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ABSTRACT

This paper presents the experimental evaluation of con-
tact/impact dynamics between a space robot with a com-
pliant wrist and a free-flying object. In capturing a target
satellite by a free-flying space robot, a robot must pre-
vent bounce-off of a target satellite from the operational
space of the robot due to hard collision. In order to avoid
hard collision, the authors propose the use of a stiff ma-
nipulator equipped with a compliant wrist because this
combination is capable of elongating the contact duration
with less contact force peak, and hence, makes the con-
tact control possible. In order to understand contact with
a compliant wrist, this paper presents the contact dynam-
ics of a uniaxial compliant wrist, which is modeled by a
mass-spring-damper system. Then, simplification is pre-

major approaches to the introduction of virtual mechani-
cal compliance. However, the active control approach has
been facing the difficulty in controlling contact/impact
due to the time delay effect because contact/impact is a
very short duration phenomenon.

One of the solutions to overcome time delay effect is

to increase controllable time by elongating contact dura-
tion. This is achieved by introducing passive mechanism,
namely mechanical compliance. Mechanical compliance
plays an important role to reduce contact force peak and
to increase contact duration. However, drawbacks of me-
chanical compliance are the end tip vibration of a robotic

arm and the slow response to control input due to its flex-
ibility.

In order to balance mechanical compliance with fast re-

sented so that the dominant contact dynamics parameters sponse, the use of a stiff manipulator with end tip com-

can be approximated by the stiffness and damping of the
compliant wrist. The collision experiment between a ma-
nipulator with a compliant wrist and a free-flying target
object is conducted using a two-dimensional micrograv-
ity emulator, called the air-floating test bed. The contact
duration and the coefficient of restitution were chosen as
evaluating parameters, and it was verified that both can be
expressed by the stiffness and damping of the compliant
wrist.
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tact dynamics, compliant wrist, coefficient of restitution.

1. INTRODUCTION

In capturing a free-flying satellite in space, there is al-
ways possibility that the satellite may bounce off from a

pliance may ideally be suitable. The use of a stiff
manipulator makes it possible to obtain fast response,
which is suitable for force control. Recent works for
satellite capture using a stiff manipulator are, for exam-
ple, the multiple impedance control by Moosavian and
Papadopoulos[3], the impedance control by Yoshida and
Nakanishi et al.[4][5]. An example of a passive wrist was
created by Salcudean and Hollis, called the IBM magic
wrist[6]. Examples of the use of both a stiff manipulator
and end tip compliance are the use of passive wrist for
contact control by Goswami et al.[7], and brash type of
end effector for space debris capture by Nishida et al.[8].
However, force control method in space by a single ma-
nipulator with a compliant wrist has not been fully estab-
lished yet.

In our previous paper, we showed the validity of the use
of a stiff manipulator with a compliant wrist to obtain a
desired coefficient of restitution by the impedance control
with a compliant wrist[9]. In this paper, we concluded

space robot, and/or that the satellite may be damaged due that the contact dynamics modeling is inevitable to im-

to hard collision. In order to avoid such a situation, soft

contact utilizing active compliance control and/or passive
mechanical compliance is of great interest, especially in
autonomous satellite capture operation by a free-flying
space robot. For instance, the hybrid force/position con-
trolled, originally proposed by Raibert and Craig[1], and

the impedance control, proposed by Hogan[2] are the two

prove the results of the proposed contact control method.

This paper presents the contact dynamics modeling of
a free-flying space robot with a compliant wrist. The
contact dynamics model is expressed by a mass-spring-
damper system. In order to predict post-contact behavior
by a simple algebraic form, the contact dynamics model
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contact duration are derived from the simplified contact
dynamics model. The experimental verification of the .
proposed contact dynamics model is conducted using a
two-dimensional microgravity emulator, called the air-
floating test bed. The results of experiment verify the
proposed contact dynamics modeling.

