approximately 5 Hz for operation in air and 

vacuum conditions. 
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Figure 5.9 Calculated motions of particles: (a) conductive and (b) insulative particles in air and 0-G environ-
ment under the application of 20 Hz and 10 kVp-p voltage. Particle colors indicate dominant external force 
acting on particles. 1-G is equal to 9.8 m/s2. 

 

Figure 5.10 Calculated amounts of captured particles versus frequency in air and 0-G gravity environment (10 
kVp-p).  

 Figure 5.11 shows the calculated amount of collected particles versus the applied voltage. Because 

applied voltage is limited below 10 kVp-p in air owing to gas discharge, the results in cases where the applied 

voltages is larger than 10 kVp-p in air are reference values. The amount of collected particles increases with 

the applied voltage, simply because the high Coulomb and dielectrophoresis driving forces are applied to the 

particles in a high electrostatic field. However, the amount of collected conductive particles saturates under 

an applied voltage of 10 kVp-p or higher because a large dielectrophoresis force acts on the particles as an 

attractive force toward the electrodes.  
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Figure 5.11 Calculated amounts of captured particles versus applied voltage in air and 0-G gravity environ-
ment (1.0 Hz).  

 

Figure 5.12 Calculated motions of particles: (a) conductive and (b) insulative particles in air and 0-G gravity 
environment under the application of 1.0 Hz and 20 kVp-p voltage (particle colors indicate dominant external 
force acting on particles).  

Figure 5.12 shows the calculated particle motions when the high voltage of 20 kVp-p is applied. The 

results show the difference between the conductive and insulative particle motions clearly. Large amounts of 

conductive particles adhere to the electrodes by the dielectrophoresis force, and they cannot move. On the 

other hand, the sampling of low-conductivity particles would be easier under high-voltage operation. In vac-

uum conditions, the applied voltage is not limited by the occurrence of gas discharge; therefore, the perfor-

mance would be improved further in a vacuum with the applied high voltage. 
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Figure 5.13 Calculated maximum heights of particles transported by electrostatic sampler at 0-G gravity in air 
and in vacuum within a 1.0 s operation (10 kVp-p, 1.0 Hz).  

In the numerically calculated results for frequency and voltage characteristics, similar trends are 

observed in air and vacuum conditions; however, the performance is slightly better in a vacuum than in air 

because small particles are highly affected by air drag. Figure 5.13 shows the calculated maximum heights 

reached by the floating particles in air and in a vacuum within 1.0 s of application of a 10 kVp-p rectangular 

voltage. Some small particles reach high altitudes in a vacuum because of the small air drag, and the tenden-

cy is similar to that shown in Chapter 4.  

To confirm the performance of the sampler in a low-gravity environment, experiments were con-

ducted in air and a low-G environment reproduced by the parabolic flight of an aircraft. Although the ex-

periments were conducted in conditions of 1-5 Hz, which are approximately the optimum frequencies of the 

applied voltage predicted by the numerical calculations, experiments at frequencies greater than 1 Hz were 

not successful because maintaining a low-G was difficult and some problems occurred during the experi-

ments in low-G operation. Figures 5.14 and 5.15 show the calculated and observed particle motions in air 

and zero-G environment when the rectangular voltage of 10 kVp-p is applied, respectively. Regolith particles 

near the lower screen electrode were agitated by the alternating electrostatic field, and some agitated parti-

cles passed through the openings of the electrodes (Figure 5.15) as predicted by the numerical calculations 

shown in Figure 5.14. For operation in a 1-G environment, the particles that floated reaching only a few mil-

limeters above the upper electrode and then fell down to the ground because of the gravitational force and air 

drag. On the other hand, in the low-G environment, some floating particles reached the collecting capsule 

located 150 mm above the screen electrodes. A substantial amount of regolith (~900 mg) containing not only 

small particles but also particles larger than 0.5 mm in diameter was successfully captured, as shown in Fig-

ure 5.16 (a) and (b). Figure 5.16 (c) shows the size distribution of the initially settled and captured particles. 
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Relatively large particles compared with the initially settled particles were captured because small particles 

in air experienced relatively large air drag and did not reach the capsule. This phenomenon agreed with the 

predictions in sections 2.6.1 and 2.6.3. 

 

Figure 5.14 Calculated particle motions in air and 0.01-G gravity environment under application of 1.0 Hz and 
10 kVp-p voltage. 1-G is equal to 9.8 m/s2. 

 

Figure 5.15 Observed particle motion in air at 1-G and 0.01-G gravity environments under application of 1.0 
Hz and 10 kVp-p voltage. 1-G is equal to 9.8 m/s2. 
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Figure 5.16 Captured FJS-1 lunar regolith simulant after the operation in air and 0.01-G gravity environment 
under application of 1.0 Hz and 10 kVp-p voltage: (a) captured particles (approximately 900 mg), (b) captured 
particles (larger than 0.5 mm in diameter), and (c) volume distributions of initial and captured particles.  

 
  (a) in air                                     (b) in vacuum 

Figure 5.17 Calculated amounts of collected particles when alternating voltage of 10 kVp-p is applied (a) in air 
and (b) in vacuum at 0.00001-G gravity.  
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tunities decreases. As a result, the sampler performance worsens. On the other hand, the highly frequent 

change in polarity prevents the particles that are in vertical vibrational motion between the parallel screen 

electrodes from passing through the opening of the upper electrode. These tendencies are common in the re-

sults of small particle sampling. The amount of collected particles decreases as the particle diameter increas-

es. This is because a relatively large dielectrophoresis force, which is a body force, acts on large particles that 

are affected by the relatively small Coulomb force. Air drag is not the reason why the sampling of large par-

ticles is difficult, because the amount of collected particles in air is almost same as that in a vacuum, as 

shown in Figure 5.17 (a) and (b). In addition, the gravitational force is negligible.  

 

Figure 5.18 Calculated behaviors of particles, (a) 5 mm and (b) 1 mm in diameter, when alternating voltage of 
10 kVp-p is applied in vacuum and at 0.00001-G gravity. 

Figure 5.18 shows the calculated particle behavior. The colors indicate the dominant external force. 

As shown in Figure 5.18, the particles between the parallel electrodes are significantly affected by the die-

lectrophoresis force. The dielectrophoresis force acts as an attractive force to the electrodes, as the electro-

static field strength increases with closer to the electrodes. The dielectrophoresis force tears particles off the 

asteroid (Figure 5.18 (a), 0.0 s) and attracts them to the space between the parallel electrodes (Figure 5.18 (a), 
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lomb force, the dielectrophoresis force keeps most of the particles between the parallel screen electrodes 

(Figure 5.18 (a), 2.5 s). The second reason why the sampling of large particles is difficult is simply because 

large particles easily jam the screen electrodes. Figure 5.18 (b) shows that small particles 1 mm in diameter 

smoothly pass through the screen electrodes and numerous particles are transported upward. On the other 

hand, particles 5 mm in diameter collide with the upper electrodes (Figure 5.18 (a), 0.5 s). Furthermore, the 

particles between the parallel electrodes obstruct other particles from passing through the upper electrodes 

(Figure 5.18 (a), 2.5 s). The pitch of the screen electrodes should be larger than the size of the target particle 

when sampling large particles. 

Figure 5.19 (a) shows the calculated amounts of collected large particles with respect to the gravi-

tational acceleration, while Figure 5.19 (b) shows the results with respect to the frequency in a 0.01-G envi-

ronment. As Figure 5.19 (a) shows, the success of sampling depends on the gravitational acceleration. Alt-

hough the amounts of collected particles are saturated at a gravitational acceleration less than 0.0001-G for 

particles 1 4 mm in diameter, the amounts decrease as the gravitational acceleration increases higher than 

0.0001-G. Because the gravitational force prevents particles from moving, few particles are collected at 

0.01-G as shown in Figure 5.19 (b). Particles 5 mm in diameter could not be collected at 0.01-G, and parti-

cles 1 5 mm in diameter could not be collected at 0.1-G or higher. The amount of collected particles 5 mm in 

diameter increases as the gravitational acceleration decreases below 0.0001-G, and the amount becomes sat-

urated at less than 0.000001-G. The calculated results indicate that the sampling of particles is easier at low 

levels of gravitational acceleration. It is expected that the sampling of particles ranging from 1 mm to less 

than 5 mm in diameter will be successful in a low-gravity environment that is less than 0.001-G.  

 

(a)                                                  (b) 

Figure 5.19 Calculated amounts of collected particles (a) against gravitational acceleration under the applica-
tion of 10 kVp-p at 1 Hz in air, and (b) against frequency of applied voltage under the application of 10 kVp-p in 
air at 0.01-G gravity.  
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The sampling experiments were performed in a low-gravity environment, which was reproduced by 

the parabolic flight of an aircraft for approximately 20 s. Figure 5.20 shows the fluctuation in gravitational 

acceleration during the parabolic flight, and the average gravitational acceleration for each experimental 

condition of large particle sampling. The parabolic flight was conducted in such a manner so as to maintain a 

gravitational acceleration higher than 0-G, and in fact it was maintained at approximately 0.01-G. The aver-

age gravitational acceleration was greater at a frequency of 3 Hz than at other frequencies.  

 

Figure 5.20 Fluctuation of gravitational acceleration during parabolic flight of aircraft in each experiment when 
frequency of applied voltage is varied. 

Figure 5.21 shows the observed behaviors of glass beads, and Figure 5.22 shows the calculated re-

sults for the 2 mm particles. These observations were made when the alternating voltage of 10 kVp-p and 1.0 

Hz is applied in air at 0.01-G. The particle motions were observed from an angle that differed from the value 

used in the calculation. Glass beads near the lower electrodes were agitated, and some passed through the 

openings of the electrodes (Figure 5.21, 0.25 s). The particles reached the collection capsule, as predicted by 

the numerical calculation, as shown in Figure 5.22.  

The results of the experiment and the calculation indicated that some particles adhered to the sur-

face of the electrode (Figures 5.21 and 5.25, 1.0 s). The reason for this is that a large dielectrophoresis force 

attracts particles to the electrode. Figure 5.23 (a) shows the calculated and measured amounts of collected 

particles. At a frequency of 5 Hz, glass beads of 0.18 g were successfully sampled, as shown in Figure 5.23 

(b). The measured value agreed quantitatively with the calculated results. As shown in Figure 5.20, at a fre-

quency of 3 Hz, the amount of collected particles was smaller because the average gravitational acceleration 

was higher than that under other conditions, and this worsened the performance. 
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Figure 5.21 Observed motions of glass beads 2 mm in diameter when alternating voltage of 10 kVp-p and 1 Hz 
is applied in air at 0.01-G gravity.  

 

Figure 5.22 Calculated motions of particles 2 mm in diameter when alternating voltage of 10 kVp-p and 1 Hz is 
applied in air at 0.01-G gravity. 
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Figure 5.23 (a) Calculated and measured amounts of collected glass bead when alternating voltage of 10 
kVp-p and 1 Hz is applied in air at 0.01-G gravity, and (b) collected glass beads with mass of 0.18 g. 

Figures 5.24 and 5.25 show the observed motions of rocks and the calculated motions of particles 4 

mm in diameter under the application of 10 kVp-p at 1.0 Hz in air at 0.01-G, respectively. Although the rocks 

were agitated and some passed through the openings of the electrodes (Figure 5.24, 0.25 s), the particles 

could not reach the collection capsule and fell down immediately because of the relatively large gravitational 

force acting on the large particles (Figure 5.24, 1.0 s). These results were consistent with the numerical cal-

culation, as shown in Figure 5.25. As predicted, particles larger than 3 mm in diameter could be sampled in a 

low-gravity environment of less than 0.001-G, as shown in Figure 5.19 (a). The results of the experiment and 

the calculation show that some particles would adhere to the electrode because of the dielectrophoresis force. 

In the experiment, particles gathered between the parallel electrodes, forming a bridge from the lower elec-

trode to the upper electrode. After the bridge was created, the particles could not move and disintegrated. 
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Figure 5.24 Observed motions of rocks 4 mm in diameter under application of 10 kVp-p at 1 Hz in air at 0.01-G. 

 

Figure 5.25 Calculated motions of particles 4 mm in diameter under application of 10 kVp-p at 1 Hz in air at 
0.01-G gravity.  
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Figure 5.26 Mechanism of (a) particle adhering to electrode and (b) interaction of particles caused by the 
dielectrophoresis force. 

The particles formed the bridge because the interactions among them were affected by a polariza-

tion force. Figure 5.26 shows the assumed mechanism for the creation of the particle bridge. If a single parti-

cle exists between parallel electrodes and is close to the lower electrode which has a positive voltage applied, 

the particle is polarized, and an attractive polarization force is generated between the negatively charged par-

ticles and the positively charged electrode (Figure 5.26 (a)). When one particle is near the lower electrode 

and another is near the upper one, both particles are polarized, and the charges of the reversed polarity create 

an attractive force between the particles (Figure 5.26 (b)). The simple model calculation was performed to 

confirm the effect of the electrical interaction. When five particles are between the parallel plate electrodes 

and high voltage is applied to the electrodes, as shown in Figure 5.27, a uniform electrostatic field was cre-

ated and it induces an electric dipole moment in the particles. In this model, the energy of the electric dipole 

moment Uele can be calculated using Equation (2.86). The energy Uele can be calculated by solving Equations 

(2.12), (2.82) and (2.84), and by substituting the calculated electrostatic field E* and the electrostatic dipole 

moment pele into Equation (2.86). The energies are calculated in three types of particle positions, such as ver-

tical, skew, and horizontal arrangements.  

