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Abstract 

In recent years, robots with leg mechanisms have received considerable attention as high-running planetary explora-
tion rovers. Rovers undertaking planetary exploration require outstanding running performance to travel on loose 
ground on which they mostly slip and hardly move forward. The movement of the rover easily deforms the surface 
of loose ground. This problem can be solved by increasing the bearing capacity. The bearing capacity, the resistance 
force exerted on the rover legs when they make contact with the ground, needs to be sufficiently large to prevent 
legged rovers from slipping on loose ground. The bearing capacity can be increased by compaction of the ground 
by imparting vibrations. This study investigates the relationship between the bearing capacity in the horizontal 
direction and vibration parameters because this relationship offers valuable information for improving the running 
performance of legged rovers. First, we investigated the effect of changing the vibration parameters on the bearing 
capacity. Our experimental results show that the bearing capacity is related to vibration acceleration. These results 
suggest that the bearing capacity can be estimated from the vibration acceleration. Next, the frequency and ampli-
tude were compared as vibration parameters to devise an efficient method for increasing the bearing capacity. 
The results of these experiments showed that high-amplitude vibrations increase the bearing capacity to a greater 
extent than high-frequency vibrations. The reason is that high-amplitude vibrations generate larger additional vibra-
tions by the collision between the rod and the ground than high-frequency vibrations. This knowledge is valuable 
for selecting a suitable vibration that can efficiently increase the bearing capacity. This study suggests a method 
of facilitating further planetary exploration using legged rovers.
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Introduction
Planetary exploration is essential for human develop-
ment. These explorations can help us probe the origins 
of planets and their sources of life. Exploiting the natu-
ral resources of other planets and extraterrestrial bodies 
is expected to solve natural resource issues on Earth. In 
this regard, many missions are expected to be undertaken 
to explore the moon. The Artemis program is underway 
to develop a base for the Moon [1] and plans to return 
astronauts to the lunar surface. In addition, the Smart 
Lander for Investigating Moon (SLIM) was launched on 
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September 2023, and the gateway, a platform orbiting the 
Moon, is currently under development [2, 3]. Therefore, 
the demand for exploration robots that can operate on 
lunar surfaces could be expected to increase. For exam-
ple, the gateway plans to land robots on the surface of the 
Moon and the SLIM plans to carry the robots internally 
and deliver them to the surface of the Moon.

Exploration robots, known as rovers, are designed 
to move on the surfaces of planets or other extraterres-
trial bodies. These robots have been used to successfully 
explore planets and have collected significant informa-
tion. For example, the Mars Exploration Rover has iden-
tified traces of water on Mars [4]. This evidence points 
to the increasing possibility that life existed on Mars. 
Pathfinder, which landed on the surface of Mars, gath-
ered meteorological information including the tempera-
ture, pressure, and wind on the planet [5]. Moreover, 
this rover analyzed the chemical compositions of the 
rocks and soil on Mars. Lunokhod 2, a rover developed 
by the Soviet Union, captured many photographs and tel-
evision images of the Moon [6]. Many of the rovers were 
wheeled. However, the running performance of the cur-
rent rovers must be improved to expand the area that 
can be explored. Viking, a probe that landed on Mars, 
surveyed the surface of this planet [7], which is charac-
terized by many rocks with sizes of at least 30  cm. The 
area that conventional wheel-type rovers can explore is 
limited because it is difficult for them to traverse rough 
terrain on which they should avoid spending unnecessary 
time and being unable to move. Therefore, rovers must 
be able to move efficiently on rough terrain comprising 
inclines and rocks to ensure they are not restricted to a 
limited exploration area. Recently, robots with leg mech-
anisms have been investigated as exploration rovers with 
outstanding running performance. The Jet Propulsion 
Laboratory developed ATHLETE, which is a hexapod 
robot [8]. ATHLETE has good running performance on 
rough terrain because each leg has sufficient degrees of 
freedom for selecting the touch point with the ground. 
Moreover, legged robots are less affected by sinking into 
the loose soil on the ground than wheel-type robots 
because the leg mechanisms can separate them from the 
ground when moving. However, legged robots gener-
ally require more energy than wheel-type robots do. As 
a solution to this problem, the combination of a rover 
for long-distance travel with a legged robot to explore 
excessively rough terrain has been proposed [9, 10]. This 
mission style offers an efficient approach to increase the 
reachable exploration area. Thus, the demand for legged 
rovers can be expected to increase in future planetary 
exploration.

The surfaces of Mars and the Moon are not only rough 
but also loose. The ground on the surface is covered with 

loose soil, which is referred to as regolith. Moreover, the 
loose ground is uneven with many slopes because of the 
existence of craters and is easily deformed by an exter-
nal force. Owing to the inherent characteristics of loose 
ground, legged rovers mostly slip because the motion 
of their legs deforms the surface of loose ground. Our 
previous study confirmed that the shear strength of the 
ground and sinkage of the rover legs increased when the 
loose ground was subjected to vibration [11]. In addition, 
based on these effects, we proposed a walking method 
for legged rovers that reduces the distance they slip on 
loose ground. The effectiveness of the proposed walk-
ing method was evaluated by conducting an experiment 
in which a legged testbed walked on loose ground. The 
experimental results showed that the walking distance 
realized based on the proposed walking method was 
longer than that without vibration.

