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Abstract: The surface of the Moon and planets have been covered with loose soil called regolith, and
there is a risk that the rovers may stack, so it is necessary for them to recognize the traveling state such
as its posture, slip behavior, and sinkage. There are several methods for recognizing the traveling
state such as a system using cameras and Lidar, and they are used in real exploration missions like
Mars Exploration Rovers of NASA/JPL. When a rover travels and travels across loose soil with steep
slopes like a side wall of a crater on the lunar surface, the rover has side slipping. It means that its
behavior makes the rover slip down to the valley direction. Even if this detection uses sensors like a
camera and Lidar or other controlling systems like SLAM (Simultaneous Localization and Mapping),
it would be too difficult for the rover to avoid slipping down to valley direction, because it is not able
to detect the traction or resistance given from ground by individual wheel of the rover, as the traction
of individual wheel of the rover is not clear. This means that the movement of the rover appeared
by integrating the traction of all wheels mounted on the rover. Even if the localization by sensors is
carried out, the location would be the location after slipping down. This is because when traveling on
unstable ground, the driving force of each individual wheel cannot be accurately predicted, and the
sum of the driving force of all wheels is the motion of the rover, which is detected after the position
changes. Therefore, if the rover obtains information on the traction of each wheel, its maneuver to
change its posture would work sooner and it would be able to travel more efficiently than in a state
without that information. Because the onboard computer of rovers can identify their location and
state from the information of the traction of each wheel, they can decide the next work carefully and
in detail. From these tasks, we focused on the intrinsic sensation of a biological function like a human
body and aimed to develop a system that recognizes the traveling state (slip condition) from the
shape deformation of the chassis. In this study, we experimentally verified the relationship between
the change in strain, which is the amount of deformation acting on the chassis, and the traveling
state while the wheel is traveling. From the experimental results, we confirmed that the strain in
the chassis was displaced dynamically and that the strain changed oscillatory while the wheel was
traveling. In addition, based on the function of muscle spindles as mechanoreceptors, we discussed
two methods of analyzing strain change: nuclear chain fiber analysis and nuclear bag fiber analysis.
These analyses mean that the raw data of the strain are updated to detect the characteristic strain
elements of a chassis while the wheel is traveling through loose soil. Eventually, the slipping state
could be estimated by updating the data of a lot of strain raw data, and it was confirmed that the
traveling state could be detected.

Keywords: intrinsic sensation; loose soil; planetary rover; traveling state; strain

1. Introduction

Space development has been actively conducted in order to expand the scope of
human activities with the development of science and technology. The demand for landing
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exploration using a rover has increased. However, it is a dangerous environment for
humanity such as extreme temperature, radiation, and thin atmosphere [1]. Therefore,
it has been required to use a rover for an unmanned exploration mission. Specifically,
planetary rovers will be used to carry equipment for lunar exploration, to search for ice at
the poles, or to explore Mars, especially to investigate the existence of life [2–4].

On the Moon and planets, there are many slopes such as craters, cliffs, and dunes [5].
These areas are important observation stations because they have exposed crust and eternal
darkness, which are of great scientific interest [6,7].

In fact, the Schrödinger basin has been investigated and found to be an important
site [8,9]. In fact, the Mars Exploration Rovers have also conducted geological surveys by
polishing [4,10].

Furthermore, machine learning approaches for autonomous data analysis have been
studied for the Mars Exploration Rovers [11].

