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Abstract: The Japan Aerospace Exploration Agency is planning to operate an uncrewed rover on the Moon to search for water ice, which
exists at the polar regions of the Moon. The rover’s 1.5-m-long drill will penetrate the regolith layer of the lunar surface and capture ice
particles mixed with the regolith. A transportation system for crushed ice particles mixed with the lunar regolith has been developed utilizing a
vibration transportation mechanism that realizes the lifting of particles to physical and chemical analyzers installed on the rover. In this
mechanism, the friction force between the inner wall of the tube and particles mainly plays the role of conveying particles upward while
the tube inserted vertically into the bulk of the regolith is oscillating up and down. A parametric experiment was conducted to deduce the
optimal configuration and operational conditions, and it was achieved that simulant particles and crushed ice particles mixed with lunar
regolith are transported through the long tube. In addition, it was predicted by numerical calculations based on the discrete element method
that the transportation performance in the lunar environment is better than that on Earth owing to low gravitational acceleration on the Moon.
DOI: 10.1061/(ASCE)AS.1943-5525.0001346. © 2021 American Society of Civil Engineers.
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Introduction

Recent lunar explorations have revealed that water ice could exist at
the polar regions of the Moon (Lucey 2009; Colaprete et al. 2010;
Sanin et al. 2017; Li et al. 2018). Water is expected to be utilized to
maintain life support for astronauts and provide a raw material for
hydrogen and oxygen for fuel cells and rocket engines (Sanders
and Larson 2011, 2013; Lee et al. 2013). Because the exact location
of ice, its depth from the lunar surface, volume, and physical
and chemical forms are not clear, the Japan Aerospace Exploration
Agency (JAXA) is planning to search for ice directly by operating
uncrewed rovers on the Moon. The rover being developed by JAXA
will employ a 1.5-m-long drill for sampling, as shown in Fig. 1
(Hoshino et al. 2019; Wakabayashi et al. 2019). This rover will
screw the drill vertically into the regolith layer, allowing ice mixed
with regolith to be collected and lifted from the inferior portion of
the regolith layer to the physical and chemical analyzers installed
on the rover. A long-range vertical transportation technology of ice
and regolith particles is indispensable to realize this process.

Several mechanical methods have been developed to sample re-
golith on the Moon and Mars. These methods include: drills in Luna

16, 20, and 24missions (Zacny et al. 2013); a scoop, tong, and rake in
Apollo missions (Allton 2009); scoops in Viking Lander 1 and 2 mis-
sions (Klein et al. 1976); the Icy Soil Acquisition Device (Honeybee
Robotics Spacecraft Mechanisms, New York), which is composed of
a scoop with passive cutting blades and a small motor-driven drill in
the Phoenix Lander (Bonitz et al. 2009); and a scoop and drill in the
Curiosity Rover (Abbey et al. 2019). These mechanical sampling
methods have been successful on the Moon and Mars; however, they
faced disadvantages such as high malfunction risks because of their
complex structure, the needs of large mass and high power, mechani-
cal abrasion caused by lunar regolith, and the complexity of their op-
eration owing to communication delay. One of the authors has
developed alternate sampling systems that utilize electrostatic force
(Kawamoto and Shirai 2012; Kawamoto 2014; Kawamoto et al.
2016; Kawamoto and Yoshida 2018, Kawamoto et al. 2021). The
proposed systems are simple, consume less power than conventional
mechanical methods, and have no mechanically moving parts, thus
making them less susceptible to mechanical and operational failures.
One of these electrostatic systems can lift regolith and ice particles up
to 1 m in height (Kawamoto et al. 2021).