In the proposed walking method, the bearing capacity 
is increased by vibrating the loose soil on the ground. The 
running performance of a legged rover is considered to 
be related to the bearing capacity, which is the resistance 
force exerted on the legs of the rovers by the ground. 
Understanding the relationship between the bearing 
capacity and vibration parameters is essential to clarify 
the mechanism whereby the bearing capacity is increased 
by imparting vibrations. This relationship offers valuable 
information as a design guideline for the walking motion 
because a suitable vibration can be selected to prevent 
the rover from slipping.

Compaction of the ground by vibration is also used 
in the civil engineering field to construct the founda-
tion of buildings. The relationship between the machine 
that compacts the ground and the conditions of the 
ground has been investigated. Hashimoto et  al. stud-
ied the compaction performance of small-vibration 
compactors and proposed an evaluation method for 
this performance [12]. Gao et  al. investigated a spe-
cific ground condition compacted using a vibratory 
probe and considered this mechanism [13]. The vibra-
tory probe can effectively compact the ground because 
it vibrates within the ground. In the construction of 
foundations, the work involving the compaction of the 
ground and the evaluation of the compaction effect 
are generally separate [14]. The reason is that it is pos-
sible to make enough time to evaluate the compaction 
effect after imparting vibration. Therefore, these stud-
ies focused on an evaluation method for compacted 
ground. A method to rapidly assess the condition of 
the ground is necessary when the compaction effect of 
vibration is to be used to walk the rover. Moreover, the 
energy efficiency of the rover is important for planetary 
exploration. A detailed investigation of the relationship 
between the change in the compactness of the ground 
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and the vibration parameters would instantly provide 
information about the condition of the ground and pro-
mote energy saving.

Figure  1 shows an overview of this study. A previ-
ous study led to the proposal of a walking method that 
relied on the use of vibrations to prevent legged rov-
ers from slipping on loose ground (Fig.  1a). The run-
ning performance was improved by employing the 
proposed walking method. Increasing the bearing 
capacity by imparting vibrations is significant for pre-
venting slipping. Therefore, the relationship between 
the bearing capacity and vibration parameters must be 
clarified to enhance the usefulness of this phenomenon. 
In this study, we attempted to clarify this relationship 
by following two approaches (Fig.  1b) and studied the 
frequency, amplitude, and vibration acceleration as 
vibration parameters. 

1 Investigation of the relationship between the bearing 
capacity and vibration parameters (frequency, ampli-
tude, and vibration acceleration)

2 Comparison between frequency and amplitude as 
vibration parameters in relation to increasing the 
bearing capacity

To improve the proposed walking method, we plan to 
propose a model that estimates the increase in the bear-
ing capacity as a result of vibration in a future study 
based on the results of this study (Fig. 1c).

The remainder of this paper explains the mecha-
nisms that govern the slippage of legged rovers on loose 
ground. The proposed walking method with vibration 
is described in the “Study background” section. Sec-
ond, the relationship between the bearing capacity and 
vibration parameters is investigated. In this study, the 
increase in the bearing capacity by imparting vibrations 

Fig. 1 Evolution of the current study
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was measured under different experimental conditions 
related to the vibration frequency and amplitude. In 
the experiment, a rod was lowered to the ground and 
vibrated. The bearing capacity was measured when 
the rod was dragged on the ground. Third, the rela-
tionship between the bearing capacity and the actual 
vibration acceleration was investigated. This accelera-
tion was measured by attaching an acceleration sensor 
to the rod. Fourth, the frequency and amplitude were 
compared as vibration parameters that could be used 
to increase the bearing capacity, which was measured 
using high-frequency and high-amplitude vibrations 
with the same accelerations. Moreover, the actual vibra-
tion acceleration was measured when the rod was low-
ered to the ground. In this experiment, the changes in 
vibrations inside the ground were investigated. Finally, 
the “Conclusions” section summarizes this study.

The contributions of this study are as follows. The 
bearing capacity is related to the actual vibration 
acceleration measured by an acceleration sensor. 
This experimental result suggests that the bearing 
capacity can be estimated from vibration acceleration. 
Moreover, the amplitude is more effective in increasing 
the bearing capacity than the frequency because 
high-amplitude vibrations generate larger additional 
vibrations by the collision between the rod and the 
ground than high-frequency vibrations. This knowledge 

is valuable for selecting a suitable vibration that can 
efficiently increase the bearing capacity.

Study background
Slippage mechanisms of legged rovers on sloped loose 
ground
Figure  2 shows the force that a leg of the rover applies 
to sloped ground. The leg of the rover exerts shear force 
on the ground in the downslope direction. As the angle 
of the slope increases, the shear force applied to the 
ground also increases. We confirmed that when the rod 
is dragged on the ground, the bearing capacity the leg 
receives from the ground changes, as shown in Fig. 3 [15]. 
The ground crumbled when the bearing capacity reached 
its maximum value (Fig.  3b). Based on the change in 
the bearing capacity, we consider that legged rovers slip 
when the shear force exceeds the maximum value of the 
bearing capacity (Fig. 4). Therefore, the bearing capacity 
must be increased to prevent legged rovers from slipping 
on loose ground.