Recently, even the far side of the Moon has been explored, as in the case of Chang’E-4
with the Yutu-2 rover [12,13]. However, the surface is covered with fine particles called
regolith, which causes the wheels to slip when the rover travels. If the slippage is not
restrained, exploration efficiency will decrease because the robot will deviate from the
planned target path. In the worst case, the rover becomes stacked, and exploration becomes
impossible [14]. Stuck means the wheels are buried in the sand and cannot move. In fact,
the Mars Exploration Rover MER (NASA, JPL, 2012) became stuck on Mars and took more
than a month to escape [15]. Therefore, if the rover can detect the traveling state (slip
condition), it can correct the misalignment of the traveling path and avoid the stuck state.
In order to detect the traveling state (slip condition), detection systems based on visual
information using cameras loaded on rovers have been studied, such as relative position
estimation and traveling ground discrimination [16–19]. There is a technology called
Simultaneous Localization and Mapping (SLAM). SLAM is a technology that performs
simultaneous localization and mapping and is used in many automated vehicles [20–23].
However, there is a risk that the accuracy of detection will be decreased by the effects
such as fewer feature points in the image (the term “less feature points” indicates that
the surface is covered with sand and is visually the same color as no rocks or stones, and
thus no feature points can be detected by cameras or sensors). The system cannot respond
to sudden slippage because it cannot detect small changes in slippage. It is possible to
improve the tracking of the travel path and prevent stuck states if the rover can recognize
the travel state. Therefore, a new system for detecting the traveling state (slip condition)
is required. This is especially necessary when a rover travels across loose soil with steep
slopes, such as the sidewalls of craters on the Moon. This means that it is controlled by
integrating the traction of each wheel. If the rover obtains information on the traction of
each wheel, its maneuver to change its posture would work sooner and it would be able
to travel more efficiently than in a state without that information. Because the rovers can
understand a mechanical state from the information on the traction of each wheel, and
they can decide on the next work carefully and in detail. There are some terramechanic
models that can be represented by a single wheel placed on loose soil [24,25]. The drawbar
pulls or the driving force can be obtained from these models. Since the wheels are buried
when traveling on loose ground, it is necessary to consider the amount of burial. In other
words, these models are related to the ground contact conditions between the wheels and
the ground and then is necessary to calculate the normal and shear stresses to calculate
the traction force. In addition, characteristics of the ground (e.g., angle of repose) and
the geometry of the wheel are considered. Finally, the traction force is calculated using
the slip rate as an input value. These ones need the value of “slip ratio” to calculate
this model, and slip ratio is used as input data for these models. Therefore, if the rovers
would calculate a driving force from these models on the spot, we need real-time data on
the slip ratio. Although the value of slip ratio can be calculated using the displacement
of a rover and the rotational angle of wheels, its accuracy depends on the accuracy of
a sensing system like SLAM and so on. In addition, it is necessary for these models to
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know other information like sinkage, some soil factors in detail, and so on, beforehand.
These systems would inevitably contain some errors. In practice, rovers sent to a Moon-
like planetary body would use terramechanic models with some predictive capabilities.
For example, a pre-simulated database from a lot of experiments on Earth may be used.
However, it is difficult for rovers to predict accuracy on the spot because a rover would
travel on loose soil including high nonlinear. Humans use not only “vision” but also
somatosensory perception to recognize their walking condition. Particularly, an intrinsic
sensation is one of the somatosensory senses that estimates the body motion and position
change from the stimulation of muscles, tendons, and joints [26,27]. In fact, humans receive
forces applied to the lower limbs as mechanical stimuli called “tension” and recognize the
walking state based on this information. Therefore, we focused on some elements of the
intrinsic sensory functions and tried to construct the system to detect the traveling state
(slip condition) based on these. This phenomenon of human muscles also occurs in the
chassis of a rover. When the rover travels, the force applied to the wheels changes with the
ground and traveling state (slip condition). These forces affect the chassis of the rover and
change the shape of the chassis. We aim to develop a system that detects this change in the
shape of the chassis and recognizes the traveling state (slip condition) based on intrinsic
sensory information. Figure 1 shows the outline of the traveling state (slip condition)
detection system.
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Figure 1. Outline of the traveling state (slip condition) detection system.

In this study, the relationship between the change in the amount of strain, which is
the deformation of a chassis, and the traveling state (slip condition) is confirmed by a
traveling experiment in order to develop the system. First, the phenomenon is confirmed
by measuring the strain that occurred during traveling experiments with a single wheel.
In addition, the analysis method of the strain during traveling is discussed by using the
strain at this time. Finally, based on the analyzing method, the effectiveness of this method
is confirmed by measuring the change in strain when the traveling state (slip condition)
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is set in different situations like traveling ground (rigid surface, loose soil) and forced
towing force.

This work estimates the driving force and slip state generated from a single wheel,
and this estimation can improve the accuracy of estimating the driving force acting on the
entire vehicle. It also has the possibility to control the traction generated by each wheel. If
the traction and slip acting on a single wheel can be estimated, this is an effective method
that can greatly improve the tracking performance of path planning.

In addition, many lunar and Mars exploration missions are planned by various
organizations [28–30], and multiple rovers will be deployed on the planetary surfaces
in the future [31]. In this paper, we discuss the prospect of using the strain information
(proposed here) obtained from the chassis of the rovers as a remote sensing technique.

2. Traveling on Loose Soil and the Small Deformation of the Chassis
2.1. About the Wheel of the Rover Traveling on Loose Soil