In this study, another optional method was developed using a vi-
bration transportationmechanism that is feasible for transporting par-
ticles to high positions (Akiyama and Shimomura 1991; Liu et al.
2013; Zhang et al. 2017). In this mechanism, the friction force be-
tween the inner wall of the tube and the sample mainly plays the role
of conveying regolith particles upward while the tube inserted ver-
tically into the regolith layer is oscillating in up and down. This novel
phenomenon was first reported by Akiyama and Shimomura (1991)
and called “surface level migration” by Ohtsuki (1998). In this study,
a parametric experiment was conducted to deduce the optimal con-
figuration and operational conditions, and it was demonstrated that
crushed ice particles mixed with lunar regolith simulant, as well as
the simulant regolith particles, are lifted for a long distance by opti-
mizing the system configuration and its operational conditions.
Moreover, the effect of gravity variation on the performance of this
transportation system was investigated by performing a numerical
calculation based on the discrete-element method (DEM) to predict
its successful operation on the Moon.
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System Configuration

A photograph of the proposed system and its schematic illustration
of the system are shown in Figs. 2(a and b), respectively. This sys-
tem consists of a transportation tube and a vertical linear vibration

actuator. The tube was inserted into the bulk layer of regolith at a
depth of 50 mm (Zhang et al. 2017, 2018). Sample particles in a
container (W100 × D80 × L110 mm) were lifted upward through
the vertically supported tube made of transparent acrylic resin. The
experimental parameter set for the tube was its inner diameter of the
tube, denoted by D; the tube had a thickness of 1 mm and length of
1 m. In addition to the straight tube, a tapered tube was prepared
(Liu et al. 2014). A hopper was attached at the lower end of the
straight tube to form the tapered tube, as shown in Fig. 2(c).

The inner diameter d and tilt angle α of the hopper tip were the
experimental parameters for the tapered tube. The tube was vibrated
vertically using a linear vibration actuator (EZS3-D005-AZAAD-1,
Oriental Motor, Tokyo). The container was horizontally
vibrated with an amplitude of 0.1 mm and a frequency of 50 Hz
(1g) using an electromagnetic vibrator (G21-005D, Shinken,
Tokyo) to break apart agglutinated particles in the container. A pre-
liminary experiment indicated that the frequency of the horizontal
vibration did not significantly affect the lifting performance.
Although the application of horizontal vibration assists the stable
capture of particles, it is unnecessary for specific conditions. The
operation of the horizontal vibrator was also a parameter for the
experiment.

The glass beads, lunar regolith simulant, and ice particles shown
in Fig. 3 were used as the samples in the experiments. Three types
of soda-lime glass beads (Fuji Manufacturing, Tokyo) were used to
investigate the fundamental characteristics of this system, because
they are spherical and uniform as shown in Fig. 3(c). They are
FGB-180 (106–90 μm in diameter and 22° repose angle), B-240
(75–63 μm in diameter and 25° repose angle), and FG320 (53–
38 μm in diameter and 30° repose angle). The specific gravity of
the beads was 2.5. Lunar regolith simulant (FJS-1, Shimizu Corp.,
Tokyo) (Kanamori et al. 1998) shown in Fig. 3(b), which is similar
to the well-known simulant JSC1-A (McKay et al. 1991),
was used because lunar ice particles are expected to be scattered
in lunar regolith.

Ice particles were generated from frozen tap water mixed with
the lunar regolith simulant, which was crushed and sieved through a
212-μmmesh. The experiment was conducted in an air-conditioned
laboratory (20°C–25°C and 40%–60% relative humidity) for the
glass beads and lunar regolith simulant, whereas the experiment
for ice particles was carried out in a freezer (−35°C) (NF-75SF3,
Nihon Freezer, Tokyo) at atmospheric pressure. It has been reported
that interstitial air can influence the lifting velocity of particles;
however, it is not a prerequisite to lift particles (Liu et al.
2013). The present results conducted at atmospheric pressure
would be valid in a vacuum. The effect of gravity is investigated
numerically in the following section to confirm the effectiveness of
the system on the Moon.

Fig. 1. Lunar rover for underground exploration developed by JAXA.
Physical and chemical analyses will be made using samples acquired
when excavating up to 1.5 m deep using a drill installed at the middle of
the rover. (Image by Hiroyuki Kawamoto.)