Previously proposed walking method using vibration 
to prevent a legged rover from slipping
Previously, we proposed a walking method based on 
vibration to prevent legged rovers from slipping on loose 
ground [11]. In this section, the changes in the ground 
when imparting vibrations, and the proposed walking 
method that uses vibrations are explained.

First, the changes in the ground when imparting 
vibrations are explained. Figure  5 shows the movement 
of the ground particles when vibrations are imparted to 
the ground. Spaces existed between the particles before 
vibrations were imparted (Fig. 5a). These particles moved 
when vibrations were imparted to the ground, as shown 
in Fig.  5b. The shear strength of the ground decreased 
because the contacts of particles were released. 
Moreover, the vibrator easily sinks into the ground by Fig. 2 Force exerted by a leg on sloped ground

Fig. 3 Bearing capacity versus shear displacement
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decreasing the shear strength [16]. After the vibration 
ceased, the ground was compacted because the spaces 
between the particles had mostly disappeared (Fig.  5c). 
Under these ground conditions, the shear strength and 
density increase [17].

Next, we describe the proposed walking method. This 
method increases the sinkage of the legs and density of 
the ground by imparting vibrations to it. The bearing 
capacity of the legs also increased owing to an increase 
in these parameters. Figure  6 shows the movement of 
the leg and timing of the vibrations of the leg. First, the 
leg is raised and moved forward (Fig.  6b). Second, the 
leg moves toward the ground and vibrates (Fig. 6c). This 
motion increases the sinkage of the leg to the ground 
because the shear strength of the ground decreases as a 
result of the vibrations being imparted. Finally, the vibra-
tion ceases when the leg ceases to sink into the ground 

(Fig. 6d). This motion increases the density of the ground, 
because the ground is compacted after vibrations were 
imparted. The slip line increases by increasing the sink-
age of the legs and density of the ground [18, 19]. The slip 
line is the border of the area along which the particles 
move when the leg moves to the ground. The longer the 
slip line, the larger the bearing capacity becomes (Fig. 7). 
In our previous study, a legged testbed walked on sloped 
loose ground to evaluate the effectiveness of the pro-
posed walking method. The experimental results showed 
that the proposed walking method improved the running 
performance of a legged rover.

Increasing the bearing capacity by imparting 
vibrations is significant for the proposed walking 
method to increase the running performance. 
Therefore, the relationship between the bearing 
capacity and vibration parameters must be clarified to 

Fig. 4 Overview of leg slippage

Fig. 5 Movement of particles comprising the ground when vibrations are imparted
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improve the proposed walking method with vibrations. 
This relationship offers valuable insight into the 
selection of a suitable vibration to prevent rovers from 
slipping.

Investigation of the relationship 
between the bearing capacity and vibration 
parameters (Vibration frequency and amplitude)
We consider the bearing capacity to be the force that 
supports the legged rover against gravity in the direc-
tion of the slope (Fig.  8a). Investigations of the surfaces 
of the Moon and Mars show that these contain slopes 
of approximately 30◦ as steep slopes [20, 21]. This study 
focused on the bearing capacity in the horizontal direc-
tion. In this experiment, the bearing capacity was meas-
ured by dragging a rod horizontally on the ground under 
different experimental conditions (Fig. 8 (b)).

In the models of bearing capacity, this value is decided 
from the size of the slip line underground. Because a 
previous study investigated that the slip line becomes 
large by vibration [15], we considered that the bearing 
capacity increases by vibration on the sloped ground. 
However, there was the possibility that the bearing 
capacity does not increase on the sloped ground even if 

Fig. 6 Vibration timing of the walking method with vibrations proposed in previous study

Fig. 7 Relationship between the peak value of the bearing capacity 
and slip line of the ground

Fig. 8 Actual environment where the legged rover walks and experimental environment for measuring the bearing capacity in the horizontal 
direction
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vibration imparts to the ground because the gravity of the 
downslope direction arises and the movement of sand 
particles changes. Therefore, the bearing capacity on the 
sloped ground was measured. The details of the method 
and results are explained in the “Appendix” section. In 
the results, the bearing capacities on the sloped ground 
and flat ground were compared and showed a similar 
relationship with vibration parameters. Therefore, we 
consider the changes in the bearing capacity in the 
horizontal direction owing to vibration to indicate a 
similar tendency under the sloped conditions.

The bearing capacity in the horizontal direction can 
be easily adapted to conventional models that estimate 
the lateral bearing capacity. The force exerted when an 
object is dragged horizontally on the ground is known as 
the lateral bearing capacity. In a future study, we plan to 
construct a model that estimates the bearing capacity in 
the horizontal direction, which is increased by vibration, 
based on the results of this study. After constructing 
the proposed model, it will be improved to include the 
condition of sloped ground. The experimental conditions 
that were varied were the vibration frequency and 
amplitude. We planned this experimental method with 
reference to related studies that measured the force when 
an object was dragged horizontally on the ground [22, 
23].