Figure 5.28 (a) shows the electric energy of each particle. The energies of particles lined in vertical 

line are the smallest. Figure 5.28 (b) shows the schematic dipole moments created in particles. The particles 

tend to be stabilized in the case of vertical, skew, and horizontal arrangements, in that order, and the particle 

chain was created in the low-G environment. The creation of a particle bridge was experimentally observed 

for rocks as well as for glass beads. Although the particle bridges obstructed the sampling, some particles 

that were not part of the bridges were collected.  
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Figure 5.27 Model for calculating the electrostatic interaction between particles. 

 
(a)                                           (b) 

Figure 5.28 (a) Calculated energies of electrostatic dipole moments created in particles, and (b) schematic 

dipole moment created in particles for each particle line. 

5.8 Summary 

An electrostatic sampler was developed for reliable sampling of the regolith on an asteroid. The sampler em-

ploys Coulomb and dielectrophoresis forces to capture regolith particles and transport them to a collection 

capsule. The performance in space environments was evaluated by model experiments and numerical calcu-

lations. The achieved insights are shown below. 

1. The Coulomb force and dielectrophoresis force generated by the sampler captured the lunar regolith par-

ticles, and the sampler can transport the particles to a collection capsule in 0.01-G environment. The 

sampler succeeded in capturing a substantial amount (~900 mg) of lunar regolith simulant containing 

small particles as well as particles larger than 0.5 mm in diameter.  

2. The dynamics of particles with conductivity exceeding 1.0×10-8 Ω-1m-1 were significantly affected by the 

dielectrophoresis force. On the other hand, the effect of the dielectrophoresis force can be neglected for 

particles with conductivities smaller than 1.0×10-10 Ω-1m-1. 
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3. The sampler could successfully collect glass beads 2 mm in diameter at 0.01-G and rocks 5 mm in di-

ameter at a gravitational acceleration below 0.001-G. 

4. The calculation results agreed fairly well with the model experiments in the low-gravity environment. 

The calculation results show that the sampler performance can be improved by applying a higher voltage 

under lower gravitational acceleration. It is expected that the sampler will work satisfactorily in asteroid 

environments where high voltage can be applied and gravitational acceleration is extremely small. 

5. In low gravity, although the electrostatic force created a particle bridge between parallel electrodes ow-

ing to the electric dipole moment of particles, the sampling of other particles were successful. 

Based on these results, it is expected that electrostatic sampling from asteroids can be utilized in future sam-

ple return missions.  
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Chapter 6  Sampling of Regolith on the Moon, Mars, and  
     Asteroids Utilizing Magnetic Force 

6.1 Introduction  

As described in sections 1.1.2 and 2.6.2, the magnetic force can be used to handle magnetic particles in space 

environments. The existence of magnetic particles on the Moon, Mars, and asteroids was confirmed in pre-

vious studies [1-3]. As for the utilization of the magnetic force, the magnetic sampler is developed to collect 

magnetic particles on the Moon, Mars, and asteroids. The sampler utilizes a magnetic coil gun mechanism 

[4-6]. It does not have mechanical parts, has a very simple design, and does not need complicated controls, 

thus making it reliable for space application. In previous studies, the possibility of sampling particles using 

the magnetic coil gun in space as well as on the Earth has not been sufficiently investigated. In this research, 

particle motion under the operation of the magnetic sampler was predicted first by using a simple model cal-

culation to establish a basis for the development of the sampler. Consequently, a demonstration of particle 

sampling was performed on the Earth, and then the basic characteristic of the sampler was established. In 

addition, the sampling of particles in a vacuum was also experimentally conducted in order to evaluate per-

formance in space. Using the modified hard sphere model of the DEM, the numerical calculation was per-

formed to analyze particle motion, and the sampler performances in a vacuum and in a low-gravity environ-

ment was predicted by numerical calculations. Part of this work was published in literature [7]. 

6.2 System Configuration 

Figure 6.1 shows the operation of the magnetic sampler [7], while Figure 6.2 shows a photograph of the 

magnetic sampler and the design of the electrical circuit. When an electric current is supplied to a solenoid 

coil (wire turn: 1,000) that is wound around an acrylic tube (inner diameter: 20 mm, outer diameter: 30 mm, 

length: 50 mm) as shown in Figure 6.2 (a), the resultant magnetic field acts on particles near the lower end of 

the coil. The particles are magnetically polarized and attracted to the inside of the coil because the magnetic 

field strength increases toward the center of the coil. The magnetic force acts as an attractive force, pulling 

the particles to the center (Figure 6.1 (b)). Although the floating particles passed through the center owing to 

their own inertial force, the particles are pulled back to the center (Figure 6.1 (c)) and vibrate up and down in 

the coil (Figure 6.1 (c) and (d)), if the current is not terminated. If the electric current is turned off immedi-

ately after the particles are attracted by the magnetic force, the particles are transported upward owing to 

their own inertia force, and sampling is achieved (Figure 6.1 (e)). As shown in Figure 6.2 (b), when DC 

voltage is applied to the coil, a MOSFET is turned on for a short time (controlled by a microcomputer) and 

pulse current is supplied to the coil. If the MOSFET is turned on and off repeatedly, plural pulses of the 

magnetic field are created. As shown in Figure 6.2, the time duration in which the MOSFET is activated is 

defined as the applied time, and the deactivation time between each pulse is defined as dead time. As pre-
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dicted in section 2.6.2, the demonstration of sampling the lunar regolith simulant in the Earth environment is 

inconvenient, because the simulant has the small relative magnetic permeability and the large magne-

to-motive force is required to move the particles in 1-G environment. Therefore, soft magnetic particles (av-

erage diameter: 35 μm, specific gravity: 3500 kg/m3, relative magnetic permeability: 4.0) were used to con-

veniently investigate the performance of the magnetic sampler, as shown in Figure 6.3.  

 

 

Figure 6.1 Sampling procedure using magnetic sampler: (a) initial condition, (b) capturing, (c) (d) vibrating, 
and (e) ejecting of particles. 

 

Figure 6.2 (a) Photograph of magnetic sampler and (b) electrical circuit to generate pulse current. 
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Figure 6.3 (a) SEM photograph of magnetic particles and (b) their size distribution. 

6.3 Calculation of Particle Motion in Simple Model 

6.3.1 Calculation Methodology  

The motion of a single particle (diameter: 35 m, relative permeability: 4.0), which is affected by one pulse 

of the magnetic field was analyzed to determine the basic characteristics of particle dynamics in the magnetic 

field. The calculation procedure is similar to the DEM shown in section 2.7. The motion equation (2.1) of the 

magnetic particle, which is affected by the magnetic force, gravitational force, adhesion force, and air drag, 

was calculated using the Runge Kutta method. As Equation (2.1) is calculated only along a right angle to the 

horizontal in a short time step, the single-axis trajectory of the particle can be followed. The time step for the 

Runge Kutta calculation was to be 1.0 × 10-5 s, and the initial position of particle was assumed to be at the 

inlet of the coil. The initial velocity and acceleration were assumed to be zero. The air drag equation (2.37) 

was calculated using the drag coefficient CD, which is determined by Reynolds number of the moving parti-

cle. In the vacuum environment, the air drag was neglected. The calculation method of the magnetic flux 

density B using the finite difference method was described in section 2.4.2. The electric current density, 

which is obtained by dividing the electric current by the cross-sectional area, was set at the position of the 

wire electrode. The calculated magnetic flux density B on the central axis of the coil was used for the calcu-

lations.  

6.3.2 Calculated Motion of Single Particle 

Figure 6.4 (a), (b), (c), and (d) shows the calculated particle trajectories in air at 1-G, in air at 0.00001-G, in a 

vacuum at 1-G, and in a vacuum at 0.00001-G. The gravitational acceleration of 0.00001-G is similar to that 

of the Itokawa asteroid. The magneto-motive force of 5,000 AT was fixed in all conditions. The AT is a 
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product of an ampere applied to a coil and wire turns, and is unit of magneto-motive force. The applied time 

was varied as the calculation parameter. As shown in Figure 6.4 (a) and (b), the altitude of the floating parti-

cle increases with the applied time in 1-G at 0.00001-G, and the floating particle reaches the position near 

0.025 mm, which is the center of the coil, and maintains its position in the condition of the long applied time. 

After the magnetic field is turned off, the particle falls down at constant speed in 1-G; however, the particle 

does not fall down in 0.00001-G owing to the extremely small gravitational force. The reason why the parti-

cle maintains its position at the center of the coil is because of the relatively large air drag that disturbs the 

movement of the small particle. In both 1-G and 0.00001-G, the particle cannot reach the outlet of the coil, 

and a successful sampling of the small particle would be difficult in air. The reduction of gravity would not 

contribute to better performance of the sampler. If the effect of air drag is eliminated in the vacuum, the par-

ticle moves more dynamically than that in air, as shown in Figure 6.4 (a) and (c). In the vacuum, the altitude 

of the floating particle also increases with the applied time, and the particle reaches the outlet of the coil over 

20 ms of applied time. When the applied time is much longer than 50 ms, the pull-buck magnetic force is 

applied to the particle and it cannot pass though the coil. In the condition of over 1,000 ms applied time, the 

particle vibrates in the coil continuously. In the preferable condition with approximately 20 30 ms of applied 

time, the particle passes though the coil and the sampling would be successful. In the vacuum at 0.00001-G 

environments as shown in Figure 6.4 (d), the particle that passed through the coil is transported upward for a 

long time owing to its own inertial force and negligible air drag. Thus, the vacuum environment substantially 

affects sampling performance, and the application of the optimum applied time is important for a successful 

sampling.  

Figure 6.5 (a) and (b) show the calculated particle trajectories in air and in a vacuum, respectively, 

when the magneto-motive force is varied. As shown in Figure 6.5 (a), the large magneto-motive force makes 

the particle altitude higher and the peak time for the highest altitude shorter, simply because the large mag-

netic force affects the particle movement. In air, the floating particle cannot get to the outlet of the coil in the 

all conditions under 10,000 AT. On the other hand, in a vacuum, the floating particle passes though the coil in 

the 4,000-5,000 AT, as shown in Figure 6.5 (b). In conditions of large magneto-motive forces over 5,000 AT, 

the particle is pulled back to the coil and the sampling is not successful. The interaction of the magne-

to-motive force and the applied time determines the particle movement, and the operation of the sampler un-

der the optimal condition appropriate for the environment is necessary. 
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 (c) in vacuum at 1-G                          (d) in vacuum at 0.00001-G 

Figure 6.4 Calculated trajectories of a single particle affected by the magnetic sampler (a) in air at 1-G, (b) in 
air at 0.00001-G, (c) in vacuum at 1-G, and (d) in vacuum at 0.00001-G (magneto-motive force: 5,000 AT, 
applied time is calculation parameter). 1-G is equal to 9.8 m/s2. 
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(a) in air at 1-G                          (b) in vacuum at 1-G 

Figure 6.5 Calculated trajectories of a single particle affected by the magnetic sampler (a) in air at 1-G and (b) 
in vacuum at 1-G (magneto-motive force is calculation parameter, applied time: 40 ms).  

6.4 Experimental Procedure 

The actual particle dynamics are different from the simple calculation described in the preceding section. 

This is because the mechanical and magnetic interactions between particles complicate the motions of the 

particles. Both experiments and numerical calculations were conducted in the Earth environment to deter-

mine the actual performance of the sampler. In addition, experiments were also conducted in a vacuum, be-

low 1.5 × 10-2 Pa, created in the vacuum chamber of the JAXA Chofu Aerospace Center, as described in sec-

tion 4.5. Figure 6.6 shows the experimental setup for the sampling of particles. The sampler was inclined by 

several tens of degrees with respect to the horizontal because the particles that were agitated by the magnetic 

sampler at right angles to the horizontal fell down immediately, and performance could not be measured in 

the 1-G environment. The inlet of the sampler was set near the surface of the soft magnetic particles. When 

the sampler was turned on, the resultant magnetic force agitated the particles, and some of those that passed 

through the coil were collected in the sampling boxes (150 × 150 × 50 mm3), which were arranged in the 

horizontal direction away from the sampler. The weights of the collected particles in each sampling box were 

measured to evaluate the sampler performance. The pulse of the magneto-motive force was applied ten times 

in the experiments. The actual experimental setup in the vacuum chamber is shown in Figure 6.7.  
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Figure 6.6 Diagram of the experimental setup used for particle sampling. 

 

Figure 6.7 Photographs of (a) the experimental setup in the vacuum chamber and (b) magnetic sampler. 

