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Abstract—Rovers that are used to explore craters on the On the other hand, rovers that can actively modify their
Moon or Mars require the mobility to negotiate sandy slopes, on  glignment or configuration to adapt to rough environments
which slippage can easily occur. Such slippage can be reduced 46 attracted considerable attention. Such rovers are called

by actively readjusting the attitude of the rovers. By changing ,, . N .
attitude, rovers can modify the position of their center of gravity reconfigurable robots” [12], and several studies have exam-

and the wheel-soil contact angle. In this study, we discuss the in€d their potential to negotiate challenging terrains [11]-
effects of attitude changes on downhill sideslip based on the [16]. Thus far, studies on reconfigurable rovers have pri-
slope failure mechanism and experiments on reconfiguring the marily focused on the improvement of their traction or
rover attitude and wheel angles. We conducted slope-traversing rollover stability on rough terrains [11]-[14]. Moreover, a

experiments using awhee_led rover under various roll angles and few researchers have studied the effect of reconfiguration
wheel angles. The experimental results show that the contact

angle between wheels and slopes has a dominant influence onONn slippage [15], [16]. Ishigami et al. [15] analyzed the
sideslip when compared with that of readjusting the rover's effect of the position of the rover's center of gravity on

center of gravity. vehicle gradeability over loose soil slopes. Wettergreen et
al. [16] experimentally showed that downhill sideslip can be
reduced by tilting a rover along the uphill direction when the
Space agencies worldwide are planning missions to exever is traversing sandy slopes. However, the relationship
plore the surfaces of the Moon and Mars by using mobilbetween such attitude change and downhill sideslip has not
robots or rovers. The several surface exploration missiogen sufficiently analyzed. If the forces between wheels and
to date have mainly succeeded because these explorati@ofl are estimated, sideslip can be minimized on arbitrary
have been limited to benign terrains. Consequently, rovegtopes by optimizing the configuration of the rover.
in future missions are expected to probe more challenging Our objective is to suggest methods to reduce sideslip
surface geography, such as the rims or insides of cratetser loose soil slopes. In this study, we evaluated the effects
However, since the surfaces of the Moon and Mars are coef the changes in the attitude of a rover on its sideslip.
ered with fine-grained sand, when rovers traverse the slopgle attitude change of the rover depends on two factors -
of their craters, both longitudinal and lateral slippage cathe position of the rover's center of gravity (COG) and the
easily occur, thereby jeopardizing the exploration. Becaus@ntact angle between the wheels and the soil. We assumed
of longitudinal slip, the wheels can sink into loose soil whilethat downhill slip on loose soil occurs primarily due to slope
slipping, and in the worst-case scenario, the rover may n@iilure, and we examined the effects of the abovementioned
able to move. Because of sideslip, the rover may deviatgo factors based on slope failure. In order to validate
from the planned path or collide with unexpected obstaclegiis assumption and evaluate the effects of these factors on
To avoid these situations, it is essential to factor in theideslip, we conducted slope-traversing experiments using
wheel-soil interaction mechanism at the design and develog-four-wheeled rover under various roll angles and wheel
ment stage of exploration rovers. The field of terramechanicangles. Subsequently, we evaluated the influence of vehicle
which has been developed and organized by Bekker amgtitude change based on the experimental results.
Wong [1], [2], includes the study of such mechanisms. Based
on terramechanics, several methods to estimate longitudinal |l. | NFLUENCE OF ROVER ATTITUDE CHANGE ON
mobility have been suggested (for example, [3]-[5]). Further, SIDESLIP
many studies have examined locomotion mechanisms that L . .
can generate high traction on loose soil [6]-[8]. However’,a" Evaluation indicator of mobility on loose soil slopes
few researchers thus far have considered the phenomenorFig. 1 shows a rover laterally traversing a sandy slope with
of sideslip for planetary rovers. Helmic et al. [9] sug-an angle ofa degrees. In this context, we define the slope
gested a slip-compensated path-following method, in which@ordinate systemy,, as follows: z denotes the desired
rover’s longitudinal and lateral slippage is detected by visuataversing directiony denotes the uphill direction, and
odometry. Ishigami et al. [10] developed a path-followingdenotes the vertically upward direction on the slope, thereby
control method based on terramechanical models considerif@ming a right-handed coordinate system. When the rover
sideslip. drives over soil and displaces the soil, the forces act on