Experimental methods
Figure  9 shows the experimental setup that consists 
of a soil tank, rod, and force sensor. The soil tank had 
a length, width, and height of 309, 439, and 300  mm, 
respectively. The ground material consisted of Silica 
No. 5. This sand is widely used in studies of planetary 
exploration rovers [24–26]. Table  1 lists the parameters 
of the sand. Figure  10 shows the size of the rod, which 

is a quadrangular prism. The bottom end of the rod is 
square with sides of 20  mm and the rod was 200  mm 
long. The rod has a simple shape, which helps measure 
the increase in the bearing capacity caused by vibrations. 
The size of the rod was based on that in related studies 
of planetary exploration rovers with legs [11, 17, 22, 27]. 
The size of the rod was set similar to the size of the legs 
used previously. A force sensor was attached to the rod, 
as shown in Fig. 9b. The force sensor measured the force 

Fig. 9 Experimental setup for measuring the bearing capacity

Table 1 Parameters and specifications of Silica No.5 [28, 29]

Item Conditions (value)

Size of particle 150–840 µm

Maximum bulk density 1629 kg/m3

Minimum bulk density 1320 kg/m3

Soil cohesion 762 N/m2

Internal friction angle 32.5 ◦

Fig. 10 Overview of a rod
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exerted on the red surface of the rod, as shown in Fig. 9b. 
Figure 9 (b) shows the sinkage of the rod and position of 
the force sensor. The sinkage of the rod into the ground 
was set to 30, 50, and 70 mm. This experimental machine 
was mounted on a vibration generator (Wave Maker 05), 
which propagates vibrations to the rod. The direction 
of the vibrations was the same as that of the dragging 
direction of the rod. The vibration waveform was a sine 
wave. Figure  11 shows the details of the vibration. The 
frequency of the vibration was set to 10, 30, and 50 Hz. 
The amplitude of the vibration was set to 0.4, 0.5, and 0.6 
mm. These values represent the total amplitudes.

Figure  12 illustrates the flow of the experiment. First, 
the ground was mixed and flattened. Then, the rods were 
placed on the ground. Next, vibration was generated 
for 200  s. Subsequently, the rod was dragged 13  mm at 
a speed of 0.13 mm/s. The force sensor registered the 
bearing capacity value. The bearing capacity without 
vibrations was also measured. Five trials were performed 

for each experimental condition. Table  2 presents the 
experimental conditions.

Experimental results and discussion
The variation in the bearing capacity against the shear 
displacement exhibited two types of shapes (Fig.  13). 
The type of variation shown in Fig.  13a was observed 
in certain experiments without vibration. In this type, 
the bearing capacity initially increased, where after it 
converged with the peak value, which was obtained by 
measuring the converged value of the bearing capacity. 
The type of variation in Fig.  13 (b) was observed in all 
experimental results when vibration was imparted and 
for some experimental results without vibration. In this 
type, the bearing capacity initially increased, after which 

Fig. 11 Mechanism of vibration generation

Fig. 12 Experimental flow for measuring the bearing capacity

Table 2 Experimental conditions for measuring the bearing 
capacity

Item Conditions (value)

Number of trials 5

Sinkage of rod 30 mm, 50 mm, 70 mm

Vibration time 200 s

Traction speed 0.13 mm/s

Traction distance 13 mm

Type of sand Silica No.5

Vibration generator Wave Maker 05

Vibration frequency 10 Hz, 30 Hz, 50 Hz

Vibration amplitude 0.4 mm, 0.5 mm, 0.6 
mm (Total amplitude)

Force sensor PFS055YA251U6
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it decreased and converged. The peak value was obtained 
by measuring the maximum bearing capacity.

Figure 14 shows the peak value of the bearing capac-
ity without vibration as an average of five trials. Fig-
ures  15 to  17 show the peak value of the bearing 
capacity with vibrations as the average of five trials for 

each sinkage of the rod. These graphs show the stand-
ard errors calculated from the five experimental trials. 
The red line in Figs. 15 to 17 shows the average value 
of the bearing capacity without vibrations. The bearing 
capacity with vibrations was larger than that without 
vibrations under all experimental conditions.

Fig. 13 Bearing capacity versus shear displacement

Fig. 14 Comparison of the bearing capacity without vibration

Fig. 15 Comparison of the bearing capacity (Rod sinkage: 30 mm)

Fig. 16 Comparison of the bearing capacity (Rod sinkage: 50 mm)

Fig. 17 Comparison of the bearing capacity (Rod sinkage: 70 mm)
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The larger the frequency and amplitude, the larger the 
bearing capacity when the sinkage of the rod is 30  mm 
(Fig. 15).

The bearing capacity was not related to the frequency 
or amplitude when the sinkage of the rod was 50  mm 
(Fig.  16). When the vibration frequency was 10 and 30 
Hz, the bearing capacity obtained by setting the ampli-
tude of vibration to 0.4 mm was approximately the same 
as that obtained for an amplitude of vibration of 0.5 mm. 
When the vibration frequency was 50 Hz, the bearing 
capacity obtained using an amplitude of vibration of 0.5 
mm was approximately the same as that obtained for an 
amplitude of vibration of 0.6 mm.

When the sinkage of the rod was 70 mm, the bearing 
capacity was not related to the frequency or amplitude 
because the values of the bearing capacity for each vibra-
tion were almost the same (Fig. 17).

