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ABSTRACT ration robot, which was carried in the Japanese spacecraft
Hayabusa [1]. Following MINERVA, MINERVA-II1 [2]

An advanced robotic locomotion mechanism is required and MINERVA-112 [3] were developed and equipped in
for exploring a minor body which has irregular surfaces the Hayabusa 2 spacecraft that is cruising on its target
in a microgravity environment. In this paper, we propose path. These robots can move by the reaction forces or
a rock climber-like robot that can perform with accurate torques generated by built-in actuators. However, the hop-
mobility on an unknown minor body. One of the techno- ping robots have diculties in reaching the desired des-
logical requirements for the robot is a gripping mechanism tination precisely, because they do not have soft-landing
that can grip tightly on an uneven surface. To meet this re- mechanisms, and thus the destination depends very much
quirement, the gripping conditions must be theoretically on the surface conditions. In contrast, Yoshida et al. [4]
derived. This paper presents the conditional equations forproposed a rock climber-like robot that can move on a mi-
the grippable range on an irregular surface based on fric-nor body by gripping its surface, as shown in Figure 1.
tion theory, and the validation of the developed equations This locomotion method enables the robot to reach the

experimentally using an air-floating test bed system. destination by continuous stable locomotion. For the re-
alization of this robot system, two technical challenges
1 INTRODUCTION should be addressed: One is robust gait control for stable

locomotion on a rough terrain in a microgravity environ-

Exploration of minor bodies such as asteroids or comets Ment, and the other is reliable gripping control for holding
has received a lot of attention in recent years. Minor bod- 0N an irregular surface. This paper presents information
ies are expected to hold clues that can reveal the state®n how the latter is addressed.
of the primary solar system and its evolutionary process. To date, some researchers have studied robotic
They are also regarded as possible targets for manned exgripping mechanisms in a microgravity environment.
plorations in future, and hence, it is useful to investigate The NASAJPL's robotics group proposed the robot
them. To enhance the achievements of the explorationLEMUR IIB and conducted gripping experiments using a
of minor bodies, using small robots that can move on prototyped robot [5]. Its gripping mechanism is composed
their surfaces is anfiective exploration method. Further- of 256 sharp hooks and flexible elements to grip the sur-
more, from a viewpoint of scientific interest, the robots are face of a rock. This is a super-redundant mechanism, and
required to reach destinations where scientific attention hence the friction characteristics of the contact points can
would be high. However, there are technicdtidulties in be ignored during its gripping phase. However, the gripper
the accomplishment of robotic locomotion on minor bod- was not getting released easily from the surface, and the
ies because of two characteristic conditions: the gravity hooks broke frequently [6]. Research on gripping mecha-
on the minor body is extremely small, and the minor body nisms for base-fixed manipulators has been conducted for
has an unknown irregular terrain. In such conditions, it is ground applications. The unidirectional nature of the con-
difficult for a robot to maintain contact with the surface. In straints by using fingers was addressed in the analysis of
particular, traditional wheeled or tracked robots can easily form closure [7] and force closure [8]. The contact dy-
hop by the reaction force from the surface. namics between the fingers and the objects was also an-
For an asteroid exploration robot, hopping mobil- alyzed [9, 10]. Furthermore, stability analysis of grip-
ity has been studied as arffective method of explo- ping against a disturbance applied to the gripped object
ration. MINERVA is a representative asteroid explo- was performed [11]. Yuguchi et al. [12] have applied the
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(a) Overall view of the robot

Figure 1: Conceptual illustration of rock climber-like
robot

gripping analysis to the rock climber-like robot moving

on a minor body. They derived the static ground gripping

characteristics in a microgravity environment based on the

manipulation theory established with the theory of poly-

hedral convex cones [13]. In addition to the theoretical

analysis, they evaluated the characteristics experimentally,

where the relative positions of the ground surface and the (b) Gripping state of the hand

gripping points were assumed to have symmetrical config-

uration. However, for practical applications, the gripping

characteristics must be extended to asymmetric gripping

conditions. action force and the moment around the center of gravity
This paper presents an extended theory of the groundcap, pe expressed as follows.