6.5 Numerical Calculation 

The basic procedure for the numerical calculation was described in section 2.7. It is similar to the method 

described in section 6.3. Some specific conditions of the calculations are explained in this section. For the 

external forces acting on particles, the magnetic force, gravitational force, adhesion force, and air drag were 

considered, and the forces are represented by Equations (2.17), (2.30), (2.31), and (2.37), respectively. The 

torque acting on the particles was assumed to be zero. In a vacuum environment, air drag was neglected. The 

magnetic flux density field B was calculated in a two-dimensional system, as shown in section 6.3. The coef-

ficient of adhesion force α for magnetic particles was assumed to be 0.00027 similar to that of the lunar reg-

olith simulant FJS-1. The effect of magnetic interaction between particles was considered using the method 

described in section 2.7.6. The calculation area of the DEM was set to be 0.8 × 0.2 m2, and the length of the 

sampler

magnetic 
particlesinclination

sampling box

floating particles

150 mm 150 m
m

6                   5                4   3                   2                  1

vacuum chamber
collection box

magnetic sampler

100 mm

magnetic 
sampler

magnetic 
particles in 
container

base

50 mm

jig

(a)                                                                 (b)



Chapter 6 

 129 

z-direction was assumed to be infinite. Then, magnetic particles of 5,000 were randomly placed beneath the 

inlet of the sampler, representing the scale at which in the experiment was reproduced. To reduce the calcula-

tion load, it was assumed that the particles move as an agglomerate because they adhere to each other me-

chanically and magnetically; thus, a particle size of 175 μm, which is five times that of the 35 μm particle, 

was used for the calculations. Moreover, only one pulse of the magneto-motive force was applied in the cal-

culations. The time step for the Runge Kutta calculation was set to be 1.0×10-5 s, and particle motions were 

followed for 1 s. At the end of the calculations, the particles that reach each sampling box were assumed to 

be collected in that box. 

6.6 Results and Discussions  

6.6.1 Basic Characteristic of Magnetic Sampler 

Figure 6.8 (a) and (b) show the experimentally collected particles in air at 1-G as the inclination of the mag-

netic sampler and the distance between the sampler and particle surface were varied, respectively. As shown 

in Figure 6.8 (a), the total weight of the collected particles in all of the collection boxes increased with the 

inclination, because the area of the magnetic field affecting the particle motion was large in the case of large 

inclination. The magnetic field near the inlet of the magnetic sampler was strong, and the large area acted on 

the particles in the case of the large inclination. Similarly, the magnetic field became weaker as the distance 

from the coil and the amount of collected particles decreased as the distance between the sampler and parti-

cle surface increased, as shown in Figure 6.8 (b). Although it is preferable that the sampler touches the parti-

cle surface and faces the inlet side, the sampler could collect particles that do not touch the sampler and do 

not face the inlet side. This means that the sampler could work even if the spacecraft is equipped with a sam-

pler that cannot control its own position and the sampler cannot be set precisely at a sampling position. In 

addition, in terms of the floating distance, the sampler inclined at 45° could collect large amount of particles 

to faraway collection boxes. In later experiments and calculations, the inclination and the distance were fixed 

at 45° and 0 mm, respectively, for convenience. 
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    (a)                                             (b) 

Figure 6.8 Amount of collected particles in each collection box in a 1-G gravity environment in air when (a) 
inclination of magnetic sampler and (b) distance between particle surface and sampler are varied (applied 
time: 40 ms, dead time: 500 ms, magneto-motive force: 5,000 AT; (a) distance between sampler and particle 
surface: 0 mm, (b) inclination of sampler: 45°). 1-G is equal to 9.8 m/s2. 

Although the analysis of single particle dynamics indicates that the sampling of a single particle is 

impossible on the Earth owing to air drag, as described in section 6.3. Figure 6.8 (a) and (b) show that the 

sampling of plural magnetic particles was successful. Figure 6.9 (a) and (b) show the observed motions of 

small and large amounts of particles (small: 0.01 g, large: 100 g), respectively, at 40 ms after initiating ap-

plication of constant magneto-motive force. The inclination of the sampler was set to be 90°, and the distance 

between the sampler and particle surface was set to be 15 mm to make the observation easy. Figure 6.9 (b) 

shows that a large amount of particles formed their agglutinate and chain, and they floated along the mag-

netic flux line. As shown in Figure 6.10, the agglutinate and chain formations were caused by the magnetic 

dipole moment, similar to the effect of the electric dipole moment as explained in section 5.6.2. The inertia 

of the agglutinated particles is larger than that of a single particle, and the effect of air drag on the particles is 

comparably smaller. Thus, the agglutinated particles reached higher positions than that of the small amount 

of particles, as shown in Figure 6.9 (a). The interaction of magnetic particles enhanced the sampling, result-

ing in improvement of the sampler performance. Figure 6.11 shows the calculated motions of particles in air 

at 1-G; it also shows that the particles interact with each other. Although the motion analysis of the single 35 

m particle indicates that the sampling is impossible, the calculated result shows that the sampling of plural 

particles is successful. This is because the calculation considered the interaction of magnetic particles, and 

treated the aggregated 35 m particles as a single 175 m particle. 
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Figure 6.9 Observed magnetic particles after applying 5,000 AT of constant magneto-motive force to the coil 
in a 1-G gravity environment in air (setting particles (a) 0.01 g, (b) 100 g). 

 

Figure 6.10 Diagram of the interaction of magnetic dipole moments between particles. 

 
Figure 6.11 Calculated motions of particles in a 1-G gravity environment in air (applied time: 40 ms, magne-
to-motive force: 5,000 AT, inclination: 45°). 

Figure 6.12 shows the experimentally collected particles in air at 1-G when the dead time of ap-
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magneto-motive force disturbed the particle motion. For instance, when the particles are agitated by the first 

pulse of magneto-motive force, some particles are ejected from the outlet of the coil while others are pulled 

back inside the coil. In this case, the particles agitated by the second pulse collide with the particles that are 

pulled back, thus, the sampling was disturbed. The amounts of collected particles were saturated in cases 

with a dead time of over 500 ms because the particle interaction was negligible. The dead time should be 

longer than 500 ms to achieve a large amount of collection. The dead time was fixed as 500 ms in later ex-

periments. 

 
Figure 6.12 Amount of collected particles in each collection box in a 1-G gravity environment in air versus 
dead time (applied time: 40 ms, magneto-motive force: 5,000 AT). 

6.6.2 Sampler Performance in Vacuum Environment  

Figure 6.13 (a) and (b) show the experimental results of the amount of collected particles versus the magne-

to-motive force in air and in a vacuum, respectively. Figure 6.14 (a) and (b) show the calculated results in the 

same conditions as the experiments. Figures 6.13 and 6.14 show that the samplings of particles were suc-

cessful in conditions over 2,000 3,000 AT in air and in a vacuum. In addition, the amount of collected parti-

cles increases when the magneto-motive force is less than 5,000 AT, simply because a strong magnetic field 

is created when high magneto-motive force is applied. When the magneto-motive force is over 6,000 AT, the 

amount of collected particles decreases with the increase in the magneto-motive force, as shown in Figure 

6.14 (a) and (b). This is because the peak time for the optimal applied time would be shorter than 40 ms in 

case of a large magneto-motive force. The trends closely agreed with the single particle analysis described in 

section 6.3. Regarding the effect of air drag, because the particles move faster in a vacuum than in air, the 

performance was improved in a vacuum, as shown in Figures 6.13 (b) and 6.14 (b). In addition, the captured 

particles floated off to the far-off collection box in the vacuum. 
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   (a) in air                                     (b) in vacuum 

Figure 6.13 Amount of collected particles in each collection box (a) in air at 1-G gravity and (b) in vacuum at 
1-G versus magneto-motive force (applied time: 40 ms, dead time: 500 ms).  

 
     (a) in air                                  (b) in vacuum 

Figure 6.14 Calculated numbers of collected particles in each collection box (a) in air at 1-G gravity and (b) in 
a vacuum at 1-G versus magneto-motive force (applied time: 40 ms, dead time: 500 ms).  

Figure 6.15 (a) and (b) show the experimental results of the amount of collected particles versus the 

applied time of the magneto-motive force in air and in a vacuum, respectively, while Figure 6.16 (a) and (b) 

show the calculated results in the same conditions as the experiments. Figures 6.15 and 6.16 show that there 

was an optimal applied time appropriate for the magneto-motive force of 5,000 AT in air and in a vacuum. 
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This tendency agreed closely with the results of the single particle analysis. Although the peak time of the 

applied time in a vacuum was similar to that in air, the sampler performance was improved in a vacuum ow-

ing to the absence of air drag as shown in Figure 6.15 (b) and 6.16 (b), and the captured particles floated to 

the faraway collection box in vacuum. Although the results of the numerical calculation qualitatively agree 

with the experimental results, the results are quantitatively different because only a small amount of particles 

were calculated, in order to reduce the calculation load. The numerical calculation method can be used to 

qualitatively predict the sampler performance in the space environment. 

 
  (a) in air                                     (b) in vacuum 

Figure 6.15 Amount of collected particles in each collection box (a) in air at 1-G gravity and (b) in vacuum at 
1-G versus applied time (dead time: 500 ms, magneto-motive force: 5,000 AT). 

6.6.3 Sampler Performance in Low-Gravity Environment 

The performance of the sampler in a micro-G environment was predicted using numerical calculations. Fig-

ure 6.17 (a) and (b) show the calculated numbers of collected particles in air at 0.00001-G, and in a vacuum 

at 0.00001-G, respectively. Although the single particle analysis indicates that micro-gravity would not sig-

nificantly affect the sampler performance, the calculated numbers of collected particles is much larger in mi-

cro-G as shown in Figure 6.17 (a), than that in 1-G, as shown in Figure 6.16 (a). It is assumed that the me-

chanical and magnetic interaction of particles affects the particle dynamics. In a vacuum at 0.00001-G, the 

sampler performance is improved further, and large amounts of particles are transported to the collection box 

farthest from the sampler, as shown in Figure 6.17 (b). Thus, the magnetic sampler is compatible with a vac-

uum and in low-gravity environments.  
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(a) in air                                       (b) in vacuum 

Figure 6.16 Calculated number of collected particles in each collection box (a) in air at 1-G gravity and (b) in 
vacuum at 1-G versus applied time (dead time: 500 ms, magneto-motive force: 5,000 AT).  

 
(a) in air at 0.00001-G                       (b) in vacuum at 0.00001-G 

Figure 6.17 Calculated number of collected particles in each collection box (a) in air at 0.00001-G and (b) in 
vacuum at 0.00001-G when applied time is varied (dead time: 500 ms, magneto-motive force: 5,000 AT).  

6.7 Summary  

A magnetic sampling system that utilizes a coil gun mechanism was developed to achieve reliable sampling 

of regolith in space environments. The basic characteristics of the sampler were determined by conducting 

simple model calculations and parametric experiments. The sampler performance in air, a vacuum, and a 
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space environment was evaluated by experiments and numerical calculations. The achieved insights from the 

experimental and calculation results are shown below. 

1. The magneto-motive force and the applied time mutually affect the sampler performance, and determin-

ing the optimum combination is critical for successful particle sapling.  

2. Although the sampling was successful in the case of using plural pulses of the magneto-motive force, 

the dead time between each pulse should be longer.   

3. The inclination of the sampler and the distance between the sampler and particles should be higher and 

lower for high sampling performance, respectively. However, the sampling is successful when a small 

gap exists between the sampler and particles, as well as when the sampler is in a horizontal position. 

4. The interaction of magnetic particles with each other created a chain and aggregated, and this phenom-

enon contributed to the improvement of the sampler performance. 

5. The effect of vacuum and low gravity environment on sampler performance was confirmed by conduct-

ing experiments in vacuum and numerical calculations. The results indicated that the performance was 

improved in a vacuum and in low gravity. 

The sampling mechanism does not require mechanical parts, is a simple design, and does not require a com-

plicated control scheme; thus the sampler has the potential to achieve efficient and reliable particles sampling 

for future sample return missions on asteroids.  
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Chapter 7  Vibration Transport of Regolith and its Application 
in Combination with Electrostatic and Magnetic Samplers 

7.1 Introduction  

As described in Chapters 3 6, electrostatic and magnetic forces are expected to be used in space environ-

ments. The electrostatic system has some advantages, including low-power consumption, easy control, no 

mechanical drives, and no contamination of impurities. However, the electrostatic force is small and has lim-

ited application, such as the cleaning system of regolith particles, sampling system, and size-sorting systems 

that do not require movement of large amount of particles. Regarding the magnetic system [1], it can be ap-

plied only for magnetic particles. A particle-handling system with high tolerance to the dust contamination 

on the Moon and Mars has been developed for space exploration missions in which a large amount of parti-

cles must be transported regardless of the compositions. This system utilizes a mechanism of vibration 

transport. When particles come into contact with a mechanical plate vibrated by actuators, the vibrated plate 

repeatedly pushes and transports the particles in one direction. Although this type of mechanism has been 

utilized in industries, such as food processing and drug development, because it can carry a large amount of 

particles, the system has not been sufficiently investigated for space application. In a previous study [2], a 

spiral elevator using this vibration mechanism was developed by NASA. Although the spiral elevator could 

feasibly transport the JSC-1A lunar regolith simulant, the system was too massive, and it had to be equipped 

with shaker motors to generate the vibration. In addition, mechanical malfunctions had to be considered.  