These results indicated that the increase in the bearing 
capacity after vibration was imparted depended on the 
sinkage of the rod. The pressure exerted on the rod by the 
earth is not high when the sinkage of the rod is 30 mm. 
Therefore, the relationship between the bearing capacity 
and vibration parameters was clearly demonstrated. 
When the sinkage of the rod was 50 and 70  mm, the 
relationship between the bearing capacity and vibration 
parameters was not observed because the vibrations were 
damped owing to the high pressure exerted by the earth. 
The larger the sinkage of the rod, the larger the earth 
pressure (Fig. 18) [19]. Figure 18a shows a passive earth 
pressure as the earth pressure.

Investigation of the relationship 
between the bearing capacity and vibration 
acceleration
The experimental results in the previous section sug-
gest that the vibration experiences damping when the 
sinkage of the rod is large. For these experiments, it was 

necessary to identify a parameter that has a strong rela-
tionship with the bearing capacity under this condition. 
We consider the vibration acceleration that is actu-
ally imparted to the ground to be related to the bear-
ing capacity because it includes the damping effect. In 
this experiment, the vibration acceleration was meas-
ured using an acceleration sensor, and the relation-
ship between the bearing capacity and actual vibration 
acceleration was investigated.

Experimental methods
The experimental setup is the same as that described 
in the previous section (Fig.  9). The ground material 
consisted of Silica No. 5. The sinkage of the rod to the 
ground was set to 30, 50, and 70 mm.

Figure 19 illustrates the flow of the experiment. First, 
the ground is mixed and flattened. Then, the rods were 
placed on the ground. The shape of the rod is illustrated 
in Fig.  10. Subsequently, vibrations were generated 
for 200  s, whereupon the vibration acceleration of the 
rod was measured. Figure  20a shows the mounting 
position of the cover that stores the acceleration 
sensor. Figure  20b shows the shape and size of the 
cover. An acceleration sensor was mounted on top of 
the cover (Fig.  20b). The acceleration was measured 
in the x-direction, as shown in Fig.  21. This direction 
was the same as that of the vibration. The sampling 
frequency of the vibration acceleration was 400 Hz. 
Subsequently, the rod was dragged after the vibration 
ceased. The force sensor registered the bearing capacity 
value. The relationship between the bearing capacity 
and actual vibration acceleration was investigated using 
combinations of these measurements. Five trials were 
performed for each experimental condition. Table  3 
lists the experimental conditions used.

Fig. 18 Earth pressure corresponding to the sinkage of the rod [19]
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Experimental results and discussion
As an example, Fig.  22a shows the experimental data 
(sinkage of the rod is 70 mm, frequency is 50 Hz, ampli-
tude is 0.5 mm). In this experiment, the amplitude of the 

vibration acceleration was initially unstable, but gradu-
ally stabilized until it remained constant. In this study, 
the acceleration amplitude, whose frequency is the same 
as that of the output, and the root mean square (RMS) 
were derived from the wave of the vibration acceleration 
to investigate the relationship with the bearing capacity.

The acceleration amplitude, whose frequency is the 
same as that of the output, can indicate the damping, 
which affects the vibration set by the vibration genera-
tor. To obtain the acceleration amplitude, the last 100  s 
in the wave of the vibration acceleration were subjected 
to fast Fourier transform because the amplitude of the 
vibration acceleration was constant during the final 100 s 
(Fig. 22b). The acceleration amplitude, whose frequency 
is the same as that of the output, was selected from the 
result of the fast Fourier transform.

The root mean square (RMS) is defined as the square 
root of the mean square. In some studies, the RMS value 

Fig. 19 Experimental flow for measuring the vibration acceleration and the bearing capacity

Fig. 20 Attachment position of the acceleration sensor

Fig. 21 Direction of measurement of the vibration acceleration
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was calculated from the acceleration to compare the 
wave of acceleration [30, 31]. The analyzed results of the 
wave by the fast Fourier transform include not only the 
frequency which is the same as the output but also the 
frequencies which are multiple of the output frequency 
(Fig.  22b). These frequencies occur by the collision 
between the rod and the ground [32]. The RMS value 
can include these frequencies and be used to evaluate the 
actual vibration wave. The RMS values were calculated 
using Eq. (1) as follows:

where T is the total vibration time and aexp(t) is the 
measured vibration acceleration. Figure  23 shows the 

(1)arms =

√

1

T

∫ T

0

aexp(t)2dt

procedure for calculating the RMS value. The RMS value 
was calculated from the last 100  s of the measurement 
data (Figs. 23a and b). First, the DC value is obtained by 
applying fast Fourier transform to the vibration accelera-
tion wave (Fig. 23c). We define the DC value as the dis-
tance between the time axis and center of the vibration 
acceleration wave. Next, the wave of vibration accelera-
tion was moved to the center of the time axis of the graph 
based on the DC value (Fig. 23d). Finally, the RMS value 
is calculated from the edited wave (Fig. 23e).

Figure 24 shows the acceleration amplitude as the aver-
age of five trials for each sinkage of the rod. These graphs 
show the standard errors calculated from the five experi-
mental trials. The acceleration amplitude and RMS val-
ues are shown in (a) and (b). The larger the sinkage of 
the rod, the smaller these values. This result suggests 
the larger the sinkage of the rod, the more the vibrations 
were damped. These values using the vibration (Amp. 0.5 
mm, Freq. 50 Hz) were extremely higher than others.