) . the wheels, called the drawbar pull, side force, and vertical
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I. INTRODUCTION
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Fig. 1. Slope coordinate system
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z directions. As a result, the rover has a traveling velocity,
v, defined byv = [v,, vy, v,]T. " Tg 7T,
One of the assessment criteria of the rover’s mobility on Fig. 2. Soil stress within a slope
sandy slopes is its slip angle. Here, the slip arttjie defined
as the angle between the desired directional velagitand
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lateral velocityv, as follows [17]: Shear strength
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[ represents the degree of sideslip. According to this def-
inition, the lesser the value df, the greater is the rover's
mobility.
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B. Sideslip due to slope failure

One reason of sideslip on loose sand slopes is the failure o 5 1'0 1'5 2‘0 2'5 0 3 40
of the slopes. This section describes sideslip due to slope slope angle: a [deg]
failure based on the stresses acting on the soil. Fig. 3. Shear strength and shear stress vs. slope ahgte0(05 [m]) for
Fig. 2 depicts a smooth and uniform slope inclinedvat Toyoura sand
degrees, and a soil element with unit length, unit width, and

depth h. Here, p denotes the density of the soil elementan jncrease in slope angle leads to increase in shear stress

Consequently, the vertical pressure acting at the bottom of and decrease in shear strengthwhen the slope angle

the element is given by becomes larger than the internal friction anglg38°), 7,

) becomes larger than and the soil element collapses along
the downhill direction due to its own weight.

Therefore, the normal stress and shear stress acting at ~ We applied the above theory for developing a sideslip

the bottom due to the soil's weight are calculated as mechanism on a slope. We define the difference between

®) shear strength and shear stress- () as the shear margin.
When a wheel traverses a slope, the wheel generates a stress

Ts = ps Sina = pgh cos a:sin av. (4) on the soil along the downhill direction. If this stress is lesser

On the other hand, the resistant shear stresacts at than t'he shear margin.of the slope, the slope is stable and

the bottom along a direction inverse to that of the she Sdeslip dug to slope failure does not oceur. In co_ntra_st, Whe_n

e stress is greater than the shear margin, soil failure will

stressr,. This stress;. reaches soil-specific limitation values . : :

g ) ccur along a section of the soil and the wheel will undergo
when soil failure occurs, and these values are defined as tﬁ%esli

shear strength values. According to Mohr-Coulomb’s failuré P-

criterion, the shear strengthis given as follows: C. Effects of rover attitude change

o

ps = pgh cos a.

05 = pscosa = pghcos® a,

8= Tr.. = C+0stang, (5) We assumed that the effect of the rover’s attitude change

wherec and¢ denote the soil-specific parameters of cohesioR" sideslip is composed of two key factors - the shift in the
P P osition of the rover’s COG and the change in the wheel-soil

and internal friction angle, respectively. By substituting (3)2ontact angle.

|[r11t8c3.(5), we obtain shear strength on the slope as follows 1) Effect of shift in the center of gravitygig. 4 illustrates
' a four-wheeled rover traversing along a slopenofiegrees.
The COG of the rover is located at a heidht in the vertical
Fig. 3 shows the relationship between the slope angle direction of the slope and at distanég and L, away from
shear strengtls, and shear stress in the case of Toyoura the uphill and downhill wheels, respectively, along its lateral
standard sand (JIS R 5201, dry sands= 0 [Pa], ¢ = 38 direction. We assume that soil over the slope is uniform
[deg], p = 1.49 x 103 [kg/m?®]). As observed in the figure, and the rover is traversing under static state. Consequently,

s = ¢+ pghcos® atan ¢ (6)
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(a) Experiments with attitude changes (roll angle experiment)

' P

(b) Experiments with wheel angle changes (wheel angle experiment)

Fig. 4. Static rover model on a slope

Fig. 6. Comparison of the concepts of the two slope-traversing experiments
Configuration A Configuration B

in Fig. 5). Furthermore, according to (6), the shear strength

Wsina ‘ s of the soil is proportional to the depth of the soil element
Slip direction T h. Therefore, when a wheel tilts toward uphill, the wheel
w tries to bulldoze the deeper area of soil which has greater
w Weosa shear strength. These effects follow that the occurrence of
soil failure and the consequent downhill sideslip of the wheel
Fig. 5. Direction of slippage and gravity of a wheel are significantly reduced.