gripping conditions in asymmetrical configuration. The N

extended theory is a generalized framework for evaluating Z fig = ~W 1)

the gripping capability of the rock climber-like robot. The 4

theory is validated based on experiments with planar mo- n

tion in a microgravity environment using an air-floating Z Xig X fig = 0 )

test bed system. —

Figure 2: Asymmetric gripping state of ground grip loco-
motive robot intg

To satisfy the equilibrium conditions, the gripping force
2 GRIPPING CAPABILITY ANALYSIS —fig on the ground surface must be generated inside of
the frictional cone without slip on the ground. Thus, we
While gripping the ground surface, the inclination angle approximate the frictional cone as a polyhedral cone. We
of the surface and the cfiieient of friction at the con-  define the edge vectors of the polyhedral cone forithe
tact point have a large influence on the gripping capability. th finger asdilB, di2 Y dirg, wherem is the number of
We define gripping capability in terms of an equation that the edge line of the polyhedral cone. Consequently, the
gives the conditions under which the gripping mechanism condition that-f;g works inside the polyhedral cone is
can generate a constant gripping force without slippage.given as follows.
This section presents the theory of static gripping condi- _ mo
tions, including asymmetric configuration of the relative IR, >0 st Z Rgd, = —fis 3)
positions in a microgravity environment. =1

Accordingly, Eqg. (3) provides the no-slip condition
for the i-th finger. In addition, substituting Eqg. (3) into

Given that the robot is in a static condition, the reaction gqg. (1) and (2), the gripping conditions are re-written as
force f and gravitational forceV exerted on the robot, are g jows.

as shown in Figure 2. Herdg (i =1, 2,---, n) is the re-

2.1 Formulation of Gripping Conditions

n m
action force on théth finger and the subscrigtindicates EIRjB >0 st Z Z std-j - W 4)
that the variable is defined in the coordinate system fixed i-1 =1 B
on the robot bas&g{Xg, ys}. Furthermorex;g is the po- nom
sition vector from the center of gravity of the robot to the Z Z RdeijB X Xig = 0 (5)

tip of thei-th finger. The equilibrium equations of the re- o4



2.2 Analysis of Possible Gripping Range the 61+ 6,
Ground 2

In this study, we assume the robot to be a dual-arm robot @ Ay ’
model in two dimensions for simplification, i.en=m = ’ \ A @ ‘
2. Moreovery is the codicient of static friction between © @, NP =~
the ground and the tip of the robot, and the gravity force ¢’

W is assumed to be zero because of microgravityand A y w X2¢ .:\
0, (where—-n < 6, < mand-n < 6, < n) are the in- A ‘ %“ i@)
clined angles of the gripping surface with respect to the
Yg axis, as shown in Figure 2. A counter-clockwise direc-
tion indicates a positive angle, and thus in Figuré;2s
positive and), is negative. For simplification, we define
2¢ = 6, — 0,, and rotate the base coordinate system by
(6, + 62)/2, as shown in Figure 3. In the rotated coordi-
nate systen€y{Xs, Yy}, they, axis is in the same direction
as the bisector of the inclination angle of the ground. From
this definition, Egs. (4) and (5) can be re-written with re-
spect to they, axis as follows.

2 2
i i ql
R,20 st ) > R,d =0 (6)
i=1 j=1 Ground
2 2 !
i 4 o ;
; ; R'i)di:p X Xig =0 (7) (b) Gripping state of the hand

Figure 3: Asymmetric gripping state of ground grip loco-

On the basis of the geometric relationship shown in Fig- . ,
j motive robot inz,

ure 3, the edge vectors of the polyhedral cml‘1¢ecan be
given as follows.