The movement of a rover is caused by the sum of forces produced by the rotation of
each wheel as previously described. The amount of displacement caused by these forces
(the sum of the forces of each wheel) is detected and calculated by sensing systems such as
SLAM, and then the trajectory of a rover is corrected. The physical model using the attitude
of a rover is adapted to the maneuver of a rover, and the order like the rotation of wheels
from information calculated by this model is sent on it. In the case of rough terrain like the
Martian surface or lunar surface, the interaction model called the “Terramechanis model”
is used [32–34]. This model can calculate the driving force from slip ratio and amount
of sinkage during traveling loose soil as indicated in Figure 2. The slip rate is defined as
the ratio of the actual movement of the rover to the ideal movement calculated from the
amount of wheel rotation. This model needs to be given some soil parameters to calculate
the equation. The parameters are soil coefficient, slip rate, amount of wheel burial, and
so on. There are two problems in order to obtain driving force on time and on the spot.
First, the rover obtains the value of slip ratio and amount of sinkage on real-time data.
For others, the rover must acquire some soil parameters beforehand. The rover cannot
obtain accurate data from these problems because it is difficult to obtain these data on the
spot in real time. Even if the rover can predict this information beforehand, it is difficult
to predict the value of the driving force of each wheel and there is a significant error in
acquired and calculated data. It needs to obtain information such as the driving force of
“each” wheel to predict a value close to an accuracy data. If these data are given, the rover
can be controlled by traction produced by “each” wheel and then travel accurately along
the planning path. As mentioned above, some elements are necessary for the driving force
prediction using the terramechanics model, but the terramechanics model simply shows
the dynamic elements like shearing stress, and normal stress, and it is effective to consider
logically (when a wheel travels on loose ground, a wheel is buried in the soil. In other
words, a wheel is in contact with the loose soil to a certain area on the wheel surface. In
order to represent this, it is effective to use normal stress and shear stress). In addition, if
the value of the slip ratio is acquired on the spot, the driving force of each wheel can be
calculated using the terramechanics model (in this study, we directly obtain the driving
force data using the force sensor as the true value). In the terramechanics model, which
indicated the relationship between a wheel and loose soil, two elements, shearing stress,
and normal stress, are very important. The equation of driving force Fx is expressed using
the normal stress σ, the shearing stress τ, the wheel radius r, and the wheel width b. s
represents the slip ratio. θ is the value (angle) used for integration with respect to the stress
region. θf and θr represent the inserting angle and the exit angle individually.

Fx = rb
∫ θ f

−θr
{τx(θ)cos(θ)− σ(θ)sin(θ)}dθ (1)
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The normal stress σ(θ) is divided before and after the maximum occurrence stress
angle θm and is expressed by two equations [35]. σmax is the maximum normal stress and
n is the soil parameter.

σf (θ) = σmax

(
cos θ − cos θ f

cos θm − cos θ f

)n(
θm ≤ θ < θ f

)
(2)

σf (θ) = σmax

cos θ f − θ−θr
θm−θr

(
θ f − θm

)
cos θm − cos θ f

n

(θr < θ ≤ θm) (3)

The sharing stress is expressed using the cohesion stress of the soil c, internal friction
angle φ and kx is the shear deformation module as follows [36]. And the soil deformation
jx is indicated in Equation (5) [35].

τx = (c + σ(θ)tan φ)
{

1− e−jx/kx
}

(4)

jx = r
{

θ f − θ − (1− s)
(

sin θ f − sin θ
)}

(5)

These elements are dependent on sinkage during the wheel traveling loose soil (in case
of traveling the rigid surface, these elements are not considered). When the wheel sinks
into loose soil, the surface of the wheel contact with loose soil becomes a curved surface.
Moreover, the surface is formed while being destroyed. The movement of this wheel at this
time is very complicated and there are many soil grains existing with various vectors of
driving direction on detailed points on the wheel’s surface. This means that soil movement
and stress distribution under the wheel is very complicated. The actual movement of
each wheel of the rover can be estimated by integrating these complicated forces. If the
information of this integrating force at each wheel can be obtained on the spot at the time,
the movement prediction function of the rover will be able to improve. When the wheel of
the rover travels loose soil, the chassis of the wheels gets influenced by dynamic force. The
chassis is connected to the wheel and body of the rover. This means that the construction of
these chassis undergoes small deformation by dynamic forces while traveling on loose soil.
These dynamic forces caused by traveling on loose soil are not the same as the state where
the wheel is traveling on a rigid surface like artificially maintained roads as mentioned
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above. Therefore, this study focuses on the relationship between the small deformation
that occurs on the chassis of the wheel sinking into the soil and the slip ratio. Then, the
estimation method of the slip ratio using the data of these small deformations in the chassis
is proposed.

2.2. The Small Deformation That Occurs in the Chassis of the Wheel

Figure 3 shows the traveling state of the wheel on a rigid surface and loose soil. In
the case of the traveling state on a rigid surface (Figure 3a), the contact range between the
wheel and this surface is grounded along a “line”. At the beginning of traveling, the static
friction changes to the dynamic friction with slippage, and then the wheel starts moving.
The wheel moves firster than the chassis and the body. In this case, a moment is generated
in the chassis connected to the wheel axle, and the chassis deflects. The chassis then tries to
recover the deflection. This process is repeated. This process continues while the wheel is
moving and slipping on the loose soil. This means that the chassis deforms while doing
a minute oscillatory movement. On the other hand, in the case of loose soil, as shown
in Figure 3b, the wheel sinks into the soil easily, and, while shearing destruction on the
contacted surface is caused by the rotation of the wheel, the surface of the wheel contacted
with loose soil forms a curved surface simultaneously. The wheel on this contacted surface
is in a slipping state. The wheel is traveling in to forward direction while it is slipping
and sinking. The oscillation with the various micro deformation of the chassis with higher
frequency than one of the cases of traveling the state on a rigid surface appeared by the
movement in this case (at rotation on a curved contacted surface). Next, the driving force
between the wheel and the loose ground is considered again.
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Figure 3. Overview of traversing state. (a) Traversing state on rigid surface. (b) Traversing state on
loose soil.