In this study, two types of vibration transport systems have been developed for space applications. 

Both systems are equipped with actuators that have no mechanical drives, but have high tolerance for dust 

contamination. First, the particle motion under the operation of the vibration transport system was investi-

gated using a simple model calculation. Then, a vibration transport system that utilizes the DEA [3-8] was 

developed as the vibrator for the system. The DEA is made of a lightweight material, such as an elastomer 

sheet and stretchable electrodes. The vibration transport system has no mechanical drives, and does not need 

any complicated control; thus making it highly reliable. The transport system has been developed for trans-

porting large amounts of lunar and Martian regolith particles in a horizontal direction. The other vibration 

system utilizes the electromagnetic vibrator to sample particles from soils on the Moon and Mars. In the de-

velopment process, the possibility of utilizing the vibration transport for sampling particles and obliquely 

transporting the particles to a collection box were confirmed. To extend the applicability of the vibration 

transport, the combinations using the electrostatic sampler and magnetic sampler were also investigated. Part 

of this work was published in literatures [9, 10]. 
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(i) not transported 

 

(ii) transported by slipping 

 
(iii) transported by jumping 

Figure 7.1 Particle motion under vibration transport operation when (i) the particle is not transported, (ii) the 
particle is transported by slipping on plate and, and (iii) the particle is transported by jumping on plate. 

7.2 Calculation of Particle Motion under Operation of Vibration Transport System 

7.2.1 Mechanism of Vibration Transport 

Figure 7.1 (i) shows a diagram of particle motion on a vibrated plate in the case where a particle was not 

transported. When the plate moves a small distance in one direction, the particle on the plate simultaneously 

moves in the same direction, owing to the inertial force and friction force (Figure 7.1 (i) (b)). When the plate 

starts to return to the normal position (Figure 7.1 (i) (c)), the accelerated particle is pulled back owing to the 

gravitational force, adhesion force, and friction force. If the inertial force of the particle does not exceed the 

gravitational force, adhesion force, and friction force, the particle returns to the initial position (Figure 7.1 (i) 

(d)), which means that the vibration transport failed. In the case when the inertial force in the horizontal di-

rection exceeds the friction force, the particle slips on the plate (Figure 7.1 (ii) (b)) and it moves a small dis-
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tance (Figure 7.1 (ii) (c)). If the vibration continues, the small displacement occurs repeatedly. In the case 

where the inertial force in the vertical direction exceeds the gravitational force and adhesion force, the parti-

cle floats in air for a moment (Figure 7.1 (iii) (b)). The particle simply falls below, owing to the gravitational 

force, and moves at a small distance (Figure 7.1 (iii) (c)). Similar to the slip case, the particle is transported 

in the horizontal direction as the process is repeated. Although the particle is also transported owing to its 

own rotation motion on the plate, the lunar and Martian regolith does not rotate easily because of their sharp 

shape; therefore, slip and floating are the main factors that influence the motions of particles during the pro-

cess of vibration transport. 

 

Figure 7.2 Calculation model of particle motion on a vibrating plate. 

7.2.2 Calculation Model of Transported Particle 

Figure 7.2 shows the calculation model of a particle transported by the vibrating plate that is inclined at an 

angle of  and vibrated in the -direction. The motion equation in the -direction for the particle affected by 

the gravitational force, adhesion force, and the repulsive force N from the vibrating plate is represented by 

Equation (7.1). 

cosm m adhesiong F Nmmgmm                (7.1)  

where m, , g, and  are the particle mass, particle position, gravitational acceleration, and inclination of the 

vibrating plate, respectively. The adhesion force is represented by Equation (2.30). The repulsive force N 

from the vibrating plate in the -direction is represented by Equation (7.2).  

cosm m adhesionN g Fgcom com             (7.2)  

If the particle does not float above the plate and does not slip on the plate, the particle acceleration is equal to 

the plate acceleration plate, which is represented by Equation (7.3).  

2 sin
2plateA tplate                    (7.3)  

where Aplate and  are the amplitude of the vibration and the angular frequency of the plate, respectively. The 

velocity and position of the particle are calculated from Equation (7.3) when the particle does not float above 
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the plate and does not slip on the plate. The friction force acting on the particle is represented by Equation 

(7.4). 

cosd m
m

adhesion
friction

FF gcoscoscos                   (7.4)  

Here, d is the friction coefficient. If the inertial force of the particle is larger than the friction force, as indi-

cated in Equation (7.5), the particle starts to slip on the plate. In this case, the motion equation in the 

-direction for the particle can be described by Equation (7.6). 

cosd m
adhesionFgddd coscoscos                    (7.5)  

6 sin cosdm R m 'm
m

adhesionFg g666 sisis6 sinsinsssin coscoscos                       (7.6)  

Here, , , R, and d’ are the particle position, air viscosity, particle radius, and dynamic coefficient of parti-

cle friction, respectively. The particle is affected by air drag, gravitational force, and friction force as repre-

sented in the first, second and third term on the right hand side of Equation (7.6), respectively. The direction 

of the friction force corresponds to the reverse direction of the particle slip. When the plate velocity in the 

-direction reaches the velocity of the slipped particle, the particle-slip is stopped, and the particle starts to 

move simultaneously with the plate as represented by Equation (7.3).  

If the particle is highly accelerated in the -direction, exceeding the gravitational acceleration and 

adhesion force as shown in Equation (7.7), the particle starts to float.  

cos
m

adhesionFgcocog                                (7.7) 

The motion equations of the floating particle are represented by Equations (7.8) and (7.9).  

6 sinm R mg6 sin66 sin66                     (7.8)  

6 cosm R mg666 cos66                                  (7.9) 

If the particle touches the vibrated plate as indicated in Equation (7.10), the particle begins to move simulta-

neously with the plate again, as shown in Equations (7.3) and (7.6). 

sin sin 1
2plateA t             (7.10)  

The initial velocities and positions of the particle in the - and - directions were set to be zero. The particle 

trajectory was followed by solving the motion equation of the particle using the Runge Kutta method with a 

small time step, as the parameters of the particle and vibrating plate were altered. In low gravity and vacuum 
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environments, the gravitational acceleration g was fixed at 1.6 m/s2 and the air drag was neglected in vacuum. 

The particle was assumed to be the lunar regolith, and a specific gravity of 2,700 kg/m3, a diameter of 100 

m, and a coefficient of adhesion force of 0.00027 were used for the calculation as standard parameters. The 

static friction coefficient of 0.83 for lunar regolith was obtained from the literature [11], and the dynamic 

friction coefficient was assumed to be 4/5 of the static value. 

7.2.3 Calculated Particle Motions in Earth and Space Environments 

Figure 7.3 shows the trajectories of the particle in the -direction and -direction when the vibration acceler-

ation of the plate is varied. Figure 7.4 shows those in the -direction over a long duration. The Gv and G are 

coefficients for the vibration acceleration and gravitational acceleration, respectively, and 1.0-Gv and 1.0-G 

are equal to 9.8 m/s2. Although the particle does not float above the plate when the vibration acceleration is 

smaller than 2.0-Gv, as shown in Figure 7.3 (a), the particle slips on the plate for a small distance in a single 

round trip of the plate in case of 1.5-Gv and 2.0-Gv, and continuous transport is successful as shown in Figure 

7.3 (b). At 1.0-Gv, the particle vibrates in the same area repeatedly owing to the static friction. When the vi-

bration acceleration is larger than 3.0-Gv, the particle floats and touches down repeatedly, and the particle is 

transported faster in the case of floating than that of slip, as shown in Figure 7.4. In addition, the transport 

velocity increases with the vibration acceleration in conditions of that less than 9.0-Gv. At 9.0-Gv, the particle 

always touches the plate as the height is approximately 0.5 mm where the plate does not accelerates to 

maximum; therefore, the particle is not accelerated faster in 9.0-Gv than in 7.0-Gv. Although the timing of the 

contact between the particle and plate is important, the vibration acceleration is the key factor for the success 

of the vibration transport.  

 

    (a) -direction                                   (b) -direction 

Figure 7.3 Calculated particle motions in (a) -direction and (b) -direction during transport when vibration 
acceleration is varied (vibration frequency: 45 Hz, vibration inclination: 45°, plate inclination: 0°, in air and 1-G 
gravity environment). 1.0-Gv and 1.0-G are equal to 9.8 m/s2. 
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Figure 7.4 Calculated particle motion in -direction during long duration of transport when vibration accelera-
tion is varied (vibration frequency: 45 Hz, vibration inclination: 45°, plate inclination: 0°, in air and 1-G gravity 
environment). 1.0-Gv and 1.0-G are equal to 9.8 m/s2. 

 Figure 7.5 shows the trajectories of the particle that slipped on the plate in the -direction at 1.5-Gv 

vibration when the vibration frequency is varied. Because the vibration acceleration is constant, the particle 

does not float above the plate in all frequencies as shown in Figure 7.5. However, the particle moves faster at 

low frequencies because the effect of the particle slip is significant at low frequency than that at high fre-

quency. Figure 7.6 shows the trajectories of the particle floating at 5.0-Gv vibration. The jumping particle 

moves faster at low frequency in the same way as the slipped particle. At low frequency, the particle does not 

have a long time of contacting with the plate, and the particle is not affected by friction force for a long time. 

Although a high amplitude of the plate vibration is required at low frequency to achieve the high acceleration, 

the particle transport is faster at low frequency.  

 
     (a) short duration                               (b) long duration 

Figure 7.5 Calculated motion of slipping particle in -direction during transport when vibration frequency is 
varied for (a) short and (b) long durations (vibration acceleration: 1.5-Gv, vibration inclination: 45°, plate in-
clination: 0°, in air and 1-G gravity environment). 1.0-Gv and 1.0-G are equal to 9.8 m/s2. 
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Figure 7.6 Calculated motion of floating particle in -direction during transport as vibration frequency is varied 
(vibration acceleration: 5.0-Gv, vibration inclination: 45°, plate inclination: 0°, in air and 1-G gravity environ-
ment).  

Figure 7.7 shows the particle trajectories in the -direction at 1.5-Gv and 5.0-Gv vibration, respec-

tively, as the vibration inclination is varied. In 1.5-Gv and 5.0-Gv, the slipped and floating particles are not 

transported when the vibration inclination is set to be 0° and 90°, and the trajectories are eliminated from the 

figures. As shown in Figures 7.7 (a) and (b), the velocities of the slipped and floating particles are smaller at 

15° vibration inclination because the vibration acceleration of the plate in the -direction is small, which re-

sulted in small friction force. On the other hand, the particle velocity is low at large vibration inclination 

simply because the force required from the plate to push the particle in the -direction is small. The optimum 

vibration inclination range for transporting particle is 30° 45°. 

 
   (a) 1.5-Gv                                       (b) 5.0-Gv 

Figure 7.7 Calculated motion of the slipping particle in -direction during transport as vibration inclination is 
varied (vibration acceleration: (a) 1.5-Gv and (b) 5.0-Gv, vibration frequency: 45 Hz, plate inclination: 0°, in air 
and 1-G gravity environment).  
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Figure 7.8 shows the trajectories of the large particle, 300 m in diameter, in the -direction as the 

vibration acceleration is varied. Compared with Figures 7.3 and 7.4 that show the trajectories of the small 

particle that is 100 m in diameter, the large particle is transported faster than the small particle as shown in 

Figure 7.8. Although Figure 7.3 shows that the small particle cannot be transported in 1.0-Gv, the large parti-

cle is transported in that condition, because the effect of the inertial force is larger compared to the adhesion 

force acting on the large particle. The results indicate that the transport performance is higher when moving 

large particles.  

 

(a) short duration                                (b) long duration 

Figure 7.8 Calculated motion of large particle, 300 m in diameter, in -direction during transport as vibration 
acceleration is varied for (a) short and (b) long durations (vibration frequency: 45 Hz, vibration inclination: 45°, 
plate inclination: 0°, in air and 1-G gravity environment). Calculation result in case of particle 100 m in di-
ameter is shown in Figure 7.3. 

Figure 7.9 shows the trajectories of the particle in the - and - directions, respectively, when the 

vibration acceleration is varied in the Moon gravity. Although the particle cannot be transported in 1.0-Gv on 

the Earth gravity as shown in Figure 7.3, the particle can be transported at 1.0-Gv vibration acceleration in 

one-sixth gravity of the Moon as shown in Figure 7.9 (b) because the gravitational force and the resultant 

friction force are small, and the slip between the particle and plate occurs easily. As shown in Figure 7.9 (a), 

the particle easily floats at a higher position in the Moon gravity and the probability of contact with the vi-

brating plate decreases. The transport velocities of floating particles are smaller in the Moon gravity than in 

the Earth gravity.  