Figures 25, 26, 27 and 28 show the vibration accelera-
tion against the bearing capacity. The combinations of the 
bearing capacity and vibration acceleration are plotted in 
these figures. The acceleration amplitude and RMS values 
are shown in (a) and (b). Figures 26 to 28 show the linear 
approximation and the coefficient of determination.

When the sinkage of the rod was 30  mm, there were 
two groups of plots with low and high vibration accelera-
tion (Fig. 25). Plots with high vibration acceleration were 
obtained when the vibration (Amp. 0.5 mm, Freq. 50 Hz) 
was used. The reason for the high vibration accelera-
tion measured when using the vibration (Amp. 0.5 mm, 
Freq. 50 Hz) is that the movement of ground particles is 
different from that using other vibrations. Baumgartner 
et  al. investigated the movement of ground particles 
when imparting vibration to understand the movement 
of the sandfish skink, which is a lizard with the ability 

Table 3 Experimental conditions for measuring the vibration 
acceleration and the bearing capacity

Item Conditions (value)

Number of trials 5

Sinkage of rod 30 mm, 50 mm, 70 mm

Measuring time of vibration accelera-
tion

200 s

Vibration time 200 s

Traction speed 0.13 mm/s

Traction distance 13 mm

Type of sand Silica No. 5

Vibration generator Wave Maker 05

Vibration frequency 10 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz

Vibration amplitude 0.5 mm (Total amplitude)

Force sensor PFS055YA251U6

Acceleration sensor AccStick6

Sampling frequency of vibration 
acceleration

400 Hz

Fig. 22 Procedure for obtaining the acceleration amplitude (Using experimental data - Rod sinkage: 70 mm, Vibration frequency: 50 Hz, Amplitude: 
0.5 mm)
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to move through desert sand [33]. They discovered that 
vibration renders a local decompaction of the sand sur-
rounding the vibrator, suggesting that high-frequency 
vibration causes the sand to behave like a fluid. Moreo-
ver, they confirmed that the earth pressure was decreased 
by imparting high-frequency vibrations. Figure 29 shows 
the relationship between the movement of particles and 
vibration frequency. At low vibration frequencies, the 
particles remain in contact and move with the rod. In 
this condition, the ground is compacted. At high vibra-
tion frequencies, the particles separate because of colli-
sions. In this condition, the ground behaves like a fluid. 
From a related study, we consider the behavior of the 

ground particles when using the vibration (Amp. 0.5 mm, 
Freq.  50 Hz) to resemble that of a fluid, and the earth 
pressure to decrease. Therefore, the vibration accelera-
tion was possibly hardly damped by the earth pressure.

The plots obtained using the vibration (Amp. 0.5 
mm, Freq.  50 Hz) were excluded in Fig.  26 because the 
movement of ground particles was possibly different 
from that in other experimental conditions. Figure  26 
shows that the coefficient of determination for the 
acceleration amplitude was 0.7351, and that of the RMS 
value was 0.8474. The coefficient of determination in the 
RMS value was over 0.75 when the sinkage of the rod 
was 50 and 70  mm. The coefficient of determination of 

Fig. 23 Procedure for calculating the RMS value (Using experimental data - Rod sinkage: 70 mm, Vibration frequency: 50 Hz, Amplitude: 0.5 mm)

Fig. 24 Comparison of vibration acceleration
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the acceleration amplitude was smaller than the RMS 
value when the sinkage of the rod was 50 and 70  mm. 
Therefore, the RMS value was correlated with the bearing 

capacity. We consider that the vibrations which occur by 
the collision between the rod and the ground also work 
to increase the bearing capacity. This experimental result 

Fig. 25 Vibration acceleration versus bearing capacity (Rod sinkage: 30 mm)

Fig. 26 Vibration acceleration versus bearing capacity (Rod sinkage: 30 mm, except data when the vibration (Amp. 0.5 mm, Freq. 50 Hz) was used)

Fig. 27 Vibration acceleration versus bearing capacity (Rod sinkage: 50 mm)
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suggests that the bearing capacity can be estimated from 
the vibration acceleration.

Comparison of the frequency and amplitude 
as vibration parameters in regards to increasing 
the bearing capacity
Experimental methods
This investigation compared the frequency and ampli-
tude as vibration parameters with respect to efficiently 
increasing the bearing capacity. The bearing capacity 
was measured using vibrations with high frequency and 
amplitude. Moreover, the vibration acceleration was 
measured using an acceleration sensor when the rod 
was on the ground. Table 4 lists the three sets of vibra-
tions. The accelerations of these vibrations were identical. 
Therefore, a vibration parameter that efficiently increases 
the bearing capacity can be determined by comparing the 
bearing capacities obtained for each vibration. These sets 
changed the acceleration in three steps. The vibration 
acceleration was calculated using Eq. (2).

where A, D, and f represent the vibration acceleration, 
total amplitude, and frequency, respectively. The experi-
mental method is the same as that described in the previ-
ous section (Fig. 19). The bearing capacity and vibration 
acceleration were measured in this experiment. Table  5 
lists the experimental conditions used.