In Equation (1) of the wheel driving force model for traversing on soft ground, the
burial of the wheel is expressed by θf and θr. However, it is difficult to measure this angle
in real time in actual driving. Some studies have been conducted to measure this angle [37].
The phenomenon that occurs at the time of burial (soil under the wheel is sheared by the
rotating motion of the wheel, and the wheel is easily buried) is solved as an integral in
Equation (1), but the motion with slipping is very complicated. Figure 4 shows the driving
force vector dτi at a certain point i on the contact surface. It is different at all contact points,
and when the forward direction is taken as the solution, Equation (6) is obtained. δi denotes
the angle between the driving force vector and the forward direction.

The contact surface between the wheel and loose soil.

dτi = dτnicos δi (6)
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The integration of Equation (6) shows the shearing stress shown in Equation (1), which
is actually a complex motion. This motion is directly transmitted to the chassis section
connected to the wheels. The measured strain in the chassis section is a strain accompanied
by vibration. In order to estimate the complex motion of the contact area, which is a
curvature surface, it is necessary to analyze this vibration, and FFT analysis is performed
as in Equation (7).

F(ξ) =
∫ ∞

−∞
f (t)e−iξtdt (7)

In this case, ξ represents the angular velocity of the strain acting on the chassis. The
infinitesimal dξ can also be shown in Equation (8). Functions that depend on the material
and part geometry (chassis dimensions), such as stiffness and cross-sectional quadratic
moment, are represented by f (A), and li is the distance between the contact surface and the
strain detection position.

dξ = f (A)·li· f (dτnicos δi) (8)

This equation is expressed as a function that incorporates the fine traction occurring
on the contact surface, the position at which strain is detected, and a function related to
the stiffness of the material. Strain is measured at high frequencies, and by taking the
traversing condition (slip rate or buried condition) as an input, it is possible to pick the
amount of strain and the frequency band of strain oscillation.

2.3. Consideration for System including “Small Deformation”

The current system would be greatly improved if important information related
to driving, such as slip state and traction, could be obtained directly from the strain
information for each wheel. When correcting a route based on sensing such as images,
Lidar, and IMU, it is necessary to know the conditions of the wheels before and after the
movement. Since the proposed system can obtain real-time information on the stimuli
received by the body of the rover when the wheel rotates and contacts the ground, it is
assumed that the path correction can be performed more quickly by incorporating them
into the current system. Figure 5 indicates the current system (Figure 5a) and the advanced
system with the strain detection processing unit (Figure 5b). In the present system, SLAM,
which is based on the information from Lidar and cameras, is used to control the traveling
of the rover, correct the route, and change the attitude. However, this is a calculation for the
entire rover and cannot accurately identify the traction by each wheel. As Figure 5b shows,
if the slip state and traction of each wheel are known, the accuracy of the dynamics and
terramechanics models of the system can be improved. It would also be possible to control
the rover directly in a reflexive manner (the strain data becomes large instantaneously,
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or the derivative value of the strain data is large, and so on). Thus, if the slip state and
traction of each wheel can be estimated, it is expected that path correction can be performed
with high accuracy for the rover. Even at present, a fast calculation may be performed,
although it depends on the sampling period route and coordinates deviate from the planned
ones. In such cases, the motion and drive to correct the path are calculated by using the
terramechanics model.
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3. Measurement

In this chapter, the strains acting on the chassis when the wheel travels are verified
by experiments in which the wheel travels. Then, based on the experimental results, the
method of analyzing the strain during traveling is discussed.

3.1. Experimental Environment and Conditions

The strains on the chassis are measured by traveling the wheels on different ground
surfaces, and the strains on the chassis during traveling are confirmed. Figure 6 shows
the experimental environment and the single-wheel test bed. Two types of ground are
used: loose soil and rigid ground. The loose soil is simulated by spreading silica sand
No. 5 (Table 1), and the rigid ground is simulated by installing wood. In this study,
we are focusing on the use of the movement of the ground, which is the breaking and
shearing of the ground, in order to compare it with rigid ground. For this purpose, silica
sand No. 5 is used. Moreover, the diameter of the wheel used in the experiment is
200 mm without a grouser (grousers are paddle-like objects attached to the surface of a
wheel). This is in reference to a MER (Mar Exploration Rover (NASA/JPL) wheel (with
grouser) with a wheel diameter of 250 mm. The strains are measured by strain gauges. The
strain gauges are attached to the top of the chassis plate, where it is easiest to detect the
strain, using a two-gauge method that is not really affected by external influences. The
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thickness of the chassis plate is 3 mm in order to have very low rigidity and to change the
strain more easily. Figure 7 shows the strain measurement state and Table 2 shows the
experimental conditions.
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Table 1. Soil parameters and values (silica No. 5).