Figure 7.10 shows the particle trajectories in the lunar environment. The particle is transported 

faster owing to the absence of air drag, which means that transport performance in space is superior to that 

on the Earth.  
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               (a) -direction                                  (b) -direction 

Figure 7.9 Calculated particle motions in (a) -direction and (b) -direction during transport as vibration ac-
celeration is varied (vibration frequency: 45 Hz, vibration inclination: 45°, plate inclination: 0°, in air and 1/6-G 
gravity environment). Calculation result in case of assuming air and 1-G environment is shown in Figure 7.3.  

 
Figure 7.10 Calculated particle motion in -direction during transport as vibration acceleration is varied (vi-
bration frequency: 45 Hz, vibration inclination: 45°, plate inclination: 0°, in vacuum and 1/6-G gravity envi-
ronment on Moon). Calculation result in case of assuming air and 1-G environment is shown in Figure 7.4.  

Figure 7.11 (a) and (b) show the trajectories of the particle in the -direction when the vibrated 

plate is inclined at 15°, and the vibration inclinations are set to be 45° and 60°, respectively. The figure 

shows that the particle can be transported in the oblique direction. At 1.5-Gv, the particle is transported in the 

horizontal direction; however, the transport in the oblique direction is not successful. Large vibration accel-

eration is required to transport the particle in the oblique direction. In addition, the transport velocity in-

creases at 60° vibration inclination as shown in Figure 7.11 (b), compared to that at 45° as shown in Figure 

7.11 (a). When the particle is transported in the oblique direction, the vibration inclination should be set larg-

er than that in the horizontal direction.  
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              (a) vibration inclination 45 °                         (b) vibration inclination 60 ° 

Figure 7.11 Calculated particle motion in -direction during transport as vibration acceleration is varied (vi-
bration frequency: 45 Hz, vibration inclination: (a) 45° and (b) 60°, plate inclination: 15°, in air and 1-G gravity 
environment). Calculation result in case of vibration inclination at 45° and plate inclination at 0° is shown in 
Figure 7.4.  

 
              (a) vibration inclination 60 °                       (b) vibration inclination 75 ° 

Figure 7.12 Calculated particle motion in -direction during transport as vibration acceleration is varied (vi-
bration frequency: 45 Hz, vibration inclination: (a) 60° and 75°, plate inclination: 45°, in air and 1-G gravity 
environment).  

Figure 7.12 (a) and (b) show the trajectories of the particle in the -direction when the plate is 

steeply inclined at 45°, and vibration inclinations are set to be 60° and 75°, respectively. Figure 7.12 (a) 

shows that the particle falls along the surface of the plate owing to the large gravitational force when the vi-

bration inclination is 60°. If the vibration inclination is increased to 75°, the particle can be transported at 45° 

plate inclination, as shown in Figure 7.12 (b).  

Figure 7.13 shows the trajectories of the particle when the plate is inclined at 60° in the Earth and 
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be 45° on the Earth. In the lunar environment, the particle can be transported in 60° oblique direction owing 

to the small gravitational force. The performance of vibration transport is expected to improve in the space 

environment. Based on these calculated results, the vibration transport system has been developed. 

 
Figure 7.13 Calculated particle motion in -direction during vibration transport on the Earth and Moon (vibra-
tion frequency: 45 Hz, vibration inclination: 75°, plate inclination: 60°).  

7.3 Vibration Transport System Using Dielectric Elastomer Actuator 

7.3.1 Driving Mechanism of Dielectric Elastomer Actuator 

For installation in the particle transport system, it is preferable to use an actuator that does not have mechan-

ical drives, has dust tolerance, and has high reliability for the operation in space environments [12]. In this 

study, the DEA is utilized because it does not require mechanical drives. Figure 7.14 (a) shows the driving 

mechanism of a sheet-like DEA. An elastomer film with a low Young’s modulus is sandwiched between the 

elastic electrodes. When a high DC voltage is applied to the electrodes, the Maxwell stress, as represented by 

Equation (7.11) [3], acts on the elastomer film in the compressive direction, and a large displacement of the 

elastomer occurs along the vertical direction to the compression.  

2

0r
VF
d

                    (7.11)  

where V, εr, ε0, and d are the applied voltage, relative permittivity, permittivity of free space (8.8 × 10-12 F/m), 

and thickness of elastomer, respectively. The deformation of the sheet-like DEA is released when the applied 

voltage is turned off. If an AC voltage is applied to the electrodes, the sheet-like DEA vibrates in the elonga-

tion direction. This simple sheet-like DEA can be used for other configurations. For instance, if the sheet-like 

DEA is rolled and an AC voltage is applied to the electrodes, the cylindrical DEA vibrates in the axial direc-

tion, as shown in Figure 7.14 (b). 
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Figure 7.14 Driving mechanisms of (a) sheet-like DEA and (b) cylindrical DEA. 

7.3.2 System Configuration of Vibration Transport System Using Dielectric Elastomer Actu-
ator 

Two types of vibration transport systems using the DEA were developed. One type utilizes a DEA consisting 

of the acrylic elastomer sheet VHB4910 (3M, thickness: 1.0 mm, Young’s modulus: 0.22 MPa, relative per-

mittivity: 3.21) [9]. The elastomer sheet was stretched to expand its area to 150 × 150 mm2 from 50 × 50 

mm2 to achieve high deformation. The stretched elastomer was sandwiched by carbon grease (Art36-028, 

STRAIGHT) as stretchable electrodes. One side of the sheet-like DEA was stuck to the top of a spring (di-

ameter: 20 mm, free length: 50 mm, spring constant: 0.22 N/mm) and the opposite side of the sheet was 

stuck to an acrylic ring (diameter: 50 mm). Because the shape looks like a mountain as shown in Figure 7.15 

(a), it is named mountain-shaped DEA. When a high voltage was applied to one surface of the DEA and the 

other surface was grounded, the DEA was deformed along the axial direction of the spring. When a DC high 

voltage was applied to the DEA, the displacement of the top was measured using a high-speed camera 

(FASTCAM SA5, Photoron), and the displacement is shown in Figure 7.15 (b). The displacement increased 

with the square of the applied voltage. When the voltage was larger than 5 kV, the DEA was broken, owing 

to a breakdown in insulation. When a high voltage of sine wave was applied to the DEA by using a function 

generator (SG-4115, IATSU) and amplifier (HVA4321, NF Corporation), the DEA vibrated in the axial di-

rection, and the vibration displacement measured using the high-speed camera is shown in Figure 7.16 (a). 

From the measured displacement, the accelerations were determined as shown in Figure 7.16 (b). The figure 

shows that the vibration acceleration increased with the applied voltage. The displacement increased with the 

frequency of applied voltage in the low frequency range; however, the displacement decreases in high fre-

quency range because a certain amount of time is required for the DEA to achieve maximum deformation. 

The optimum frequency is approximately 30 Hz. 
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   (a)                                         (b) 
Figure 7.15 (a) Configuration of mountain-shaped DEA using acrylic elastomer sheet, and (b) displacement of 
mountain-shaped DEA versus DC applied voltage. 
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     (a)                                                (b) 

Figure 7.16 (a) Displacement of mountain-shaped DEA and (b) vibration acceleration of mountain-shaped 
DEA versus applied AC voltage and frequency. 1.0-Gv is equal to 9.8 m/s2. 
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four springs (diameter: 11 mm, free length: 22 mm, spring constant: 0.157 N/mm), and attachments for ar-

ranging the angle of the DEA to the plate, the vibration transport system was assembled as shown in Figures 

7.17 and 7.18 (a). This is called Type-1 for convenience. When an AC high voltage was applied to the moun-

tain-shaped DEA, the displacement of the plate was measured using a high-speed camera (FASTCAM SA5, 

Photoron) and the acceleration determined from the measured displacement is shown in Figure 7.18 (b). 

When the frequency of applied voltage is approximately 20 Hz, the accelerations of the plate are high at vi-

bration inclination of 45°-75°, as shown in Figure 7.18 (b). 
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scribed in section 7.2.3, the simulant particles sorted smaller and larger than 106 mm using a mechanical 

sieve were used for the experiments. The applied voltage of 5 kV was fixed, and the frequency of the applied 

voltage and the DEA inclination were selected as a parameter. 

 

Figure 7.17 Configuration of the Type-1 vibration transport system using the mountain-shaped DEA. 

 
     (a)                                          (b) 

Figure 7.18 (a) Photograph of the Type-1 vibration transport system using the mountain-shaped DEA, and (b) 
vibration acceleration of the plate in the Type-1 vibration transport system. 1.0-Gv is equal to 9.8 m/s2. 

 Because the mountain-shaped DEA of the Type-1 system was pre-stretched at all times, the perfor-

mance deteriorated in a short amount of time. Therefore, life cycle is an issue. Consequently, a cylindrical 

DEA (outer diameter: 12 mm, length: 60 mm) that does not require pre-stretching to achieve large defor-

mation was provided by Toyoda Gosei, as shown in Figure 7.19 (a), and used for the Type-2 vibration 

transport system. Figure 7.19 (b) shows the displacement of the cylindrical DEA elongation in the axial di-

rection versus the DC applied voltage. The displacement increased with the applied voltage as shown in Fig-

ure 7.19 (b), and its effect is different from the mountain-shaped DEA. To avoid insulation breakdown, 1,000 

V was set as the maximum voltage. The Type-2 vibration transport system was assembled using the cylin-

drical DEA as shown in Figures 7.20 and 7.21 (a). The system consists of two cylindrical DEAs, acrylic 
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N/mm), and attachments for setting the angle of the DEA to the plate. The alternating high voltage of sine 

wave generated using a function generator (SG-4115, IATSU) and amplifier (HVA4321, NF Corporation) 

was applied to the DEA; the resultant vibration was utilized to transport the particles. When an AC high 

voltage was applied to the cylindrical DEA, the displacement of the plate was measured using a high-speed 

camera (FASTCAM SA5, Photoron) and the acceleration determined from the measured displacement is 

shown in Figure 7.21 (b). When the vibration inclination ranges from 60° to 75°, the accelerations of the 

plate exceeded 1.5-Gv in conditions approximately 40 Hz. 

 
(a)                                         (b) 

Figure 7.19 (a) Photograph of cylindrical DEA provided by Toyoda Gosei, and (b) displacement of cylindrical 
DEA versus DC applied voltage. 

In the experiment using this Type-2 vibration transport system, the applied voltage of 1,000 V and 

the frequency of 35 Hz were fixed for transport experiments, and the vibration inclination was varied as a 

parameter. Both the velocity and amount of the transported particles were evaluated as the performance in-

dices for the Type-2 system. The lunar regolith simulant was fed to the system from one side of the plate us-

ing an electromagnetic feeder (CF-01, Sinfonia Technology). Then, the amount of transported particles that 

reach the collection capsule set on the other side of the plate was measured.  

 

Figure 7.20 Configuration of the Type-2 vibration transport system using the cylindrical DEA.  

15 mm

rolled elastomer

stretchable electrode
0

0.05

0.1

0.15

0 200 400 600 800 1000

di
sp

la
ce

m
en

t 
m

m

applied DC voltage V

DEA
power supply container

feeder

acrylic
plate

spring
vibration Inclination

base



Chapter 7 

 152 

 

(a)                                        (b) 

Figure 7.21 (a) Photograph of the Type-2 vibration transport system using the cylindrical DEA, and (b) vibra-
tion acceleration of the plate in Type-2 vibration transport system. 1.0-Gv is equal to 9.8 m/s2. 

7.3.3 Performance of Vibration Transport System Using Dielectric Elastomer Actuator 

Figure 7.22 (a) and (b) show the measured velocities of the transported lunar and Martian simulant particles, 

respectively, by using the Type-1 vibration transport system when the DEA inclination and frequency of ap-

plied voltage were varied. When the frequency ranges from 10 Hz to 40 Hz, the transport of particles was 

successful. Because the vibration acceleration was high in frequencies ranging from approximately 20 to 30 

Hz as shown in Figure 7.18 (b), the transported velocities were high in those conditions. Although the accel-

eration of the plate did not exceed 1.0-Gv when the frequency was approximately 10 Hz, the transport was 

successful, which means the particles slipped on the plate. For the lunar and Martian particles, the system 

performance was improved at 60° inclination, and the maximum velocities were approximately 50 mm/s and 

70 mm/s, respectively. The measured velocities were similar to the calculated velocities described in section 

7.2.3. The reason why the Martian regolith was transported faster than the lunar regolith is because the Mar-

tian particles contain relatively large particles. Figure 7.23 (a) and (b) show the measured transport velocities 

of small, large, and nominal particles for lunar and Martian regolith simulants. As shown in this figure, the 

transport velocity of large particles was higher than that of small particles for the lunar and Martian regolith. 

The transport of small particles was more difficult than that of large particles. The tendencies of the experi-

mental results agree closely with the calculation results described in section 7.2.3. 
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(a) lunar regolith simulant                      (b) Martian regolith simulant 

Figure 7.22 Measured transport velocities of (a) lunar regolith simulant and (b) Martian regolith simulant, of 
nominal particles, as the frequency of applied voltage and vibration inclination were varied in air and 1-G en-
vironment (applied voltage: 5 kV).  