2. CONTACT DYNAMICS MODELING OF A
UNIAXIAL COMPLIANT WRIST

This section presents the contact dynamics model of a Figure 1. Schematic of a compliant wrist and a free-flying

uniaxial compliant wrist. First, the assumptions used target body, and contact dynamics model.

in constructing the contact dynamics model are stated.

Then, the exact and simplified contact dynamics models

are presented. contact force is expressed in terms of penetration and rate
of penetration as follows:

2.1. Assumptions Fo = ked+ced
= kc(xt - xw) + cc(jjt - ij) (1)
In constructing the contact dynamics model of a space

robot with a compliant wrist, the following assumptions
are introduced.

wherez, andx,, are the positions of the mass of the tar-
getm, and the compliant wristn,,, respectively, and,
andc. are the stiffness and damping coefficients of ac-
tual contact surfaces, respectively. Then, the equations

1. The gravitational acceleration is zero of motion of each mass shown in Fig. 1 are derived as
follows:
2. Joints of manipulator are sufficiently stiff.
. . . . Mft'h = —kw(fbh —(Ew) —Cw(ih —iw) (2)
3. Links of manipulator, a wrist, and a free-flying target . _ 3 . .
object are expressed by a point mass. Moy = —ko(Tw —zh) = Cw(% - mh.)

4. Point contact q —ke(Tw — 2¢) = CeTw — @) (3)

. Paint contact is assumed. made = —ko(t — ) — colibr — du) 4)

5. Contact force is modeled as a continuous spring- . ) . .
dashpot model. where M is the equivalent mass projected at the end tip

of manipulator;x}, is the position of the end tip of ma-
6. A compliant wrist is modeled as a linear mass- nipulator; andk,, andc,, are the stiffness and damping
spring-damper system. coefficients of the compliant wrist, respectively.

7. The vibration frequency defined at contact surfaces

is sufficiently higher than the one defined at a wrist. 2.3. Simplified Contact Dynamics Model

8. The wrist mass is sufficiently smaller than the space

robot and the target object. In this subsection, a simplified contact dynamics model

is presented. A contact dynamics model expressing rela-
Based on the above assumptions, the schematic of contacttive motion before and after contact is necessary to con-

dynamics model for a one-dimensional case is shown in trol contact in space. The goal of this contact dynam-
Fig. 1. ics modeling is to derive the relationship between pre-

contact state and post-contact state of relative motion in
the form of the coefficient of restitution, which can be
used for contact control. In order to accomplish this goal,
the contact dynamics model expressed in Egs. (2)-(4) is
simplified to a single equation of motion.

2.2. Exact Contact Dynamics Model

The exact contact dynamics model is derived as follows.
First, according to the assumption, the contact force can Suppose that the system expressed in Fig. 1 has no damp-
be modeled as a linear spring-dashpot model. Thus, the ing, the natural frequency of the system is expressed in



the following form.
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According to the assumption, the vibration frequency de-
fined at contact surfaces is sufficiently larger than the
one defined at a wrist. This condition is expressed as
Wy < we. The wrist massn,, is also sufficiently smaller
than the chaser robot mass$ and the target object mass
my¢; and hence, the mass ratidbecomesy ~ 1.

Eq. (13), the complete solution with initial conditions
y(0) = 0 (zero penetration), ang(0) = vy (non-zero
rate of penetration), is given by the following:

y(t) = Y0 o= wut sin wgt (14)

wherewy; = +/1 - (2w, is the damped natural fre-
guency, and the is the damping ratio of the system as
follows.

Cw
= — 15

¢ 2v/Mky, (15)
Eqg. (14) expresses the vibration of the compliant wrist.
From Eq. (14), the contact durationcan be derived as

the half-period of oscillationy(7) = 0) as follows:

T
— T yfo<c¢<1
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whereT is the period of oscillation. For the cage> 1,

(16)

In an actual system, there exists a damping effect. When the contact duration is theoretically infinity.

the assumptiow,, < w, is satisfied, the vibration be-

tween the wrist mass and the target body mass damps out

much earlier than the vibration of the wrist itself. There-
fore, the dominant natural frequency of the system ex-

pressed in Eq. (5) can be approximated as the lowest fre-

guency of the system in the following form.
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When the above condition is satisfied, a free-flying target
object completely attaches to the end point of wrist and
moves together with the wrist mass during contact. This
approximation is expressed at the bottom of Fig. 2. In

such a case, the equations of motion can be expressed in

the following forms.