Modulus (Unit) Value Name of Parameters

g (m/s2) 9.81 Earth gravity

γ (kg/m3) 1430 Soil density

φ (◦) 22.3–32.5 Internal friction angle
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Figure 7. Actual condition of the experiment.

Table 2. Experimental conditions at using single wheel testbed.

Description Value

Slope angle (◦) 0
Rotation speed (rpm) 5.0

Traveling distance (mm) 500.0
Number of trials (-) 5

Wheel diameter (mm) 200

3.2. Results

Figures 8 and 9 show the change in strain when the wheel travels on each ground. The
results of one trial are shown because the trend is similar for the five trials of each ground.
When the strain is positive, the shape is changed by tilting the wheel forward, and when it
is negative, the shape is changed by tilting the wheel backward. From the experimental
results, different strain changes were confirmed for each ground. These strain changes are
classified into two categories. The first is the displacement of the strain amount, and the
second is the vibrational change in the strain. Based on these two categories, the analysis
method of the strain during traveling is discussed in the next section.



Remote Sens. 2023, 15, 4270 10 of 20

Remote Sens. 2023, 15, x FOR PEER REVIEW  10  of  22 
 

 

Table 2. Experimental conditions at using single wheel testbed. 

Description  Value 

Slope angle (°)  0 

Rotation speed (rpm)  5.0 

Traveling distance (mm)  500.0 

Number of trials (-)  5 

Wheel diameter (mm)  200 

3.2. Results 

Figures 8 and 9 show the change in strain when the wheel travels on each ground. 

The results of one trial are shown because the trend is similar for the five trials of each 

ground. When the strain is positive, the shape is changed by tilting the wheel forward, 

and when  it  is negative, the shape  is changed by tilting the wheel backward. From the 

experimental  results, different  strain  changes were  confirmed  for  each  ground. These 

strain changes are classified into two categories. The first is the displacement of the strain 

amount, and the second is the vibrational change in the strain. Based on these two catego-

ries, the analysis method of the strain during traveling is discussed in the next section. 

 

Figure 8. State of strain at traveling rigid surface. 

 

Figure 9. State of strain at traveling loose soil. 

Figure 8. State of strain at traveling rigid surface.

Remote Sens. 2023, 15, x FOR PEER REVIEW  10  of  22 
 

 

Table 2. Experimental conditions at using single wheel testbed. 

Description  Value 

Slope angle (°)  0 

Rotation speed (rpm)  5.0 

Traveling distance (mm)  500.0 

Number of trials (-)  5 

Wheel diameter (mm)  200 

3.2. Results 

Figures 8 and 9 show the change in strain when the wheel travels on each ground. 

The results of one trial are shown because the trend is similar for the five trials of each 

ground. When the strain is positive, the shape is changed by tilting the wheel forward, 

and when  it  is negative, the shape  is changed by tilting the wheel backward. From the 

experimental  results, different  strain  changes were  confirmed  for  each  ground. These 

strain changes are classified into two categories. The first is the displacement of the strain 

amount, and the second is the vibrational change in the strain. Based on these two catego-

ries, the analysis method of the strain during traveling is discussed in the next section. 

 

Figure 8. State of strain at traveling rigid surface. 

 

Figure 9. State of strain at traveling loose soil. Figure 9. State of strain at traveling loose soil.

3.3. Discussion

From the experimental results, the strains during traversing are classified into two major
categories: the first is the displacement of the strain amount, and the second is the vibrational
change in the strain. The analysis method is discussed from these results. We focus on muscle
spindles, which are human receptors. There are intrinsic receptors called muscle spindles
inside the human muscle to receive the stimulus of the chassis as shown in Figure 10 [38,39].
Muscle spindles are receptors in skeletal muscle. It is cylindrical in shape, thick in the middle,
and gradually thinning at both ends (spindle shape). The muscle spindle has a role in sensing
the rate of muscle fiber expansion and contraction. The capsule of the muscle spindle contains
fibers called “nuclear chain fiber” and “nuclear bag fiber”. Nuclear bag fibers are bulging
in the center, and nuclear chain fibers are rod-shaped. A single muscle spindle encapsulates
two to three nuclear bag fibers and about five nuclear chain fibers. While muscle fibers are
20 to 100 µm in diameter and 2.5 to 30 cm in length, nuclear bag fibers are 12 to 25 µm in
diameter and 7 to 10 mm in length, and nuclear chain fibers are 12 µm in diameter and 4 mm
in length. Both ends of nuclear bag fibers exit the capsule and attach to the myointimal or
tendon. “Group I afferent” mainly transmits information on the rate of change, while “Group
II afferent” transmits information on length to the central nervous system. “γ motor” neurons
contract the contractile tissue of intramuscular fibers and modulate their sensitivity to stretch.
They are especially active when the muscle is shortened. The nuclear chain fiber can detect
the displacement of absolute tension and is mainly used to recognize static phenomena such
as postural states. The nuclear bag fibers can detect the speed of muscle fiber stretching and
are mainly used to recognize dynamic phenomena. Thus, humans use intrinsic receptors
“muscle spindles” to sense posture and walking state from the rate of displacement and
stretch of muscle fibers. Therefore, the detection of displacement and velocity, which are the
characteristics of muscle spindles, will be applied to a rover. This means that the resistance
force and vibration transmitted from the ground when the wheels rotate are also transmitted
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to the chassis of the rover, and this mechanical information is used for detection like muscle
spindles. Figure 11 shows the flow of our analysis. Raw data by time are indicated on top of
Figure 11a. Then the data are extracted every 5 s. These data are then averaged. This flow is a
“nuclear chain fiber”-like approach. Next, as shown in Figure 11b, a “Nuclear bag fiber”-like
analysis approach is as follows. The raw data are extracted every 5 s (this is the first setup).
Then, these data are differentiated. Finally, FFT analysis is performed on these data.
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4. Verification