I1l. SLOPE-TRAVERSING EXPERIMENTS
the forces acting on the uphill and downhill wheels are
geometrically calculated as follows: As mentioned above, a rover can traverse sandy slopes
W (Lycosa— Lysina) under the_.mlnlmum amour_lt of sideslip by optimizing |t_s
., (7) COG position and wheel-soil contact angle, thereby reducing
2(Ly + La) cosa the probability of slope failure.
W (L, cos a + Ly, sin o) In this study, to evaluate the effects of attitude change,
2(Ly + Lg)cosa i.e., shifting the rover's COG and changing the wheel-soil
whereTV denotes the weight of the rover. contaf:t angle, we conducted two different sIope-travers!ng
If L, equalsLy, forces acting on the downhill wheels experiments using a four-wheeled rover test bed. We first
will be larger than those on the uphill wheels. In addition

performed the experiment changing the attitude of the test
when the loads on the wheels increase, the forces buIIdozihg

s as shown in Fig. 6(a). Next, experiment was conducted
the soil along the downhill direction also correspondingly’ bvarylng the wheel angle of the test bed as shown in Fig.
increase. As described in Section II-B, when the soil ig( )-

no longer capable of sustaining the bulldozing forces, it !N this section, we describe the two types of experiments
collapses, and the rover's wheels sideslip along the downhfid their results. Then, we evaluate the effect of the rover's
direction. Based on this assumption, the sideslip can K#titude changes on its sideslip.
reduced by shifting the COG upward along the slope so that
the load on the downhill wheel does not cause the soil t8. Experiments with rover attitude changes
collapse. . : .

2) Effect of the changing the wheel contact angfég. 5 F_|rst, we conducted slope-traversing experiments under

4 . o various roll angles.

depicts two types of wheel-soil contact conditions. Here, we
assume that sideslip occurs along the bottom surface of the

Uphill side : W, =

Downhill side : Wy =

(8)

wheel. Then, if the wheel vertically contacts with the slope TABLE |
(configuration A in Fig. 5), gravitational force acting along  SPECIFICATIONS OF THE ROVER TEST BED FOR THE ROLL ANGLE
the slip direction, W sin «, becomes large. Consequently, EXPERIMENT (NOMINAL CONFIGURATION)
Iarge stress W!|| qc_t on the soil around the wheel and sideslip Size (] 800 < W650 < 1400
will become significant. Mass [kg] 23.8
On the other hand, the gravitational force along the wheel WhTeeI Ziz[e [n]Wm] ¢2005X5 3/\/100
: : : : [ read [mm
sl|p_d|r(_act|or1 is reduce.d when the whegl is tilted along the Wheel base [mm] 600
uphill direction. Such directional force will be zero when the Center of gravity [mm]| Ly = Ly, = 275, L;, = 187

wheel horizontally contacts with the slope (configuration B



Fig. 9. Test field filled with loose sand
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(b) Nominal (left) and inclined (right) configuration Marker eamera

Fig. 7. Rover test bed and its reconfiguration
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Fig. 8. Slope angle vs. ratio of wheel loads for various roll angles ~ Standard sand. The mechanical properties of the sand are

listed in Table II.