Mi‘h = —k:w(mh - xw) -
(mw + mt)j&w - kw(xiz

11)
12)

Cw(j:h - xw)
- xw) + Cw(j:h - xw)

From Eq. (11) and Eq. (12), a single equation of relative
motion is derived as follows.
’fhy = _kwy - Cwy (13)

wherey = xp,
wrist.

— x,, is the displacement of the compliant

2.4. Contact Duration and Coefficient of Restitution

This simplification eases the theoretical formulation of
contact duration and coefficient of restitution. From

oo if (>1 (17)

Next, the coefficient of restitution can be expressed in
terms of the damping ratig. Using the damping ratio
defined in Eg. (15), the time derivative of Eq. (14), and
the contact duration given by Eq. (16), the coefficient of
restitutione is also expressed as follows:

¢
1—-¢2

i) _

4(0)

For the cas€ > 1, Eq. (18) is no longer valid; instead,
the coefficient of restitution becomes zero.

if ¢=1

if 0<(¢<1 (18)

e=0 (19)

3. EXPERIMENTAL VERIFICATION

In order to verify the proposed contact dynamics mod-
eling method, the collision experiment between a com-
pliant wrist attached at the tip of a stiff manipulator and

a free-flying target object was conducted. The experi-
mental setup is first explained in detail, followed by the

experimental conditions. The results and discussion of
collision experiment are finally presented.

3.1. Experimental Setup

The experimental setup and its schematic are shown in
Figs. 3-4. A microgravity emulation was achieved by the
air-floating test bed, which enables an object equipped
with air tanks to float on a smooth flat plane with neg-
ligibly small friction, utilizing the air bearing principle.
The floating target body was equipped with four air pads,
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Figure 2. Schematic of exact and simplified contact models.

and each pad was connected to the on-board air tanks by
tubes. Each pad floats by static air pressure. The weight
of the air-floating body can be changed by adding or sub-
tracting partial weight. Hence, the position of center of
mass is adjustable. In this setup, an emulated environ-
ment was two-dimensional microgravity plane. The con-
tact point on the air-floating body was designed as a hemi-
sphere so as to realize point contact.

The compliant wrist used in this experiment was a uni-
axial compliant wrist, where the motion of the wrist
mass was constrained by a linear guide, as shown in
Fig. 3(b). The compliant wrist was equipped with a 6-
axis force/torque sensor, made by Nitta Corporation, at
its end tip of movable part to measure the contact force.

As a space robot model, a ground-based robotic arm,
called PA10, made by Mitsubishi Heavy Industry, was
used to represent a stiff manipulator. The stiffness of
joints of PA10 robotic arm i$0° order while the stiffness

of the compliant wrist iS0® to 10* order. Therefore, the
vibration of end tip of PA10 robotic arm was assumed to
be negligible compared to the one of the compliant wrist.

The motion measurement system used in this experiment
was a motion tracking cameras, called OptiTrack. This
system uses infrared cameras, each of which tracks the
positions of infrared rays reflected from reflective balls
attached on the air-floating target body and the compliant
wrist.

3.2. Experimental Conditions

This experiment was a one-dimensional collision exper-
iment between the compliant wrist and the floating tar-
get body. The contact dynamics parameters are shown in
Tab. 1. Since the wrist used in this experiment had fric-
tion in its linear guides, the friction effect was estimated

(b) Uniaxial compliant wrist at the tip of PA10

Figure 3. Experimental Setup of Collision Experiment

and included as a form of equivalent viscous damping
(ceq), Which was approximated as a constant value. For
each condition, 5 trials were conducted.