In this chapter, the strain on the chassis when the traveling state changes is verified
by experiment. Then, the interrelationship between the traveling state and the strain is
verified by two methods: the nuclear chain fiber method and the nuclear bag fiber method.

4.1. Experimental Environment and Conditions

The same test apparatus as in Section 2 is used for the experiments with wheels for
the proposed analytical method. In addition, a traction load is applied to the wheels to
reproduce slipping. The significance of applying a traction load is as follows. When a wheel
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slips, the sand under the wheel is scraped to the rear. At the same time, the wheel sinks
into the sand while moving forward. As it sinks into the sand, the surface for traveling
is angled. In other words, sinking could be considered to be equivalent to traversing on
a slope. When traveling on a slope, the rover is subject to the effects of gravity. In other
words, the rover is subjected to a traction load. Lunar and Mars rovers must travel and
explore various slope-angle terrains, including inside and outside of craters, and the rover
chassis is always subjected to traction loads. Therefore, it is very important to conduct
traversing experiments that apply a traction load to the wheels. Moreover, in order to verify
the interrelationship between the traveling condition and the strain on the chassis, the
strain is measured when the traveling ground and the traveling state (forced slip condition
by towing) are changed and verified by the nuclear chain fiber method and nuclear bag
fiber method. In this experiment, the strains are measured by changing the vertical force:
Fz for loose soil and rigid ground, and by changing the slip ratio: s for loose soil. The
slipping ratio is the ratio calculated using the wheel’s actual translational velocity V and
the peripheral velocity (ideal velocity of the wheel) of the wheel Vω as follows:

S =
Vω −V

Vω
, (Vω > V) (9)

As the slip ratio is close to 1, it is difficult for the rover to move forward, and as it is
close to 0, the wheel is moving forward.

Figure 12 shows the experimental environment. Figure 12 is a schematic diagram of
a testing machine that travels a single wheel on the ground. The weight of the wheel can
be actively adjusted by the parallel link and balancer. Vertical movement is also free by the
parallel link. The single wheel is connected to a DC motor and its speed is controlled by PID
control. During traveling, forward/backward and up/down movements are measured by
motion capture. By towing the wheel from the rear, the wheel is made to slip actively, and
the strain data are measured. The diameter of the wheel used in the experiment is 200 mm
without grouser. This is in reference to a MER (Mars Exploration Rover (NASA/JPL)) wheel
(with a grouser) with a wheel diameter of 250 mm. The vertical drag force is changed by
changing the load of the load balancer to 18 N, 27 N, 36 N, and 54 N, and the slip ratio is
changed by changing the load of the traction load to 0 g, 100 g, 200 g, and 300 g. The loose soil
is simulated by spreading silica sand No. 5, and the rigid ground is simulated by installing
wood. A motion capture system is used to measure the moving speed of the wheels. The test
bed is the same as the one used in the experiment in Section 3. Table 3 shows the detailed
experimental conditions.

4.2. Experimental Results: Nuclear Chain Fiber Method

In order to verify, Figure 13 shows the results of the nuclear chain fiber analysis for
each type of ground when the vertical force is changed. In both loose soil and rigid ground,
the average value of the strain displacements changes linearly with the increase in vertical
force. Figure 14 shows the results of the nuclear chain fiber analysis of loose soil when
the slip rate is changed. The strain changes logarithmically with the increase in the slip
rate. Figure 15 shows a graph of the driving force (drawbar pull) with the change in the
slip rate and a graph of the strain with the change in the driving force (drawbar pull). The
driving force (drawbar pull) is increasing logarithmically as well as the strain, thus the
average value of the strain displacements changes linearly with the increase in driving force
(drawbar pull). As a result, from the relationship that the strain increases linearly with the
increase in the vertical force and the driving force (drawbar pull), it is possible to detect the
change in the force applied to the wheel during traveling from the strain. Therefore, it is
possible to recognize the traveling state by using the nuclear chain fiber analysis to detect
the change in the force applied to the wheel during traveling.
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Figure 12. Overview of experimental setting for interrelationship verification experiment.