(2)A =

1

2
D(2π f )2

Fig. 28 Vibration acceleration versus bearing capacity (Rod sinkage: 70 mm)

Fig. 29 Changing movement of particles comprising the ground by kind of vibration

Table 4 Combination of vibrations

Frequency is larger Amplitude is larger

Set 1 Freq.: 10 Hz Freq.: 5.8 Hz

(Acc.: 0.99 m/s2) Amp.: 0.5 mm Amp.: 1.5 mm

Set 2 Freq.: 30 Hz Freq.: 17.3 Hz

(Acc.: 8.88 m/s2) Amp.: 0.5 mm Amp.: 1.5 mm

Set 3 Freq.: 50 Hz Freq.: 28.9 Hz

(Acc.: 24.67 m/s2) Amp.: 0.5 mm Amp.: 1.5 mm
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Experimental results and discussion
Figures  30, 31,   32 show the peak value of the bearing 
capacity with vibration. These results are the averages of 
five trials for each sinkage of the rod. These graphs show 
the standard errors calculated from the five experimental 
trials.

For each sinkage of the rod, the bearing capacity 
obtained using the high-amplitude vibration was larger 
than that obtained using the high-frequency vibration in 

each set of vibration combinations (Figs. 30,31, 32). These 
experimental results indicate that the amplitude is more 
effective for increasing the bearing capacity than the 
frequency.

Figures 33, 34, 35 show the acceleration amplitude and 
the RMS value for each sinkage of the rod. The accelera-
tion amplitude and RMS values are shown in (a) and (b), 
respectively. These graphs show the standard errors cal-
culated from the five experimental trials.

When the sinkage of the rod was 30  mm, the accel-
eration amplitude and RMS value obtained for the high-
amplitude vibration were larger than those obtained for 
the high-frequency vibration in sets 1 and 2 of the vibra-
tion combinations (Fig.  33). When the sinkage of the 
rod was 30 mm, the bearing capacity obtained using the 
high-amplitude vibration was larger than that obtained 
using the high-frequency vibration in sets 1 and 2 of the 
vibration combinations (Fig.  30). These experimental 
results show that a relationship exists between the actual 
vibration acceleration and bearing capacity. The accelera-
tion amplitude and RMS value obtained for the high-fre-
quency vibration were larger than those obtained for the 
high-amplitude vibration in set 3 (Fig. 33). As mentioned 
in the previous section, we attributed the high vibration 
acceleration that was measured when using the vibration 
conditions (Amp. 0.5 mm, Freq.  50 Hz) to the behavior 
of the ground particles, which resembled that of a fluid, 
and the decrease in the earth pressure. Therefore, the 
vibration acceleration was possibly hardly damped by 
the earth pressure. It is necessary to distinguish between 
the results obtained using the vibration conditions (Amp. 
0.5 mm, Freq. 50 Hz) and others, because the movement 
of ground particles could possibly be different from that 
using other vibrations.

When the sinkage of the rod was 50 mm, the accelera-
tion amplitude obtained for the high-amplitude vibra-
tion was larger than that obtained for the high-frequency 
vibration in sets 2 and 3 of the vibration combinations 

Table 5 Experimental conditions for the comparison of vibration 
parameters

Item Conditions (value)

Number of trials 5

Sinkage of rod 30 mm, 50 mm, 70 mm

Vibration time 200 s

Traction speed 0.13 mm/s

Traction distance 13 mm

Type of sand Silica No.5

Vibration generator Wave Maker 05

Force sensor PFS055YA251U6

Fig. 30 Bearing capacity in each combination of vibrations (Rod 
sinkage: 30 mm)

Fig. 31 Bearing capacity in each combination of vibrations (Rod 
sinkage: 50 mm)

Fig. 32 Bearing capacity in each combination of vibrations (Rod 
sinkage: 70 mm)
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Fig. 33 Vibration acceleration in each combination of vibrations (Rod sinkage: 30 mm)

Fig. 34 Vibration acceleration in each combination of vibrations (Rod sinkage: 50 mm)

Fig. 35 Vibration acceleration in each combination of vibrations (Rod sinkage: 70 mm)
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(Fig.  34a). The RMS value obtained for the high-ampli-
tude vibration was larger than that obtained for the high-
frequency vibration for all sets of vibration combinations 
(Fig.  34b). These RMS values correspond to one of the 
bearing capacities (Fig. 31).

When the sinkage of the rod was 70 mm, the accelera-
tion amplitude obtained for high-frequency vibration was 
larger than that obtained for high-amplitude vibration 
in sets 1 and 2 of the vibration combinations (Fig. 35a). 
The RMS value obtained for the high-amplitude vibra-
tion was larger than that obtained for the high-frequency 
vibration for all sets of vibration combinations (Fig. 35b). 
These RMS values match one of the bearing capacities 
(Fig. 32).