 
    (a) lunar regolith simulant                     (b) Martian regolith simulant 

Figure 7.23 Measured transport velocities of small (< 106 m), large (> 106 m), and nominal particles of (a) 
lunar regolith simulant and (b) Martian regolith simulant as the frequency of applied voltage was varied in air 
and 1-G environment (applied voltage: 5 kV, vibration inclination: 45°).   
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g/s as maximum in the condition of 60° inclination. When the supply rate increased further, the transport rate 

decreased. Even if a large number of particles were fed to the surface of the plate and the sediment particles 

also increased, the acceleration of the plate did not decrease. Figure 7.25 shows the effect of the sediment 

particles on the plate displacement, and the result shows that the displacement of the plate did not decrease 

with an increase in the amount of sediment particles. The reason why the performance was worsened at a 

high-supply rate was because the large amount of particles on the surface of the plate disturbed their own 

transportation. When the supply rate was lower than 1.6 g/s, the particles were smoothly transported, as 

shown in Figure 7.26 (a) and the velocity was high. On the other hand, under the condition of a high-supply 

rate of 3.3 g/s, a large amount of transported particles become jammed as shown in Figure 7.26 (b). Thus, the 

flow of particles was disrupted, which lowered the transportation velocity.  

 

Figure.7.24 Measured transport rate of lunar regolith simulant particles larger than 106 m in diameter, versus 
supply rate and vibration inclination in air and 1-G environment (applied voltage: 1,000 V, frequency of applied 
voltage: 35 Hz).  

 
Figure 7.25 Measured displacement and sediment particles on plate versus supply rate in air and 1-G envi-
ronment (applied voltage: 1,000 V, frequency of applied voltage: 35 Hz, vibration inclination: 60°).
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Figure 7.26 Observed transported particles as (a) 1.6 g/s and (b) 3.3 g/s of particles larger than 106 m were 
supplied in air and 1-G environment.  

The effect of particle diameter on the transport rate was also investigated. Figure 7.27 shows the 

measured transport rates for lunar regolith simulant particles with diameters larger than 106 μm, smaller than 

106 μm, and nominal sizes. Similar to the transport velocity, the transport rate of large particles was higher 

than that of small particles, as shown in Figure 7.27. This is because the effect of the inertial force is large 

compared to the adhesion force acting on the large particle, as predicted in section 7.2.3.  

 
Figure.7.27 Measured transport rate of small (< 106 m), large (> 106 m), and nominal lunar regolith simu-
lant versus supply rate in air and 1-G environment (applied voltage: 1,000 V, frequency of applied voltage: 35 
Hz, vibration inclination: 60°).  
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7.4 Vibration Sampling System Using Electromagnetic Actuator 

7.4.1 System Configuration 

The mechanism of the vibration sampling system that uses an electromagnetic actuator is similar to that of 

the vibration transport system that uses the DEA. When the acrylic tube was introduced into the bulk of par-

ticles in the oblique direction and the tube was vibrated, the particles are transported in the vibrated tube, 

moving upward and passing through the vibrated tube to the collection box. In order for the actuator to vi-

brate the tube, an electromagnetic vibrator was utilized. The actuator generates vibration by supplying an 

electric current to the inner coil and utilizing the resulting magnetic field to attract and release the permanent 

magnet, repeatedly. In addition, because the actuator does not require mechanical drives similar to the DEA, 

the system has high tolerance to dust contamination. Although the DEA can be used as the actuator for the 

sampling system, two types of electromagnetic vibrators were used in the experiments. The transport per-

formance in the horizontal direction was investigated in preceding section, and the vibration transport of par-

ticles in the oblique direction is investigated in this section. 

 Figure 7.28 shows the sampling system using the Type-A electromagnetic vibrator [10]. The di-

mensions of transparent acrylic tube include a 16 mm outer diameter, 11.6 mm inner diameter, and 330 mm 

length. The tube, fixed on a conventional electromagnetic vibrator (CF-1, Sinfonia Technology), is vibrated 

in an oblique direction. The left end of the tube is bent at a right angle and introduced to a capsule that col-

lects the transported regolith. The weight of the collected regolith was measured concurrently with the sam-

pling operation by using an electric balance placed under the sampling capsule. Figure 7.29 shows a photo-

graph of the experimental setup. 

 

Figure 7.28 Experimental setup of the vibration sampling system using the Type-A electromagnetic vibrator.  
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Figure 7.29 Photograph of the vibration sampling system using the Type-A electromagnetic vibrator.  

Because the parameters of vibration displacement and frequency cannot be set independently in the 

case of using the Type-A vibrator, another electromagnetic vibrator (513-B, EMIC) was also used as shown 

in Figure 7.30 (a), which is the Type-B electromagnetic vibrator. The dimensions of the transparent acrylic 

tube include a 16 mm outer diameter, 11.6 mm inner diameter, and 200 mm length. The inner and outer di-

ameters are the same as those in Figure 7.30. The tube, fixed on an electromagnetic vibrator, is vibrated in an 

oblique direction of 45° vibration inclination to generate the transport force. The left end of the tube is bent 

to 120° and introduced to a capsule that collects the transported regolith. The other side was inserted into the 

bulk of particles at 15° insertion inclination. The weight of the collected regolith was measured concurrently 

with the sampling operation using an electric balance placed under the sampling capsule. The frequency and 

amplitude of the Type-B vibration are independently varied as the experimental parameters. Figure 7.30 (b) 

shows a photograph of the experimental setup. 

  
    (a)                                       (b) 

Figure 7.30 (a) Diagram and (b) photograph of experimental setup of vibration sampling system using Type-B 
electromagnetic vibrator.  
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7.4.2 Performance of Vibration Sampling and Transport System Using Electromagnetic Vi-
brator 

Figures 7.31 and 7.32 show the weight of the transported lunar and Martian regolith in the capsule plotted 

against the operating time for the Type-  electromagnetic vibrator. The onset of the excitation is the start of 

the operating time. The initial penetration rate of the tube into the regolith layer, defined as shown in Figure 

7.33 (a), was selected as the experimental parameter. As shown in Figures 7.31 and 7.32, the experiments 

demonstrated that a substantial amount of regolith was transported upwards against the Earth gravity for a 

short period, if the end of the tube was immersed in the regolith layer. The transport process is categorized 

into three phases as illustrated in Figure 7.33 (b). A dead time period (Phase I: 0-2.5 s) exists after the excita-

tion onset because it takes time for the regolith to reach the capsule through the long tube. The transport rate 

is highest in Phase II, when there is sufficient regolith within the open tube for a plentiful supply of particles, 

as shown in Figure 7.34 (a). The rate was decreased after a large proportion of the regolith that initially filled 

the open end of the tube was actually transported to the capsule, i.e., the penetration depth decreased because 

the surrounding regolith had been removed (Phase III). In this phase, the regolith in the vicinity of the open 

end of the tube fell down on the sides of the tube opening, and stuck on the outside of the tube because of 

tube vibration, as shown in Figure 7.34 (b). This condition gradually decreased the transport rate because the 

tube remained at a fixed location, eventually depleting the amount of regolith in the vicinity of the tube. 

 

Figure 7.31 Weight of transported lunar regolith simulant in capsule plotted against operating time as pene-
tration rate of tube is varied in air and 1-G environment (vibration acceleration: 7.3-Gv, vibration frequency: 90 
Hz, vibration inclination: 35°, insertion inclination: 15°). 

0

1

2

3

4

5

0 2 4 6 8 10

tra
ns

po
rte

d 
re

go
lit

h
g

time s

phase III

penetration rate: 0.25

0.50

0.75

1.00phase I
phase II



Chapter 7 

 159 

 
Figure 7.32 Weight of transported Martian regolith simulant in capsule plotted against operating time as pen-
etration rate of tube is varied in air and 1-G environment (vibration acceleration: 7.3-Gv, vibration frequency: 
90 Hz, vibration inclination: 35°, insertion inclination: 15°). 

 
(a)                                           (b) 

Figure 7.33 (a) Definition of penetration rate of tube in regolith bulk, and (b) schematic of transport process 
categorized into three phases.  

 
 (a)                                          (b) 

Figure 7.34 Open end of tube immersed in lunar regolith bulk observed during operation in air and 1-G envi-
ronment; arrows show flow of regolith (vibration acceleration: 7.3-Gv, vibration frequency: 90 Hz, vibration 
inclination: 35°, insertion inclination: 15°): (a) Phase II; (b) Phase III. 
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Figure 7.35 (a) and (b) show the effect of the insertion inclination of the tube on the transport rate 

in the case of using lunar and Martian regolith particles. The transport rate is decreased at high-inclination 

angles. However, a substantial amount of regolith can be raised against gravity and transported even when 

the inclination is as high as 45°. This behavior agrees well with the calculated results as shown in section 

7.2.3. The threshold inclination of the lunar and Martian regolith on the Earth was approximately 45° for the 

10 s operation time. If the inclination is higher than the threshold, the particles cannot be elevated against 

gravity. Because the gravity on the Moon and Mars are one-sixth and three-eighths of that on the Earth, re-

spectively, the threshold of the inclination on the Moon and Mars will be higher than that on the Earth. 

 
   (a) lunar regolith simulant                     (b) Martian regolith simulant 

Figure 7.35 Weight of (a) transported lunar regolith simulant and (b) transported Martian regolith simulant in 
capsule plotted against operating time as insertion inclination of tube is varied in air and 1-G environment 
(vibration acceleration: 7.3-Gv, vibration frequency: 90 Hz, vibration inclination: insertion inclination + 35°, 
penetration rate: 1.0). 

Using the optimum conditions of the penetration rate as 1.0 and the inclination as 15°, the effect of 

vibration acceleration and vibration frequency was investigated using the Type-  electromagnetic vibrator. 

Figure 7.36 (a) and (b) show the effect of the vibration acceleration and the frequency on the sampling per-

formance in the case of using the lunar regolith simulant, respectively. As shown in Figure 7.36 (a), the per-

formance was improved with respect to the vibration acceleration, as predicted in section 7.2.3. In addition, 

Figure 7.36 (b) shows that the performance increased with a decrease in frequency, and the result also agreed 

closely with the calculated result. However, many particles interacted with each other in the experiments, 

resulting in a more efficient sampling performance, compared with the calculation results. 
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   (a)                                          (b) 

Figure 7.36 Weight of transported lunar regolith simulant in capsule plotted against operating time as (a) vi-
bration acceleration and (b) vibration frequency of tube are varied in air and 1-G environment (vibration fre-
quency: 50 Hz, vibration inclination: 45°, insertion inclination 15°, penetration rate: 1.0).   

7.5 Combination of Vibration Sampling with Electrostatic and Magnetic Samplers 

7.5.1 Configuration of Experimental Setup 

To address the problem that the vibration sampling system cannot capture particles without touching the vi-

brating tube, the electrostatic sampler and magnetic sampler were attached to the tube of the vibration sam-

pling system. In the case of using the electrostatic sampler, the diagram of the sampling part is shown in Fig-

ure 7.37 (a). The parallel screen electrodes made of stainless steel were attached at a slanting angle of 30°, 

and the initial penetration depth was the experimental parameter as shown in Figure 7.37 (b). The electrodes 

were initially inserted into the bulk regolith as shown in the Figure 7.37 (b). Although the mechanism of the 

sampling part is the same as the electrostatic sampler described in Chapter 5, the geometry of the parallel 

electrode was modified by adapting the vibration sampling system. The thickness and opening of the screen 

electrodes were 6 mm and 3 × 3 mm2, respectively, and the distance between the screen electrodes was fixed 

at 6 mm. A single-phase rectangular high voltage applied to the parallel electrodes was generated by a 

high-voltage power supply (HEOPT-5B20, Matsusada Precision) and a function generator. The particles agi-

tated by the electrostatic part pass through the opening of electrodes and the captured particles are transport-

ed by the vibrating tube toward the collection box. The experimental setup without the electrostatic part is 

the same as that of the Type-  sampling system as shown in Figure 7.29.  

Figure 7.38 (a) shows a photograph of vibration sampling system combined with the magnetic 

sampler, while Figure 7.38 (b) shows the diagram of the sampling part. The solenoid coil (wire turn: 1,000) 

is wound around the end of the acrylic tube. The inclination of the sampler and the distance from the sampler 

and particle were set to be 30° and 0 mm, respectively, as shown in Figure 7.38 (b). Pulse currents were sup-

plied ten times to the solenoid coil (magneto-motive force: 5,000 AT, applied time: 40 ms, dead time: 500 

ms). Then, the agitated particles were attracted inside the coil and transported by the vibrating tube to the 
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collection box. The experimental setup without the electromagnetic coil is the same as the Type-B vibration 

sampling system, as shown in Figure 7.30. In this experiment, the magnetic particle was used, and the detail 

was shown in Chapter 6. 