Table 3. Condition of interrelationship verification experiment.

Description Value

Ground condition Silica sand No. 5,
On Woods

Silica sand No. 5
(Table 1)

Weight (N) 18, 27, 36, 54 27
Drawbar mass (g) 0 0, 100, 200, 300

Slope angle (◦) 0
Rotation speed (rpm) 5.0

Traveling distance (mm) 500.0
Number of trials (-) 5

Wheel diameter (mm) 200
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4.3. Experimental Results: Nuclear Bag Fiber Method

Figures 16 and 17 show the results (FFT analysis) of the nuclear bag fiber evaluation for
each ground when the vertical force was changed. The results of one trial are shown because
the trend is similar for the five trials of each ground. Even though the load changed, both
loose ground and rigid ground responded strongly in the low-frequency range between
0–10 Hz. The loose soil also responded strongly in the higher frequency range between
20–50 Hz.
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Figure 18 shows the results of the nuclear bag fiber analysis when the slip ratio was
changed by changing the traction load in loose soil. As in the case of load change, a
response was observed in the low-frequency range between 0 and 10 Hz, and this response
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decreased as the slip rate increased. As the slip rate increased, the response increased at a
higher frequency between 20 and 50 Hz.
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Therefore, different responses were measured in the low-frequency and high-frequency
ranges by changing the traveling environment and conditions. This result is discussed.

The spectrum in the low-frequency range is discussed. The spectrum was larger for
both rigid ground and loose soil, and the spectrum decreased with increasing slip ratio for
loose soil. This phenomenon in the low-frequency range is caused by the vibration from
the elastic deformation of the chassis during traveling. The displacement of the chassis
increases with the speed because the traveling speed is kept in the state where the slip
ratio is small. However, as the slip ratio increases, the traveling speed decreases, and the
displacement of the chassis per time decreases. Therefore, as the slip ratio increased, the
response decreased in the low-frequency range.

4.4. Slip Ratio Estimation Using Biological Processing (Nuclear Chain Fiber Method and Nuclear
Bag Fiber Method)

The relationship between the strain data of the chassis and slip ratio, which was given
arbitrarily, was derived experimentally. This means that there is no need to measure the
displacement of the rover on the spot for the calculation of the slip ratio. If the information
computed data of the strain is obtained on the spot, the slip state of the rover can be
estimated for each wheel. From the analysis data given the nuclear chain fiber method and
nuclear bag fiber method, we propose the slip ratio estimation. The estimation method is
defined for each slip ratio level as follows. The slip ratio represents s.

(i) The estimation using the nuclear chain fiber method (use of average values of strain data).
0.0 < s < 0.4: The estimation with high accuracy is possible.
The slip ratio is obtained from the correlation as shown in Figure 14.
s > 0.4: The estimation with low accuracy is possible.
When the slip ratio becomes over 0.4, the strain data does not match the correlation.
(ii) The estimation using the nuclear bag fiber method (use of FFT analysis data of

strain vibration).
Determining road condition while driving: The road condition (rigid surface or loose

soil) can be judged by confirming the existence of a power spectrum (under 200 dB)
extracted by FFT at the range 10–50 Hz of frequency as shown in Figures 17 and 18.

s = 0.1: The slip ratio 0.1 can be judged by confirming the existence of a power spectrum
(under 200 dB) extracted by FFT at the range 10–50 Hz of frequency as shown in Figure 18.

s = 0.4: The slip ratio 0.4 can be judged by confirming the existence of a power spectrum
(under 500 dB over 200 dB) extracted by FFT at the range 10–50 Hz of frequency as shown
in Figure 18.
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s = 0.66: The slip ratio 0.66 can be judged by confirming the existence of a power
spectrum (over 2000 dB) extracted by FFT at the range 20–40 Hz of frequency as shown in
Figure 18.

s = 0.89: The slip ratio 0.89 can be judged by confirming the two existence of a power
spectrum (over 2000 dB) extracted by FFT at the range 20–40 Hz and 40–50 Hz of frequency
as shown in Figure 18.

Although this paper is treated with a 4-typed slip ratio, a lot of patterns of the slip
ratio can be available by making the correlation between frequency and power spectrum
with the slip ratios obtained using various towing masses.

Moreover, in general, it is necessary to calculate the slip ratio from the odometry
data and locomotion data obtained from measurement systems like SLAM. However, the
proposed method only measures the strain data on the spot. By the way, there are two
waves in the range of 20–40 Hz and 40–50 Hz on a slip ratio of 0.89. In the next section,
the particles of the soil flow in the low slip state and the high slip state are visualized to
consider the difference between these two patterns of the slip ratio.