1) Experimental rover test bediVe used a four-wheeled Fig. 10 shows the experimental system. The test bed was
rover called El-Dorado Il (illustrated in Fig. 7), as the tesfperated by a laptop PC via wireless communication. The
bed. The specifications of this rover are listed in Table |. ThEotion of the rover was tracked using a stereo camera
rover's left and right wheels are connected to each other Bytereo Labeling Camera, CyVerse Corp.) with an accuracy
a rocker-link mechanism, and each wheel is equipped wi@f approximately 10 [mm] and a recording frequency of 16
grousers of 10 [mm] length on its surface at intervals of 1612]- _ N _ _
[deg]. Furthermore, the attitude of the rover can be changed3) Experimental conditions:In our traversing experi-
by manually sliding the wheel-attached part. ments, the rover was made to navigate a distance of approx-

Here, we define the roll angle of the rover on a horizontdMately 1 [m] along the slope in the lateral direction with a
plane,,, as shown in Fig. 7 (b). We geometrically obtained’€locity of 20 [mm/s]. We varied the roll angle;, from 0
the position of the rover's COG for various roll angles, and® 20 [deg] through intervals of 5 [deg], and the inclination
subsequently, we calculated the wheels’ loads for varioi@dle of the sand box from 10 to 20 [deg] through intervals
slopes by using (7) and (8). Fig. 8 shows the reIationshiBf 5 [deg]._T_hls experiment was repeated three times under
between the inclination of the slope, and the ratio of €a&ch condition. o
downhill wheel load to uphill onelV,/W, with different ~ 4) Results and discussiorfig. 11 shows the measured
roll angle of the rovery;,. As observed from the figure, as SliP angle for each slope angle. According to this graph,

the slope angle increases, the ratio of wheel loads increas@¥ angle increases with increasing slope angle values. We
In addition,W,;/W,, decreases with increase in the roll angle

1, and when the roll angle equals the slope angle, i.e., the TABLE II

body of the rover is in the horizontal position on the slope, MECHANICAL PROPERTIES OFTOYOURA STANDARD SAND

Wa equaIsWu (Wa/Wy = 1). ) Density Particle size Cohesion Internal friction angle
2) Experlmentgl sgtup:We used a se_mdbox _(2 [m] in , [glem?] [m] ¢ [kPa] ¢ [deg]

length and 1 [m] in width) as shown in Fig. 9. This sandbox 1.33-1.49 106-300 0.0 38.0

can be jacked up manually to obtain a tilt of approximately
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Fig. 11. Results for rover attitude change experiments - roll angle vs. slipig. 13. Results of experiments with wheel angle changes - wheel angle
angle at various slope angles vs. slip angle at various slope angles

B. Experiments with wheel angle changes

In order to evaluate the effect of the wheel-soil contact
angle on downhill sideslip, we conducted slope-traversing
experiments under various wheel angles at almost fixed COG
values.

1) Experimental setup:As illustrated in Fig. 12, we
attached extra mechanical parts at the base of the wheels
Fig. 12.  Rover test bed for wheel angle experiment. Nominal (left) anflor the experiments with wheel angle changes. By using
inclined (right) wheel configuration these parts, the wheel angles can be manually changed while

the rover body is parallel to the slopes so that the COG
does not largely shift. The rest of the experimental setup
speculate that this is because the soil shear margin redud¥as identical to that of the previous experiments with rover
and this leads to the easier collapse of the slope at increagéfitude changes.
slope angles, as described in Section II-B. Another possible 2) Experimental conditionsHere, we define the wheel
reason is that the wheel load of the downhill side wheel8ngle,~, as shown in Fig. 12. For this set of experiments,
become larger than those of the uphill wheels, as indicaté¥e varied the wheel angley, from 0 to 20 [deg] through
in Fig. 8. intervals of 5 [deg]. The inclination angle of the sand box was

For a fixed slope angle, the slip angle decreases wiff'anged from 10 to 20 [deg] through intervals of 5 [deg].
increasing roll angley;,. Moreover, ata = 10 [deg], the The .other conditions were the same as those descrlb_ed in
slip angle is smaller at;, = 15 [deg] than at};, = 10 [deg]. Section IlI-A.3. T_h.e experiments were repeated three times
As observed from the discussion in Section I11-A.1, when thgnder each condition.
rover body becomes horizontab{ = «), sideslip is reduced _3) Results and discussiorfig. 13 shows the measured
to a minimum. However, the experimental result indicateSiP angle for each value of slope angle, and wheel
that the slip angle reduces when the rover body is titled &"9!€,7- According to the graph, the slip angle diminishes
angles greater than this value. This is because the wheel-Sgfiffésponding to an increase in wheel angleover all the
contact angle also changes with the position of the cOloPes. However, such the reduction of slippage is limited;
In addition, the graph indicates that even though roll angis is the same trend as the roll angle experiment.