Fig. 2. Experimental apparatus: (a) photograph; (b) schematic illustra-
tion of the proposed system; and (c) lower end shapes of tubes.

Fig. 3. Particles used in experiments: (a) glass beads; (b) lunar regolith simulant; and (c) crashed water ice.
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Numerical Calculation

To predict the effects of gravity on the performance of this transpor-
tation system, a numerical calculation based on the three-dimensional
DEM was performed using open-source LIGGGHTS version 3.8.0
software (Cundall and Strack 1979; Kloss et al. 2012). The motion
equation for the ith particle is represented by Eqs. (1) and (2)

mi
dvi
dt

¼
Xn
j¼1

ðFnij þ FtijÞ þmig ð1Þ

Ii
dωi

dt
¼

Xn
j¼1

ðMij þMrijÞ ð2Þ

where mi; Ii; vi;ωi; n, and g = particle’s mass, moment of inertia,
translational and angular velocities, total number of particles in con-
tact with particle i, and gravitational acceleration, respectively. The
trajectory of the particle can be obtained by solving Eqs. (1) and
(2) with a small time-step repeatedly. Fnij and Ftij = normal
and tangential components of the contact force between particles i
and j, which can be described by Eqs. (3) and (4), respectively, These
equations are derived from the Hertz contact theory and
Mindlin contact theory

Fnij ¼ −knijδnijnij − cnijvnij ð3Þ

Ftij ¼ −minðμjFnijjtij; ktijδtijtij þ ctijvtijÞ ð4Þ
where knji and ktij = normal and tangential spring constants; cnji and
ctij = normal and tangential damping constants; δnji and δtij =
normal and tangential overlaps between particles i and j; nij is the
normal unit vector from particle i to j; tij is the tangential unit vector
to nij; vnij and vtij = normal and tangential relative velocities between
particles i and j; and μ = particle’s friction coefficient, respectively. If
a slip occurs when the particles are in contact, the frictional force
limits the tangential force. The spring and damping constants are cal-
culated using Eqs. (5)–(8)

knij ¼
4

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rirj

ri þ rj
δnij

r �
1 − ν2i
Ei

þ 1 − ν2j
Ej

�−1
ð5Þ

cnij ¼ − lnðεÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðln2ðεÞ þ π2Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5knij

mimj

mi þmj

r
ð6Þ

ktij ¼ 8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rirj

ri þ rj
δnij

r �
2 − ν2i
Gi

þ 2 − ν2j
Gj

�−1
ð7Þ

ctij ¼ − lnðεÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðln2ðεÞ þ π2Þ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10

3
ktij

mimj

mi þmj

s
ð8Þ

where ri; νi;Ei;Gi; and ε = radius, Poisson’s ratio, Young’s modu-
lus, modulus of rigidity, and restitution coefficient of the particle, re-
spectively. The torque Mij in Eq. (2) is calculated using Fnij as
represented by Eq. (9). In addition the rolling friction
Mrij in Eq. (10) is also considered

Mij ¼ rinij × Fnij ð9Þ

Mrij ¼ −μrknijδ
3
2

nij

rirj
ðri þ rjÞ

ωij

jωijj
ð10Þ

where ωij and μr = relative angular velocity between particles i and j
and the coefficient of rotational friction, respectively. The calculation
parameters are listed in Table 1. Mechanical properties of the sample

cell and the tube are set at the same parameters as those of the particle
in this calculation.