4.5. Visualization of Motion of Soil Grain in the Low Slip State and High Slip State

The spectrum in the high-frequency range is discussed. The spectrum is large on loose
soil, and this spectrum increases with the increase in slip ratio. This phenomenon in the
high-frequency range is caused by the movement of the particles in contact with the wheels
during traveling.

In this visualization, a technique called PIV (particle image velocimetry) is used. As
shown in Figure 19, the motion of particles is captured by PIV, and the direction and
velocity of particle motion are measured by analyzing two consecutive images of particle
groups [40]. In this experiment, visualization of soil grain moved by the rotation of a wheel
is performed. In this visualization, a technique called PIV (particle image velocimetry) is
used. The devices and software used for PIV are listed in Table 4.
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Table 4. Specification of the high-speed camera and software.

Camera Type A/D10bit Monochrome (HAS-U1M)

Sensor 1/2-inch CMOS

Shutter speed Maximum 10 [µs]

Valid pixels 1280 × 1024

FPS 60–4000

Image processing software Flownizer2D Ver.1.2.14 (DITECT Corporation, Oldbury, UK)

Figure 20 shows the motion of the particles when traveling on loose soil at two kinds
of slip rates (low slip and high slip). The arrows display the direction of the soil grain and
the magnitude of the soil flowing. The color of the arrow changes from blue to red as the
flow magnitude increases. In the case of a low slip rate, the sand group being moved under
the wheel (the area indicated by the red arrow) is always constant from the beginning of
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the rotation, as can be seen in Figure 20. This means that the shear stress acting on the
contact condition between the wheel surface and the soil is easily stabilized. This is because,
as shown in Figure 20a, soil grains moving on the wheel surface have the same velocity
vector. This means that the wheel chassis vibration caused by the contact resistance is stable.
As a result, the spectra that appear in the high-frequency region, such as the slip ratio of
0.4 shown in Figure 18, tend to gather in one place. However, in the case of high slip rates,
the phenomenon changes. Wheels with high slip rates tend to be buried in the soil. This
means that the area of soil in contact with the wheel surface increases. In these traveling
experiments, the slip ratio is adjusted by traction, but when the wheels are buried in the
soil, the resistance of the soil against the direction of travel increases. In other words, it
becomes more and more difficult to move forward at the same time. Figure 20b shows
that the soil group under the wheel (the area indicated by the red arrow) is decreasing as
the wheel starts to travel. As the slip rate increases, the ground actively collapses by the
wheels, and the fine vibrations caused by the ground collapse are transmitted to the vehicle
body. In other words, in the high slip condition, there are complex groups of touching soil
grain with various velocity vectors on the surface of the wheel. This means that the shear
stress acting on the contact condition between the wheel surface and the soil is less stable
than in the low slip condition. Furthermore, when the slip ratio is 0.89, we can see that the
range is broken up.
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5. Conclusions

In this paper, in order to develop a new system that focuses on human’s intrinsic
senses to recognize the traveling state of rovers exploring the Moon and planets, we verified
experimentally the interrelationship between the traveling state (slip condition) and the
strain, which is the shape change in the chassis. The results of the verification are as follows.

(1) The strains during traversing are classified into two major categories: the first is the
displacement of the strain amount, and the second is the vibrational change in the
strain. Based on the muscle spindle function, which is an intrinsic receptive sense,
strain displacement was analyzed as a nuclear chain fiber analysis, and strain velocity
was evaluated as a nuclear bag fiber analysis.

(2) The results of nuclear chain fiber analysis are described. A linear relationship was
found between the strain amount and the increase in the vertical and driving direction
forces, and the increase or decrease in each force could be detected from the strain
amount. Therefore, it is possible to recognize the traveling state (slip condition) by
using the nuclear chain fiber analysis to detect the change in the force applied to the
wheel during traveling.

(3) The results of nuclear bag fiber analysis are described. The phenomenon that changes
with the change in slip rate could be detected from the strain rate. Therefore, it is
possible to recognize the traveling state (slip condition) by using the nuclear bag-
fiber evaluation to detect the slip state. In this way, it was proved that the strain,
which is a change in the shape of the chassis, can detect changes in the traveling state
(slip condition).
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In order to safely realize the travel control of an autonomous rover, it is necessary
to take various environments into consideration in advance. For example, a crater has a
central hill and a slope at its edge. In addition, there are many rocks and stones. In an
environment with rocks and stones, the current sensor system is sufficient to detect them
and to avoid or step over them. On the other hand, it is also possible that the relationships
acquired on the ground may be different from those of actual regolith traveling. Since our
proposal aims to derive the relationship between the driving conditions and changes in
the rover chassis, it is an innovative idea that also assumes the possibility of updating this
relationship in the field. During rover route planning [41] the experiences from the model
used in this work should be also considered to make travel safe.

In the future, the relationship between traversing state and strain will be verified by
traveling experiments using a four-wheel rover. In addition, a system that recognizes the
traveling state (slip condition) from changes in chassis strain will be developed.
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