From Egs. (10) and (11), it can be said that there ex-
ist a maximum inclination angle of the surface and a
range of gripping points for positive gripping. Here,
sin? (y21¢/ % + 2105) represents the slope between the

two fingertips inZ,. Therefore, oncexy is decided, the
possible range oky4 for gripping the ground surface is

wherea = tarrly represents the half-angle of the fric- Imited, as shown in Figure 4. _
tion cone. Substituting Eq. (8) into Egs. (6) and (7), the Additionally, the expression Eg. (11) can be obtained

1 _[-cosp-a)] 4 _[-cosg+a)
1 |-sing—-a)|’ 26 |-sin@+a)

cosg — a) ] &

_ | cos@ + a)

6= - [—sin(¢+a)

1¢

—sin(p — @)

following simultaneous inequalities are obtained. in Zg by rotating, again through-(6; +6,)/2 as follows.
—X214SiN( + @) + Y214C0S@ + @) < 0 * 0120
Xo14SiN(@ — @) — Y214C0S@p — ) < 0
. 9 L1 Y218
Xo15SiN(@ + @) + Y215C0S@ + @) > 0 —Op—a<sin | —————|<a-6; (12)
X215SIN( — @) + Y21,C08( — @) < 0 \ X1g + Y18
T T
wherexiy= (X5 Vo) + Xep= (Xeo  Yas) » Xo1p = X1 — o 61 < 0
Xog, @Ndyo1, = Y14 — V2. By s0lving Eq. (9), the gripping
capability can be finally determined as follows. y
—Gr—a+m < sint S - S P a—-01—-n (13)
*=¢=20 (10) v X515+ Y318
. Y2 T T
—(@—¢) <sin = <a-¢ (11) wherex;g= (XlB le) » XoB= (Xzs Y2B) » X218 = X1B —

[2 2
X1 T Y21 Xog, andy»1g = Y1g — YaB.



Theoretical grippable

boundary
Slope between ' _
fingertips d) " d) a—¢ O
- x1¢
Right finger @ 1 T Yo Left finger
Ground ' L, Xp

Figure 4 : Schematic view of the grippable range

3 GRIPPING EXPERIMENT

This section presents the gripping experiments conducted
on the simulated ground using an air-floating test bed sys-

tem. The range of grippable points is determined by the
point at which the fingers slip on the surface. The the-
oretical results are verified through comparison with the
experimental results.

3.1 Air-Floating Test Bed System

To evaluate the gripping performance in a microgravity
environment, we developed the air-floating test bed sys-
tem, which is shown in Figure 5. This system performs
planar motion in a microgravity environment using air
bearings and air tanks. Frictionless motion can be simu-
lated between the system and the surface plate. Moreove
this system has a dual-arm which has two motor-driven
joints and a six-axis forgrque sensor in each arm. The
driving motors (RH-8D-3006-E100AL) are produced by
Harmonic Drive Systems Inc., and the foftoeque sen-
sors (WDF-6M200-3) are produced by WACOH-TECH
Inc. On each forgorque sensor, a specific finger mecha-
nism is attached. The system can measure the data of th
reaction force while gripping the surface. The motion of
the system is measured by a motion capture system (Opti
Track FLEX:V100R2) produced by NaturalPoint Inc., and
the measured data is used as the basic information.

3.2 Simulated Ground
Figure 6 shows a view of the simulated ground. The sim-

r

Sand Papers

Figure 6 : Simulated ground

the fingertips for stable gripping was investigated by ex-
amining the boundary at which the fingertips begin to
§lip. According to the experimental results by Yuguchi
et al. [12], a cone-shaped finger is mofkeetive for grip-
ping. Therefore, we also used cone-shaped fingers in the
experiments, as shown in Figure 8. The material of the
fingers is SUS304. The fingers were contacted in a direc-
tion perpendicular to the ground. Moreover, the fingertips
(\e/vere controlled to move with a constant velocity, and the
motion was stopped when the reaction forces were greater
than 1.5 N for safe operation. For the simulated ground,

#100 sandpaper was used. Theffiognt of static friction
between the sandpaper and the tip of cone-shaped fingers
was obtained from the measured data as follows [12].