Spherical particles are randomly placed in a calculation domain
(50 × 50 × 235 mm) and allowed to fall freely until they create
their sediment state in the gravitational accelerations of the Earth
(9.8 m=s2) and Moon (1.6 m=s2), respectively. The number of par-
ticles for the numerical calculations was 1,500,000. The calculation
time step is fixed at 1.0 μs, and the particle data are sampled every
50 ms for all cases. The specific gravity of the particles is the same
as that of the glass beads used in the experiment, whereas the
particle diameter is set at 500 μm, instead of the diameters used
in the experiment to deal with large calculation loads when using
smaller and larger number of particles. A tube with an inner diam-
eter, thickness, and length of 10, 1, and 150 mm, respectively, is
inserted vertically into the sediment particles at a depth of approx-
imately 40 mm and a velocity of 0.5 m=s. Then, the tube is vibrated
vertically with a fixed frequency of 20 Hz and at different vibration
accelerations for 10 s. At the end of the calculation, the positions of
particles located at the top surface of the bulk of the particles in the
tube are detected, and the top planes of particles climbing are cal-
culated from their detected positions using a least-square method.
Then, the distance between the bottom of the tube and the top plane
is assumed as the height in the calculation.

Results and Discussion

Transient Characteristics

Fig. 4 shows the measured lifted height of the glass beads in the
tube after the application of vertical vibration. The lifted height is
the distance from the surface of the regolith layer outside the tube to

Table 1. Calculation parameters for three-dimensional DEM simulation

Parameters Values

Specific gravity of particle 2.5
Particle radius (μm) 250
Young’s modulus (MPa) 70
Poisson’s ratio 0.25
Restitution coefficient 0.7
Friction coefficient 0.4
Coefficient of rotational friction 0.4

Fig. 4. Measured lifted height of glass beads in tube versus time after
the application of vertical vibration (a ¼ 2.5 mm, lowering speed:
575 mm=s, and lifting speed: 338 mm=s, without the application of
horizontal vibration). Operational scheme on the lowering and lifting
speeds is described in Fig. 10.
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the top of the lifted particles in the tube, as shown in Fig. 1(b).
When the straight tube was used, the tube was initially filled with
particles before vertical vibration was applied. To operate the
straight tube, it is crucial to carry out this procedure as reported
in the literature (Liu et al. 2013; Zhang et al. 2017, 2018); however,
it is not a prerequisite for the tapered tube case (Liu et al. 2014). In
both the cases, particles were lifted in the tube with time, and the
lifted particles in the tube finally remained at an equilibrium height
Heq. The equilibrium height in the tapered tube was higher than
that in the straight tube, suggesting that the tapered tube is more
effective for vertical transportation than the straight tube. The sat-
uration time was approximately 100–200 s.

Effect of Vibration Acceleration

Fig. 5 shows the measured equilibrium lifted heightHeq of the glass
beads in the tube versus the normalized acceleration G of the ver-
tical vibration in the different tube and bead diameters. The experi-
ment was conducted three times under the same conditions, and
the averaged values were plotted in the figure. The acceleration
was normalized by the gravitational acceleration g (¼ 9.8 m=s2),
i.e., G ¼ að2πfÞ2=g, where a is the vibration amplitude and f
is the frequency. Because the horizontal vibration waveform is
not exactly sinusoidal, as shown in the subsequent section (Fig. 10),
this definition is not thorough but provides the approximated mag-
nitude of vibration.

The acceleration of the vibration was controlled by adjusting the
vibration amplitude a of the vertical linear actuator at a constant
frequency of 20 Hz. Fig. 5 shows that the lifted height increased
with an increase in the amplitude of vertical vibration. This result is
consistent with that reported in the literature (Liu et al. 2013, 2014;
Zhang et al. 2017). Large particles in the large pipe (D ¼ 10 mm)
were lifted to a higher position at a relatively low acceleration than
that in the small pipe (D ¼ 6 mm). Therefore, it can be inferred that
the large pipe is better than the small pipe for the transportation of
large beads. On the contrary, a small tube is preferable for trans-
porting small beads. An adequate combination of the tube diameter
and the particle size might exist, as reported in the literature (Zhang
et al. 2017; Fan et al. 2017).