is increased, sideslip is not able to be zero. The amount §f g\ 4jyation of the effects of attitude change on sideslip
the residual slippage becomes larger with increasing slope

angles Upon comparing the above two experimental results,
we evaluated the effects of shifting the COG and those
of changing the wheel-soil contact angle on sideslip. It

TABLE 11l is noteworthy that the rover’s nominal configuration (for

SPECIFICATIONS OF THE ROVER TEST BED FOR THE WHEEL ANGLE  example, the tread and the height of the body) in the first
EXPERIMENT (NOMINAL CONFIGURATION) and second experiments slightly differed (see Tables | and

Size (] 800 < W550 < 1400 ). '_rherefore, we compare both results qualitatively in this

Mass [kg] 24.4 section.
WhTeel (Sjlz[e [n]Wm] 452004x4 C:/\lloo From Figs. 11 and 13, it is observed that the changes of
reaa |mm . .. . A
Wheel base [mm] 600 slip angle qnder the variation in the roll angjg are in

Center of gravity [mm]| Ly = Ly, = 220, L;, = 194 a manner similar to the changes under the variation in the

wheel angley. In the first experiment, both the COG and
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Fig. 14. Slope failure due to the bulldozing effect of wheel's bottom part 2
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wheel-soil contact angle were changed along with the attitude
changes. Thus, these results indicate that the effect of shiftinE]
COG does not lead to any significant sideslip reduction. Thai
is, the wheel-soil contact angle is an important factor in
reducing sideslip.

Next, we discuss as to why modifying the position of the
COG did not cause a significant reduction in sideslip. As
described in Section 1I-C.1, the primary advantage in shiftingIG]
the rover's COG is that the shear stress at the downhill
side wheels is reduced. However, if the shear stress largely!
exceeds the shear margin, regardless of the COG position,
the degree of soil failure cannot be further improved even
when the wheel loads are reallocated. In particular, on steeF
slopes, the effect of shifting the COG is insignificant in terms 8l
of sideslip reduction because the shear margin reduces, as
shown in Fig. 3.

On the other hand, when the wheels are tilted or learl”!
along the uphill direction, the amount of gravitational force
along slip direction decreases. Besides, they can interact
with the deeper and stronger part of the soil. This leads
reduce probability of slope failure, as described in Section
[I-C.2. However, as experiments showed, the reduction of tH&ll
slippage is limited. This is because the gravity force vertical
to the sideslip acts in downhill direction when wheel anglej2]
~, becomes larger than slope angle,as described in Fig.

14. Due to this, soil beneath the wheel is bulldozed downhi[b]
along with the wheel rotation and downhill sideslip occurs.

In this light, the tilting of the wheels is effective in re-
ducing the downhill sideslip. However, further investigationsm
are required to quantitatively evaluate the bulldozing effect
of the wheel's bottom part on sideslip. By accounting for
this factor in the rover modeling, we can obtain the optima[115]
wheel angles or wheel shapes for slope traversing.

(5]

IV. CONCLUSION AND FUTURE WORK [16]

A. Conclusion

In this study, we evaluated the effects of the reconfigu-
ration of exploration rovers that traverse sandy side slopéjs”
on downhill sideslip based on the slope failure mechanism
and slope-traversing experiments. The experimental results
showed that the wheel-soil contact angle is dominant
wheel slippage rather than the rover's COG. This means that
it is essential to model forces acting on wheels considering
its contact angles against slopes.

B. Future work

As regards the future work in this direction, models of
bulldozing effect of the wheel's bottom part are required in
order to develop wheel-soil contact model on sandy slopes.
To achieve this objective, we plan to measure the bulldozing
force on slopes and quantitatively evaluate the influence of
wheel-soil contact angle on the slopes.
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