Overall, the RMS values are more similar to the results 
of the bearing capacity than to those of the acceleration 
amplitude. Therefore, the acceleration wave must be 
evaluated not only in terms of the output frequency, 
but also in terms of the total wave. Moreover, the RMS 
value obtained for high-amplitude vibration was larger 
than that obtained for high-frequency vibration. The 
difference in the RMS value between two vibrations in 
each set was larger than one in the vibration amplitude. 
These results suggest that high-amplitude vibration 
makes larger vibrations by the collision between the 
rod and the ground than high-frequency vibration. 
From Fig. 13b, when the rod first started being dragged, 
the bearing capacity increases roughly in proportion 
to the distance of dragging the rod. From this result, 
we consider that vibrations that occur by the collision 
between the rod and the ground became large by 
high-amplitude vibration because the high-amplitude 
vibration makes the force that the rod pushes the ground 
large. These experimental results enable us to determine 
the reason why the amplitude is an influential vibration 
parameter with respect to increasing the bearing capac
ity.

Conclusions
In this study, two investigations were conducted to 
clarify the relationship between the bearing capacity and 
vibration parameters. First, we investigated the increase 
in the bearing capacity with changes in the vibration 
parameters. Our experimental results demonstrated 
that the bearing capacity is related to the vibration 
acceleration measured by the acceleration sensor. This 
experimental result suggests that the bearing capacity 
can be estimated from the vibration acceleration. 
Next, the frequency and amplitude were compared as 
the vibration parameters that increased the bearing 
capacity. We confirmed that the amplitude was more 
influential in increasing the bearing capacity than the 

frequency because the high-amplitude vibration makes 
large vibrations by the collision between the rod and the 
ground. This knowledge is valuable for selecting a suitable 
vibration to efficiently increase the bearing capacity. This 
study led to the suggestion of a method for facilitating 
further planetary exploration using legged rovers.

This study showed that the experimental results 
obtained using certain vibration conditions (Amp. 0.5 
mm, Freq. 50 Hz) were significantly different from those 
obtained using other conditions. The reason is consid-
ered that the movement of the ground particles differs 
from that using other vibrations. Therefore, in future 
studies, we aim to investigate the movement of ground 
particles when imparting vibrations.

To confirm the effect of vibration in a more realis-
tic environment, the relationship between the bearing 
capacity and vibration would have to be investigated 
using sand, which is a reproduced planetary material, and 
on sloped ground.

In future studies, we plan to develop a model that 
estimates the bearing capacity. In the planned model, 
an acceleration sensor would be attached to the legs of 
the rover to measure the actual vibration acceleration. 
The planned model would be designed to estimate the 
bearing capacity from the actual vibration acceleration 
because of the relationship between the vibration accel-
eration and bearing capacity.

Appendix
The experiment was conducted to verify that the bearing 
capacity in the horizontal direction owing to vibration 
indicates a similar tendency under the sloped condition. 
In this experiment, the bearing capacity was measured in 
the sloped ground.

Fig. 36 Tilted experimental setup for measuring the bearing capacity
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Experimental methods
The experimental setup is the same as that described in 
the previous section (Fig. 9). As shown in Fig. 36, it tilted 
to 15 degrees to measure the bearing capacity in the 
sloped ground condition. The ground material consisted 
of Silica No. 5. The sinkage of the rod to the ground was 
set to 50 mm.

Figure  37 illustrates the flow of the experiment. First, 
the ground was mixed and flattened. Then, the rods were 
placed on the ground. Next, vibration was generated for 
200  s. After the vibration ceased, the force sensor set 
the value to 0 N first and registered the bearing capacity 
value without the weight of the rod. Subsequently, the rod 
was dragged 13 mm at a speed of 0.13 mm/s. Five kinds 
of vibrations were used, as shown in Table 6. The bearing 
capacity without vibrations was also measured. Five trials 
were performed for each experimental condition. Table 7 
presents the experimental conditions.

Experimental results and discussion
Figure  38a and b show the peak value of the bearing 
capacity as the average of five trials in the flat and sloped 
ground conditions. These graphs show the standard 
errors calculated from the five experimental trials.

In these graphs, the bearing capacity in the sloped 
ground was smaller than that in the flat ground. The rea-
son is that the weight of the ground in a downslope direc-
tion affects the bearing capacity decrease.

Figure  38a compares the bearing capacity in each 
vibration frequency. Figure  38b compares the bear-
ing capacity in each vibration amplitude. In the sloped 
ground, the bearing capacity with vibrations was larger 
than that without vibrations under all experimental 
conditions. Moreover, the larger the frequency and 
amplitude, the larger the bearing capacity. These fea-
tures are almost similar to the results in the flat ground.

From these results, we consider the changes in the 
bearing capacity in the horizontal direction owing to 
vibration to indicate a similar tendency in the sloped 
ground under the experimental condition of this study.

Fig. 37 Environment and flow for measuring the bearing capacity on the sloped ground

Table 6 List of used vibrations for measuring the bearing 
capacity on the sloped ground

Number Frequency Total amplitude

No. 1 10 Hz 0.5 mm

No. 2 30 Hz 0.4 mm

No. 3 30 Hz 0.5 mm

No. 4 30 Hz 0.6 mm

No. 5 50 Hz 0.5 mm

Table 7 Experimental conditions for measuring the bearing 
capacity on the sloped ground

Item Conditions (value)

Number of trials 5

Sinkage of rod 50 mm

Vibration time 200 s

Traction speed 0.13 mm/s

Traction distance 13 mm

Type of sand Silica No.5

Angle of sloped ground 15 degrees

Vibration generator Wave Maker 05

Force sensor PFS055YA251U6
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