Fig. 6 also shows the measured equilibrium lifted height versus
the acceleration of vertical vibration. In this case, the acceleration
was controlled by adjusting the frequency at a constant vibration
amplitude of 2.5 mm. This characteristic was similar to that of
the constant-frequency case; however, the lifted height did not
monotonically increase as the frequency increased. Based on a
void-filling model (Zhang et al. 2018), particles in the pipe are
compacted and loosened alternately during vibration. The model
insists that a void formed under the tip of the tube after lifting the
tube is filled with surrounding particles, and then these particles
are lifted when the tube is inserted, thus resulting in particle climb-
ing. In the high-frequency case, the particles are not given enough
time to move into the void. Therefore, an optimal frequency exists
for the vertical transportation.

Effect of Tube Insertion Depth

Fig. 7 shows the measured equilibrium lifted height of the lunar
regolith simulant in the tube versus the depth of the tube insertion.
As reported in the literature (Liu et al. 2013, 2014; Zhang et al.
2017), to lift particles, the straight tube must be initially filled with
particles at a certain height. This height was approximately 75 mm
when the container did not vibrate horizontally. It was reduced to
approximately 40 mm when the container vibrated horizontally.
The initial filling was necessary for the straight tube even when
the container was vibrated horizontally. On the contrary, efficient
lifting and transportation of particles were possible without the ini-
tial filling and horizontal vibration when the hopper was attached at
the lower end of the tube; thus, the tapered tube is preferable for
practical use. The equilibrium lifted height in the tapered tube was
approximately two times higher than that in the straight tube. It is
assumed that fewer particles will drop from the tapered tube than
from the straight tube.

Effect of Tube Geometry

Fig. 8 shows the effect of the tube diameter D. It is evident that the
tapered tube is better than the straight tube (Liu et al. 2014) for
transportation and an optimal diameter exists in both the straight

Fig. 5.Measured equilibrium lifted height of glass beads in tube versus
the acceleration of vertical vibration at constant frequency (straight
tube, f ¼ 20 Hz, with the application of horizontal vibration). Bead
diameters of 100, 70, and 50 μm designated in the figure are typical
diameters of FGB-180 (106–90 μm), B-240 (75–63 μm), and FG320
(53–38 μm), respectively.

Fig. 6. Measured equilibrium lifted height of glass beads in the tube
versus the acceleration of vertical vibration at constant vibration am-
plitude (straight tube, D ¼ 6 mm, and a ¼ 2.5 mm, with the applica-
tion of horizontal vibration). The bead diameters of 100, 70, and 50 μm
designated in the figure are typical diameters of FGB-180 (106–
90 μm), B-240 (75–63 μm), and FG320 (53–38 μm), respectively.

© ASCE 04021097-4 J. Aerosp. Eng.
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and tapered tubes (approximately 14 mm for the tapered tube). The
optimal diameter depends on the particle diameter, as discussed in
the preceding section. Figs. 9(a and b) show the effect of the taper
angle α and aperture of hopper ðd=DÞ2, respectively. These figures
show that a small angle of approximately 10° and an aperture of 0.7
are optimal for this case.

Effect of Vibration Scheme

The waveform of the vertical vibration was not exactly sinusoidal
but sawtooth like as shown in Fig. 10(a). The time lag between
lifting and lowering the tube was approximately 4 ms. Here, the
lifting and lowering speeds designated in the figure were varied
independently to investigate the effect of the vibration scheme.
The experimental results shown in Figs. 10(a and b) suggest that
moderate lifting and high lowering speeds are preferable to realize a
higher lifted height of particles. The void-filling model (Zhang
et al. 2018) can also explain the results. The lifting speed must
be moderate to fill the void formed under the tube tip.

Effect of Tube Inclination

The lifted height of particles was measured when the tube was in-
clined. As shown in Fig. 11, it was discovered that the equilibrium
lifted height was irrelevant to the inclination. The lifted height is
not the length through the tube but the vertical distance from
the regolith surface. The experimental result suggests that it is pos-
sible to transport particles at high positions even when the tube is
inclined.