=308

To verify the derived theory, we conducted experi-

ulated ground is composed of two flat plates and these aréyents in five diferent conditions of the inclination angles

connected by two passive hinges. The inclination angle

of the simulated groundp = 55°, 60°, 65°, 70° and 75.

between the two plates can be changed arbitrarily. Fur-prom Eq. (10) and with = 3.08, the maximum inclina-
thermore, sandpapers are attached on the surface of thg,n, angle for gripping was calculated as"7Here, we

plates to simulate various frictional surfaces. In the ex-

definen as the slope between the fingertips. In the exper-

periments, the simulated ground was fixed on a flat planeiments, the left finger was fixed at a position 7 cm from

using clamps.

3.3 Experimental Condition

Figure 7 shows an overview of the experimental setup.
In the experiments, the range of the relative position of

the top of the simulated ground. Then, the contact posi-
tion of the right finger was changed so thathanges with
increments of 1. The experiments in each condition were
conducted five times. The acceleration due to gravity was
setto 0.016 G.
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Figure 9: Comparison of theoretical and experimental
gripping capabilities

the grippable range are shown in Table 1. A comparison of

Figure 8: Cone-shaped finger the theoretical and experimental grippable ranges for vari-
ous inclination angles of the simulated ground is shown in
3.4 Experimental Results Figure 12. From Table 1 and Figure 12, it can be seen that

) i ) in case when the inclination angle is betweeh &3d 65,
Figure 9 shows the theoretical and experimental results 0ny,q ya|ue of the absolute error in each grippable boundary
gripping capab|!|ty for several slopes between_ thg finger- angle was within 2 In the case of = 70, there was no
tips. The blue lines and the red cross marks |nd|cat_e thegrippable point in the experiment, though the theoretical
theoretical values an_d egperlmental results, rgspect_|vely.grippab|e boundary angleisi°. Moreover, the deviations
In the case op = 55 in Figure 9(a), the theoretical grip-  j the experimental and the theoretical values increased
pable range can be calculated from Eq. (11) as follows. yith increase in the inclination angle. From these resuilts,

17 < it can be seen that regardless of the magnitude of the incli-
<n<1r . .
nation angle, the test bed system has an errot ef  in

It may be noted that = 0 means that the arrangement  the grippable rangg. These errors occurred based on the
of the system and the simulated ground is symmetrical. accuracy of the friction cdicients measured and the po-
Furthermore, Figures 10 and 11 show the time history of Sitioning accuracy of the manipulator joints including the
the reaction forces. These graphs show that the force in-mechanical parts and motors. However, these errors are
creased and became constant at a value greater than 1.5&Mall, and thus the validity of the derived theory was con-
in the case of successful gripping; on the other hand, thefirmed. The rock climber-like robot can achieve gripping
force was not generated or was reduced to zero in the caséocomotion on a minor body in practical applications, if
of failure to grip. Therefore, the gripping capability was suficient margin is considered for the gripping boundary.
determined by the reaction force.

From Figures 9(a)(d), it can be seen that the grip- 4 CONCLUSION
pable range is narrower in the experiments than in the the-
oretical results. In addition, we conducted the test for the This study evaluated the extended static gripping condi-
case ofp = 75° andn = 0, a case in which it is impos-  tions of a rock climber-like robot in asymmetric gripping
sible to grip the surface. The result of this case was thatconfiguration of the relative positions of the ground and
the robot was not able to grip the surface during any of the the gripping points in a microgravity environment. The
five attempts. Considering the practical applications, we gripping capability was analyzed based on the experimen-
define the grippable boundary as the angh which the tal results and theoretical analysis. As a result, it was
robot was able to grip during all the five attempts. With found that there is a relationship between the inclination
this definition, the theoretical and experimental values of angle of the ground and the range of gripping points for
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Figure 11: Reaction forces in the case of failure to grip
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positive gripping. Then, in the gripping experiments us-
ing an air-floating test bed system, the validity of the con-
ditional equations for the grippable range was verified. In
future research, it is necessary to evaluate the gripping ca-
pability on a real rough terrain.
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