 

 (a)                                            (b)  

Figure 7.37 (a) Photograph of sampling part of vibration sampling system combined with electrostatic force, 
and (b) definition of penetration depth of pipe into the regolith layer.  

 

     (a)                                                 (b)  

Figure 7.38 (a) Photograph of vibration sampling system combined with magnetic sampler, and (b) definition 
of inclination of the sampling part and distance between sampling part and particles surface.  

7.5.2 Sampling and Transport Performance of Vibration System Combined with Electrostatic 
Sampler 

Figure 7.39 (a) shows the weight of captured regolith plotted against the operating time when a high AC 

voltage was applied between the parallel screen electrodes. The start of the operating time was determined to 

be the moment when the particles reached the capsule. Some amount of regolith can be captured when the 

screen electrode is in contact with the regolith. However, the capture rate was much smaller than the 

transport rate. The total collection rate was capture controlled. Figure 7.39 (b) shows the effect of the applied 

voltage between the parallel screen electrodes. The capture rate increased with the increase in the applied 

voltage. 
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(a)                                         (b)  

Figure 7.39 Weight of transported lunar regolith simulant in capsule plotted against operating time as (a) 
penetration depth of pipe into regolith and (b) applied voltage to part of electrostatic sampler are varied (vi-
bration acceleration: 7.3-Gv, vibration frequency: 90 Hz, vibration inclination: 35°, pipe inclination 15°, fre-
quency of applied voltage: 1.0 Hz, (a) applied voltage: 10 kVp-p, (b) penetration depth: 0 mm, in air and 1-G 
environment). 

7.5.3 Sampling and Transport Performance of Vibration System Combined with Magnetic 
Sampler 

Figure 7.40 (a) and (b) show the weight of captured magnetic particles plotted against the operating time 

when the magneto-motive force was applied and not applied, respectively, and when the vibration frequency 

was varied. Although the distance from the sampler and particle was set to be 0 mm, some particles were 

introduced into the pipe even though the magnetic sampler was not activated, as shown in Figure 7.40, be-

cause the vibration amplitude is comparably large at vibration frequencies of 30 Hz and 50 Hz, and the parti-

cles entered the pipe when the pipe reached the lowest position of vibration. At 70 Hz and 90 Hz frequencies, 

the particles could not be collected. When the magnetic sampler was activated, the total amounts of collected 

particles were increased in all conditions of vibration frequency. 
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(a) not activated                                     (b) activated 

Figure.7.40 Weight of transported magnetic particles in capsule plotted against operating time as vibration 
frequency is varied by (a) not activating and (b) activating magnetic sampler (vibration acceleration: 3.0-Gv, 
vibration inclination: 45°, pipe inclination 30°, distance between coil and particles: 0 mm, (b) magneto-motive 
force: 5,000 AT, (b) applied time: 40 ms, (b) dead time: 500 ms, (b) pulse times: 10, in air and 1-G environ-
ment). 

7.6 Summary 

To achieve reliable handling of large amounts of lunar and Martian regolith, a vibration transport system uti-

lizing the DEA and an electromagnetic vibrator has been developed. Its performance was evaluated by sim-

ple model calculations and experiments. The insights achieved from the results are shown below. 

1. The vibration transport and vibration sampling system can transport large amounts of lunar and Martian 

regolith particles. Two types of DEA and electromagnetic vibrators could be used as actuators. The par-

ticles are transported as they slip on the vibrated plate at low-vibration acceleration, or as they jump 

above the plate at large vibration acceleration. 

2. High vibration acceleration and low vibration frequency are preferable for better system performance.  

3. Large particles could be transported in the horizontal direction easier than small particles because the 

effect of inertial force increased with particle diameter. 

4. The vibration sampling system could transport particles in the oblique direction in the Earth environ-

ment for a maximum inclination of approximately 45°.  

5. The results of the simple model calculations agreed quantitatively well with the experimental results. 

The calculation predicted that the vibration transport performance and the vibration sampling system 
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performance will be improved in space environments.  

6. The vibration sampling system could not collect particles that did not contact the vibrated parts. Howev-

er, when the system is combined with the electrostatic sampler and magnetic sampler, it could collect 

particles without contacting them.  

The vibration transport systems equipped with the DEA and electromagnetic vibrator do not require me-

chanical drives and have a high tolerance to dust contamination. In addition, the transport systems can be 

designed compactly and simply, making them suitable for space application. The transport systems are ex-

pected to be used for future exploration missions on the Moon and Mars. 
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Chapter 8  Conclusion 

8.1 Discussion of Particle Dynamics in Space Environments 

8.1.1 Effect of Gravitational Acceleration on Large Particles 

As described in Chapters 3 and 5, particle charge density and the value of gravitational acceleration are key 

influences on the dynamics of particles affected by the Coulomb force. Therefore, the relationship between 

those factors is considered here. The balance between the Coulomb force and the gravitational force applied 

to i-th particle is represented by Equation (8.1). 

3 3
, , ,

4 4
3 3i s i c i i s iR RE g             (8.1) 

where R, s, c, E, and g are the particle radius, specific gravity of particle, charge density of particle, elec-

trostatic field, and gravitational acceleration, respectively. Equation (8.1) is rearranged as Equation (8.2) to 

show that the minimum charge density required to move a particle is determined by the gravitational acceler-

ation.  

,c i
g
E

                  (8.2) 

The relationship between gravitational acceleration and charge density was calculated using the external 

electrostatic field E that was calculated using the finite difference method based on the calculation model, as 

shown in Figure 2.14. Figure 8.1 shows the calculated result. 
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Figure 8.1 Balance between gravitational acceleration and charge density of a particle (Electrostatic field E is 
calculated under condition shown in Figure 2.14). Measured charge densities of particles ranging from 100 

m to 10 mm in diameter are extracted from Figure 2.11 to compare with the balance. When the measured 
charge density is larger than the balance, the particle can be moved by using the Coulomb force.  
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 The balance line in Figure 8.1 shows the minimum charge density needed to move particles in each 

condition of gravitational acceleration, and the density decreases with respect to the gravitational accelera-

tion. As a reference, the measured charge densities of lunar regolith simulant ranging from 100 m to 10 mm 

in diameter are shown in Figure 8.1. In the 1-G environment, because charge densities of the simulant parti-

cles smaller than several hundred micrometers are higher than the balance line, those particles can be moved 

by using the Coulomb force. The experimental results shown in Chapters 3 and 5 agree with the theoretical 

calculation results. In 0.01-G, the sampling of glass beads (2 mm in diameter) and rocks (4 mm in diameter) 

were performed experimentally in Chapter 5. The calculation result in Figure 8.1 agrees with the experi-

mental results. From the results shown above, the relationship between the gravitational acceleration and the 

charge density can be determined.  

 The effect of gravitational acceleration on dielectrophoresis force and magnetic force was also con-

sidered. The balance between the dielectrophoresis force and the gravitational force applied to the i-th parti-

cle is represented by Equation (8.3). 

3 3
0 ,

1 44
2 3

r
i i s i

r
R RE E g             (8.3) 

where εr and ε0 are the relative permittivity of particle and permittivity of free space (8.85 × 10-12 F/m), re-

spectively. Equation (8.3) is rearranged as Equation (8.4) to show that the minimum relative permittivity to 

move the particle can be deduced by the gravitational acceleration and the specific gravity of particles, if the 

electrostatic field is fixed.  
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By similarity, the balance between the magnetic force and the gravitational force is represented by Equations 

(8.5) and (8.6). 
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where r, o and B are the relative magnetic permeability of the particle, the magnetic permeability of free 

space (1.25 × 10-6 H/m), and the magnetic flux density, respectively. The effects of the relative permittivity 
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and relative permeability were calculated using the external electrostatic field E and the magnetic field B, 

which were calculated using the finite difference method, considering the calculation models shown in Fig-

ures 2.14 and 2.16. Figure 8.2 shows the calculated results. 

 
           (a)                                            (b) 

Figure 8.2 Balances between (a) dielectrophoresis force and gravitational force and (b) between magnetic 
force and gravitational force (Electrostatic field E and magnetic field B are calculated under conditions shown 
in Figures 2.14 and 2.16, respectively, and specific gravity of particle is set as parameter).  

 In Figure 8.2 (a), the dielectrophoresis force does not balance with the gravitational force in 1-G, 

and the force cannot be used to move particles in the condition. In addition, the minimum relative permittiv-

ity required to move particles decreases with respect to the gravitational acceleration and the specific gravity 

of the particle. In Chapter 5, the large particles, such as lunar regolith simulant, glass beads, and rocks, of 

which the relative permittivities are approximately 3.0, were affected by the dielectrophoresis force in 

0.01-G, and the trend agrees with the calculation result. The minimum relative permittivity is close to 1.0 in 

conditions less than 0.001-G; therefore, the relative permittivity of the particle is not critical to successful 

agitation of particles by using the electrostatic force in a low-G environment. The conductivity of the particle 

is an important influence on the dielectrophoresis force in low-G, as described in section 5.4. Similar to the 

calculation result for the dielectrophoresis force, the minimum relative magnetic permeability required to 

move particles decreases with respect to the gravitational acceleration and the specific gravity, as shown in 

Figure 8.2 (b). Section 1.1.2 listed that the magnetic permeability of lunar regolith simulant is less than ap-

proximately 1.1; therefore, sampling of the simulant is difficult in 1-G. On the other hand, the relative per-

meability of the magnetic particle used in Chapter 6 is 4.0, and the sampling of the particles was successfully 

performed in 1.0-G. Actual lunar regolith has a relative permeability of approximately 1.3, and the sampling 

of that on the Moon and Mars is expected. In the micro-G environment, the relative permeability does not 
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need to be high for successful sampling, and the sampling of particles whose permeability is low is also ex-

pected. Although the electric and magnetic parameters, such as the applied voltage, electric current, and ge-

ometry of electrodes, are not optimized in Figures 8.1 and 8.2, the calculation results can be used to deter-

mine an applicable range of particle-handling technologies using the electrostatic and magnetic forces. 

8.1.2 Dynamics of Small particles in Vacuum 

As described in Chapter 4, air drag can be neglected in a vacuum, and the dynamics of small particles can be 

controlled easily by the electrostatic and magnetic forces in a vacuum. Figure 8.3 shows the balance between 

air drag, adhesion force, Coulomb force, and vibrational inertial force that are applied to a particle. The cal-

culation conditions of air drag, adhesion force, and Coulomb force were the same as that shown in Figure 

2.18. In addition, the summations of Coulomb force and vibrational inertial forces, as the vibration accelera-

tion was varied from 2-Gv to 2,000-Gv, are also shown in Figure 8.3. The vibration acceleration of 2-Gv is 

almost the same as that achieved by vibration transport system developed in Chapter 7. If the amplitude and 

frequency of the vibrated plate are varied as the vibration velocity is fixed, the vibration acceleration in-

creases with the frequency, as shown in Table 8.1.  

 
Figure 8.3 Forces acting on particle less than 100 m in diameter (applied voltage: 10 kVp-p, coefficient of 
adhesion force : 0.00027, specific gravity of particle: 2.7 g/cm3, relative permittivity 0: 3.0, gravitational ac-
celeration: 9.8 m/s2, particle velocity: 0.5 m/s, viscosity coefficient: 1.82 × 10-5 Pa·s). 

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1 10 100

fo
rc

e 
 N

diameter m

adhesion
Coulomb
air drag
Coulomb + vibration (2-G )
Coulomb + vibration (20-G )
Coulomb + vibration (200-G )
Coulomb + vibration (2,000-G )

external force

v

v

v

v



Chapter 8 

 170 

As shown in Figure 8.3, the dominant force on particles smaller than 10 m is the adhesion force in 

a vacuum; therefore, mitigation of the adhesion force is important to control the particle dynamics in vacuum. 

As a countermeasure to the adhesion force, the vibrational inertial force can be combined with the electro-

static force. Although the vibration of 2-Gv acceleration cannot contribute to the mitigation of the adhesion 

force on small particles, the Coulomb force becomes dominant with respect to the acceleration of the com-

bined vibration. The range of particles that can be moved by the Coulomb force expands with the range of 

vibration acceleration. In the condition of 2,000-Gv, the frequency is equal to 20 kHz, which is in the ultra-

sonic range, and particles that are approximately 2 m in diameter can be moved by using ultrasonic vibra-

tion. From the results, the motions of small floating particles can be controlled using the electrostatic and 

magnetic forces, and the deposited small particles can be moved by the combination of the Coulomb force 

and ultrasonic vibration. In addition, vibration can be used to transport of particles independently, as shown 

in Chapter 7, as well as for the mitigation of adhesion force.  

Table 8.1 Conditions of vibration transport system developed in Chapter 7 and other conditions that have 
same vibration speed. 