Transportation of Ice

Fig. 12 shows the measured transportation performance of ice par-
ticles mixed with lunar regolith simulant in a freezer in which the
temperature was maintained at −35°C. Because the tube length was
300 mm owing to the limitation of the freezer size, the lifted height
was limited to 300 mm at a water content of 5% by weight. It
was demonstrated that the transportation of ice particles was suc-
cessful. Although the low specific gravity of ice is advantageous for
vertical transportation (Kawamoto and Yoshida 2018), frost that
agglutinated the ice particles made the lifting ice particles difficult
(Kawamoto et al. 2021). Moisture in the air froze in a low-
temperature atmosphere, and ice particles easily adhered to each
other in the container and tube. Because no moisture exists on
the atmosphere of the Moon, the high transportation performance
is expected against ice particles on the Moon.

Effect of Gravitational Acceleration

Here, the performance of the transportation system in the environ-
ment of the Moon is predicted by performing numerical calcula-
tions. Fig. 13(a) shows the top height of the particles in the
tube with respect to time when gravitational and vibration acceler-
ations are varied; Figs. 13(b and c) show snapshots of the initial
condition and behavior of the particles climbing in the gravity
of the Moon, respectively. Fig. 14 shows the lifted height at
10 s after the application of vibration in each case. The heights
of the particles in the tube are approximately 40 mm as the initial
condition in the Earth and Moon cases. In the case of Earth, be-
cause larger particles (500 μm in diameter) are used for calcula-
tions, they cannot climb above 10 mm in 10 s in all vibration
acceleration cases and even lower in some cases, as shown in

Fig. 7.Measured equilibrium lifted height in the tube versus the initial
insertion depth (lunar regolith simulant, a ¼ 2.5 mm, lowering speed:
575 mm=s, and lifting speed: 338 mm=s). Operational scheme of the
lowering and lifting speeds is described in Fig. 10.

Fig. 8. Measured equilibrium lifted height in tube versus inner dia-
meter of tube (lunar regolith simulant, a ¼ 2.5 mm, lowering speed:
575 mm=s, and lifting speed: 338 mm=s, with the application of hor-
izontal vibration). Operational scheme on the lowering and lifting
speeds is described in Fig. 10.

(a) (b)

Fig. 9. Measured equilibrium lifted height in tube versus (a) angle of
hopper; and (b) aperture of the tapered hopper (lunar regolith simulant,
D ¼ 10 mm, a ¼ 2.5 mm, lowering speed: 575 mm=s, and lifting
speed: 338 mm=s, without the application of horizontal vibration).
Operational scheme on the lowering and lifting speeds is described
in Fig. 10.
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Figs. 13(a) and 14. However, the lifted height increases with the
vibration acceleration, and this trend is consistent with the exper-
imental results.

On the other hand, the particles can climb higher in the gravity
of the Moon, reaching the top of the tube in high vibration accel-
eration cases, as shown in Fig. 13(c). Many particles fly out of the
top opening of the tube and fall, returning to the bulk of particles
outside the tube. Furthermore, Fig. 13(a) shows that the climbing
speed increases with an increase in the vibration acceleration on the
Moon. Although the equilibrium lifted heights in the Moon cases
are unknown because the tube length and calculation time are lim-
ited, it can be easily assumed that the lifted height is larger than the
calculated result in Fig. 14. Thus, a lower gravitational acceleration
is favorable for the vertical transportation system. Additionally,
granular climbing on the Moon behaves differently from that on

the Earth. The particles lifted upward in one cycle of the vibration
are immediately subjected to gravity in the case of Earth, resulting
in their sedimentation in the tube, whereas the lower gravitational
acceleration does not largely restrict particle mobilization, allowing
their flying in the tube. The granular dynamics in the Moon envi-
ronment needs to be investigated in depth in future studies.