The end tip of PA10 robotic arm was set to an initial po-
sition with all servos locked. The air-floating target body
was given various initial velocities by hand and collided
into the compliant wrist so that the post-contact motion
of the air-floating target body did not induce rotation. In
this experiment, the position of the center of mass of the
air-floating target body was aligned to the direction of
contact force so as to minimize the wrench as much as
possible.

In this experiment, the contact force and the motion of
both the compliant wrist and the air-floating target body
were measured. The velocities of the wrist and the tar-
get body were computed by taking the time derivative of
the position histories. The pre- and post-contact veloci-
ties of the air-floating body were computed by taking the
average of velocities 1-second before and after contact.

3.3. Experimental Results and Discussion

The resulting coefficient of restitution and contact dura-
tion are shown in Fig. 5 and Fig. 6, respectively, where
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Table 1. Contact Dynamics Parameters % - oo
Name Variable Value % oal %
Target Mass [kg] my 9.0, 23.2, g
35.7,51.0 63.2 207/
Chaser Mass [kg] M huge (0°) s o7f
Wrist Mass [kg] My 0.7 I - .
Wrist Stiff. [N/m] ko 530, 1020, e o xpeimend
3600, 5100 66 20 = o 0 e
Wrist Damp. [Ns/m] Cw 1.4,21,28,2.7 Target + Movable Mass [kg]
Contact Stiff. [N/m] ke 68,000 (b) Spring constant,, = 1,020 [N/m]
Contact Damp. [Ns/m] Ce unknown 1
Equiv. Coeff. [Ns/m] Ceq 12.5
0.95 SR iie- o
c 2. oot
S 09 e
085 X
dots with error bars are the experimental results, and 5 ogl
dashed lines are the theoretical prediction by the simpli- £
fied contact dynamics model given by Eq. (18). From the 2 0.75
graphs, both the resulting coefficient of restitution and § 07l
contact duration fairly matched the theoretical prediction. . W
- - - Theoretical
The errors in the coefficient of restitution were mainly 06— >0 a0 20 %0 e 70

Target + Movable Mass [kg]
(c) Spring constant,, = 3,600 [N/m]

due to the model error. In general, the coefficient of
restitution is dependent on not only the characteristics

of mass, spring and damper, but also the initial collid-
ing velocity, which is not formulated in the proposed lin-
ear modeling. The overall average initial colliding ve-
locity was about 7 [cm/s]. In low spring constant cases
such as Fig. 5(a) and (b), the average velocity was about
10 [cm/s], which pushed up the resulting coefficient of
restitution. Thus, the experiment showed that a velocity-
dependent form of coefficient of restitution is needed for
further improvement.

Overall, it was concluded that the coefficient of restitu-
tion and the contact duration can be predicted with small
deviation. One should pay attention to the prediction of
the coefficient of restitution when using the proposed lin-
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ear contact dynamics modeling because of velocity de- (d) Spring constant,, = 5,100 [N/m]

pendency. The improvement in the prediction of the co-

efficient of restitution may be achieved by appropriately ~Figure 5. Resulting coefficient of restitution vs sum of
including friction effect. target mass and movable mass of compliant wrist
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Figure 6. Resulting contact duration vs sum of target
mass and movable mass of compliant wrist

4. CONCLUSION

This paper presented the contact dynamics modeling of
a space robot equipped with a compliant wrist at its end
tip. Utilizing a mass-spring-damper model, an exact con-
tact dynamics model of a compliant wrist was formulated.
The simplification of contact dynamics model was per-
formed with an assumption that the frequency defined
at actual contact surfaces is much higher than the one
at a compliant wrist. Using the simplified contact dy-
namics model, the coefficient of restitution was formu-
lated and became a function of wrist parameters and tar-
get mass. The collision experiment was conducted using
a two-dimensional microgravity emulator, called the air-
floating test bed. The results and discussion of collision
experiment verified the proposed contact dynamics mod-
eling of a compliant wrist.
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