Vibration  
acceleration Gv 

Amplitude mm Frequency Hz Maximum velocity of 
vibrated plate mm/s 

2 (Chapter 7) 1.2 (Chapter 7) 20 (Chapter 7) 24 
20 0.12 200 24 
200 0.012 2,000 24 

2,000 0.0012 20,000 24 

8.2 Summary of Dissertation 

The mitigation and utilization of regolith particles on the Moon, Mars, and asteroids are critical to the suc-

cess of future space exploration missions. It is necessary to develop regolith handling technologies that work 

effectively in the harsh environments of space. To that end, this research focused on building a fundamental 

theory for the dynamics of electromagnetic particles in space environments, and applying the theory to the 

development of particle handling technologies that utilize the electrostatic and magnetic forces suitable for 

space environments.  

  In Chapter 1, the background, necessity, and direction of this research were explained and com-

pared with previous studies on particle handling technology. In particular, the variation in the balance be-

tween the external forces acting on a particle relative to its size is crucial on its dynamics, and this relation-

ship in the space environment was set as the center of this research. In addition, handling technologies re-

quired for specific issues in exploration missions were introduced, such as the electrostatic dust shield sys-

tem for manned and unmanned exploration on the Moon and Mars, the electrostatic size-sorting system for 

lunar and Martian ISRU, the electrostatic and magnetic samplers used for sample return missions on aster-

oids, and the vibration transport system for ISRU as well as for sample return. 

In Chapter 2, the theoretical equations of external forces acting on the electromagnetic particle and 
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the theoretical model of particle motion were established. Based on the theoretical equations, the balance of 

the forces acting on a particle was evaluated, considering actual particle characteristics, including the me-

chanical, electrostatic, and magnetic properties of a lunar regolith particle. The evaluation asserts that parti-

cles ranging from 20 m to 500 m in diameter can be moved by the Coulomb force in a 1-G environment, 

and particles larger than 500 m in diameter can be moved in a low-gravity environment similar to that on 

the Moon, Mars, and asteroids. The evaluation also indicated that the magnetic force can be used to move the 

particles in a low-gravity environment, and particles of large relative magnetic permeability can be moved in 

a 1-G environment. Particles smaller than 20 m are significantly affected by the adhesion force and air drag, 

and it is expected that these particles can be handled easily by using the electrostatic and magnetic forces, 

owing to the absence of air drag in a vacuum. From the predictions, the handling technologies using the elec-

trostatic and magnetic forces are expected to be useful in the space environment. Moreover, a numerical cal-

culation using the modified DEM, which is critical for the completion of this research, was developed and 

the methodologies were explained, with reference to the abovementioned theoretical calculations. The calcu-

lation method can reduce the calculation load to 1/3,000 compared with the conventional DEM; this is one of 

the most important issues for the DEM. The developed method was used in later chapters.  

In Chapter 3, to prevent lunar and Martian dust particles from intruding into mechanical gaps of 

extravehicular equipment, an electrostatic dust shield system was developed to achieve long-term exploration 

missions on the Moon and Mars. The performances of plate and wire type of electrostatic dust shields on the 

Earth, Moon, and Mars have been evaluated by conducting experiments and numerical calculations. The ac-

curacy of the calculation method was confirmed by comparing the experimental results with those of the 

numerical calculations. From the results, it was confirmed that the electrostatic dust shield system could re-

move most of the particles that were about to intrude into the mechanical gap. The performance of the wire 

type was better than that of the plate type, and the shield rate reached approximately 95% for the wire type in 

experiments on the Earth. The electrostatic dust shield system worked well against heavily charged particles. 

The performance of the shield system will be improved in the lunar environment owing to the small gravita-

tional force and the absence of air drag. If the particles are heavily charged, the shield system works effec-

tively in the Martian environment. In addition, the power consumption of the shield system is extremely 

small, which is a big advantage of the system. In this chapter, the unique and unprecedented dust shield sys-

tem was proposed, and the system is expected to be used in future lunar and Martian exploration missions.  

In Chapter 4, an electrostatic size-sorting system was developed to obtain particles of lunar regolith 

smaller than 10 m, and to synthesize the particles effectively in chemical processing for the extraction of 

astronaut’s consumables and construction materials for exploration bases in ISRU missions. The size-sorting 

performance in air, vacuum, and Moon environments were evaluated by conducting experiments in a vacuum 

and by numerical calculations. It was confirmed that small particles had relatively large charges, compared 

with large particles, and the numerical calculations showed that small particles float higher than large parti-

cles in a vacuum, owing to the absence of air drag although the particles could not reach a high altitude in air. 

The demonstration of extracting particles smaller than 20 μm in diameter was experimentally performed in a 
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vacuum. From the results, the effect of the vacuum on the motion of electromagnetic particles was confirmed. 

In addition, the numerical calculation predicted that the size-sorting performance will be improved on the 

Moon, and the size-sorting system can be expected to extract particles smaller than 10 μm.  

 In Chapters 5 and 6, an electrostatic sampler and magnetic sampler were developed to achieve a 

reliable sampling of regolith particles from asteroids. The performance of the electrostatic sampler in a 

low-gravity environment were investigated by numerical calculations and by model experiments in 0.01-G 

reproduced by a parabolic flight of an aircraft. Although the sampling of lunar regolith particles did not suc-

ceed in 1-G, the sampler experimentally collected a substantial amount (~900 mg) containing small particles 

as well as particles larger than 0.5 mm in diameter in 0.01-G. The particles with conductivities exceeding 1.0 

× 10-8 Ω-1m-1 were significantly affected by the dielectrophoresis force; however, this force has negligible 

effects on particles with conductivities smaller than 1.0 × 10-10 Ω-1m-1. The Coulomb force is the predomi-

nant force for the collected particles. In addition, the sampler could successfully collect glass beads 2 mm in 

diameter at 0.01-G and rocks 5 mm in diameter for gravitational acceleration below 0.001-G. In low gravity, 

although the electrostatic force creates particle bridges between electrodes owing to electric dipole moment, 

the sampling of particles that are not contained in the bridges was successful. The numerical calculation re-

sults agreed fairly well with the experiments in low gravity, and the results showed that the sampler perfor-

mance is improved as the applied voltage is increased and the gravitational acceleration is decreased. From 

the results, the effect of the gravitational force on particles larger than 1 mm was clarified, and the feasibility 

of using the electrostatic sampler in negligible gravity was confirmed. 

In Chapter 6, a magnetic sampler employing a coil gun mechanism was developed. The perfor-

mance of the magnetic system in air and in a vacuum was experimentally performed, and that in low gravity 

was predicted in numerical calculations. The experimental results show that the electric current and the ap-

plied time to the coil mutually affect the sampler performance, and an optimum combination is a key factor 

for the sampling. The sampling was successful in the case of using plural pulses of electric current, and the 

dead time between each pulse should be set longer. The sampling also succeeded in cases even when the 

sampler is laid down and is not touching the particles. In addition, the interaction of magnetic particles cre-

ated their chain and aggregation and contributed to the improvement of the sampler performance. Similar to 

the electrostatic systems, the vacuum and low gravity improve the performance. It is expected that the elec-

trostatic and magnetic sampling can be utilized in future sample return missions.  

 Although the electrostatic system has some advantages, such as low-power consumption, easy con-

trol, no mechanical drives, and no contamination of impurities, the electrostatic force is small and the appli-

cation is limited to the cleaning system of regolith particles, sampling system, and size-sorting systems, 

which do not need to move large amounts of particles. The magnetic system can be applied only to magnetic 

particles. For space exploration missions in which large amounts of particles have to be transported, regard-

less of the compositions, an additional particle handling system that has a high tolerance to dust contamina-

tion on the Moon and Mars was developed in this research. The system utilized a mechanism of vibration 

transport. In Chapter 7, two types of vibration transport systems were developed. First, the feasibility of vi-
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bration transport was investigated by a simple model calculation of a single particle on a vibrating plate. 

Based on the calculation results, a unique vibration transport system that utilizes the DEA as the excitation 

source was developed. The transport performance in the horizontal direction was experimentally investigated. 

In addition, another vibration sampling and transport system was developed using an electromagnetic coil as 

the excitation actuator. In the development of the sampling and transport system, the transport performance 

in the oblique direction was investigated. Moreover, as an extension of the two vibration transport systems, 

the combination of the electrostatic sampler and magnetic sampler was investigated. From the calculation 

and experimental results, it was demonstrated that the vibration transport and vibration sampling system can 

transport large amounts of lunar and Martian regolith particles. The particles are transported as they slip on 

the vibrated plate at low vibration acceleration, or as they jump above the plate at large vibration acceleration. 

The large vibration acceleration and low frequency of vibration were preferable for better performance of the 

systems, and large particles could be transported in the horizontal direction easier than small particles be-

cause the effect of inertial force increased with particle diameter. The vibration sampling system could also 

transport particles in the oblique direction on the Earth as the maximum inclination was approximately 45°. 

In addition, the numerical calculation results indicated that the performance of the vibration transport and 

vibration sampling systems is improved in space environments. Moreover, although the vibration sampling 

system could not collect particles that did not contact the vibrating parts, the system that combined the elec-

trostatic sampler and the magnetic sampler could collect particles without contact. As support to the electro-

static and magnetic systems, vibration transport systems that do not require mechanical drives and have high 

tolerance to dust contamination are expected to be used for future exploration missions on the Moon and 

Mars. 

 From results as shown in Chapters 3-7, the effect of the gravitational acceleration on large particles 

and the dynamics of small particles in vacuum were discussed, and the conditions of moving particles in 

space environments were introduced in Chapter 8. In conclusion, the basic dynamics of an electromagnetic 

particle in space environments could be clarified from the theoretical calculation and development processes 

of particle handling technologies using the electrostatic and magnetic forces. Moreover, the feasibility of the 

systems used for exploration missions on the Moon, Mas, and asteroids could be demonstrated in a vacuum 

and a low-gravity environment. It is expected that the performances of all systems will be improved in space 

environments, and the systems will contribute to future exploration missions. 

8.3 Future Works 

Although this dissertation focused on the effects of a vacuum and low gravity on the motion of electromag-

netic particles, it is necessary to systematize the dynamics of particles. In particular, the effect of particle in-

teractions with each other has not been sufficiently studied. As explained in Chapters 6 and 7, particle motion 

largely depends on the electrostatic and magnetic interactions in the space environment because the gravita-

tional force and air drag are relatively small. The electrostatic and magnetic interactions are caused by elec-
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trostatic and magnetic dipole moments generated in particles and the mechanisms are almost similar. Both 

investigations will complement each other, and an integrated theory will be developed in the future. In addi-

tion, the particle shape also affects the particle motions. The aggregation of particles was observed in Chap-

ters 6 and 7, and the phenomenon would be caused by the mechanical interaction of particle shape. Moreover, 

the electrostatic and magnetic interactions would be affected by the mechanical interaction of each particle. 

The interactions have to be investigated together in the future, and the dynamics must be systematized.  

Related to the particle shape, actual lunar and Martian regolith is slightly different from the simu-

lant, as explained in section 1.1.2. Actual lunar regolith consists of agglutinate generated by the bombard-

ments of micrometeorites, and its shape is more distorted than that of the simulant. In addition, actual rego-

lith is rich in np-Fe0, and it can affect the performance of the magnetic sampler, as described in Chapter 6. 

Martian regolith has not been sufficiently investigated, and the matching of the regolith and the simulant has 

to be considered. The particle characteristics significantly affect the particle dynamics and the performances 

of the electrostatic and magnetic handling technologies; thus, the effect of actual regolith has to be investi-

gated.  

In the case where electrostatic force is used, particle charge is one of the key factors used to handle 

particle motion, as described in Chapter 3. The charge is affected by the space environment, including radia-

tion and irradiation, and the complex phenomenon of electrons, protons, and positively and negatively 

charged ions. The mechanism of the charging process for a particle in space has to be clarified and the un-

steady effect of the charge state on particle dynamics must be considered.  

Based on the insights on the effects shown above, actual designs of systems have to be considered 

and feasibility studies must be performed considering the harsh space environment. The electrostatic and 

magnetic handling technologies of particles will then be made worthy of being used for future space explora-

tion missions. The insights will also be used for applications of the handling technologies in the Earth envi-

ronment. The utilization of electrostatic force is attractive for the mitigations of air pollution, pollen scatter-

ing, and dust depositions of solar panels, glass of building materials, monitoring cameras. The electrostatic 

force is capable of autonomous cleaning for small particles without mechanical drives, frequent mainte-

nances, and large power consumption. Moreover, the electrostatic cleaning of dust has adoptability to harsh 

environments similar to the space environment, such as in a desert, vacuum equipment, and dangerous places 

for human to access. In addition, industrial applications as well as the mitigation use of electrostatic and 

magnetic handling technologies are also expected. The transport of particles from one place to another is a 

fundamental process in many manufacturing fields, such as pharmaceutical, cosmetics, steel, and food indus-

tries. Although the electrostatic and magnetic handling technologies cannot move large amounts of particles, 

as similar to mechanical and pneumatic systems, those have advantages on precision manipulation of parti-

cles and prevention from contaminations. Applications of these technologies are expected to improve quality 

of products made of particles. As described above, insights about dynamics of electromagnetic particles will 

be used in the Earth as well as in space environments, and the handling technologies of particles using the 

electrostatic and magnetic forces have potentials to generate innovation in any fields.  
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