Conclusion

The development of a vertical transportation technology is crucial
for the exploration of ice under the deep portion of the lunar ground.
To this end, a vertical transportation system for lunar regolith
and ice particles has been developed using a vertical vibration trans-
portation mechanism. The proposed system has advantages, such

(a)

(b) (c)

Fig. 10. (a) Measured waveform of the vertical vibration; (b) measured equilibrium lifted height of particles in the tube versus the lifting speed
(lunar regolith simulant, D ¼ 10 mm, a ¼ 2.5 mm, and lowering speed: 575 mm=s, with the application of horizontal vibration); and (c) measured
equilibrium lifted height in the tube versus the lowering speed (lunar regolith simulant,D ¼ 10 mm, a ¼ 2.5 mm, and lifting speed: 338 mm=s, with
the application of horizontal vibration). The capacity of the linear actuator limited the speed to less than 600 mm=s.

Fig. 11. Measured equilibrium lifted height in tube versus inclination
of tube (lunar regolith simulant, a ¼ 2.5 mm, lowering speed:
575 mm=s, and lifting speed: 338 mm=s, with the application of hor-
izontal vibration).

Fig. 12. Measured equilibrium lifted height in tube versus content of
water ice (straight tube, D ¼ 10 mm, a ¼ 2.5 mm, lifting speed:
338 mm=s, lowering speed: 575 mm=s, and initial insertion depth ¼
50 mm, with the application of horizontal vibration).
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as transporting particles to a higher position, easy control system,
and simple structure. The following points have been clarified and
demonstrated:
• Particles are collected and lifted with time in the tube by the up

and down oscillation of the tube inserted vertically into the bulk
of the regolith, and finally remain in the tube at an equilibrium
height. The equilibrium height increases with the amplitude of
vibration.

• If the lower end of the tube is straight, it must be initially filled
with particles. The initial filling depth can be reduced if the par-
ticle container is vibrated horizontally.

• If the lower end of the tube has a tapered shape, the initial filling
and horizontal vibration are not required. The equilibrium
height in the tapered tube is higher than that in the straight tube;
thus, the tapered tube is preferable for practical use.

• The pipe with a larger diameter is preferred for transporting
large particles, whereas a tube with a small diameter is preferred
for transporting small particles. An adequate combination of the
tube diameter and size of particle might exist. The optimal diam-
eter of the tube was 14 mm for the lunar regolith

• The optimal taper angle and aperture of the tapered tube were
approximately 10° and 0.7, respectively.

• It is preferable to operate the system with a moderate lifting
speed (approximately 400 mm=s) and a high lowering speed
(higher than 500 mm=s) of the tube.

• The system can transport particles to high position even when
the tube is inclined.

• Crushed ice mixed with regolith particles can be transported;
however, ice particles adhere and aggregate easily owing to
the frost of moisture in the low-temperature atmosphere on
Earth. This unfavorable effect should be negligible in the vac-
uum environment on the Moon.

• The performance of transportation system, in terms of lifted
height and speed of transportation, is improved on the Moon
owing to its lower gravitational acceleration.
Additional research will be needed using more realistic crushed

regolith to match lunar soil in vacuum and in a reduced gravity
environment.

Data Availability Statement

Some data and models used during the study are available from the
corresponding author by request: data in Figs. 4–13.
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Fig. 13. (a) Calculated lifted height of particles in tube with respect to time after the application of vertical vibration when vibration and gravitational
accelerations are varied; snapshots of particles (b) at initial condition; and (c) during climbing (at 8.5 s) in the case of the Moon gravity and vibration
acceleration of 8g (f ¼ 20 Hz).

Fig. 14. Calculated lifted height of particles in the tube at 10 s versus
the acceleration of vertical vibration at constant frequency in Earth and
Moon gravities (f ¼ 20 Hz).
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Supplemental Materials

Videos S1 and S2 are available online in the ASCE Library (www
.ascelibrary.org).
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