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Abstract

We propose a semi-autonomous teleoperation framework, de-
veloped in (Lee & Spong 2005), as a means for robotic
missions to establish infrastructure and preparations for the
sustained presence of humans on the Moon. This semi-
autonomous framework consists of the two control loops: 1)
local autonomous control and interagent communication on
the Moon ensure secure cooperative manipulation of objects
by the multiple slave robots regardless of communication de-
lays and human commands; and 2) a bilateral teleoperation
loop enabling a remote human operator (on the Earth, in lunar
orbit, or on the Moon) to tele-control the grasped object via
the delayed communication channels. This architecture will
be useful for tasks requiring cooperative manipulation, such
as construction of human habitats, assembly of solar photo-
voltaic panels, and cooperative handling of excavated rocks
for in-situ resource utilization, to name a few. Simulation re-
sults are presented to highlight properties and capabilities of
the proposed framework.

Introduction
It is anticipated that, within the next two decades, a sustained
human presence on the Moon will be established (NASA
2004). One of the main purposes of this human presence
on the Moon is to validate/develop technology and ways for
human exploration on Mars or in space. For this, it is neces-
sary to build infrastructure on the Moon for human presence,
such as human habitats, in-situ resource utilization genera-
tors (ISRU), and solar photovoltaic (PV) tent arrays, to name
a few (Huntsberger, Rodriguez, & Schenker 2000).

This lunar infrastructure should be ready before the start
of human habitation. However, it would be prohibitely ex-
pensive, if not impossible, to send large numbers of human
workers to create such infrastructure. At the same time, the
state-of-the-art in robotics is such that a network of fully
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Figure 1:Teleoperation of multiple cooperative robots.

autonomous robots is not capable of carrying out complex
tasks involving cooperative manipulation. The most viable
scenario, therefore, is to utilize teams of semi-autonomous
robots remotely controlled by a small number of humans.

For such missions, a team of multiple cooperative robots
would provide better manipulation dexterity, mechanical
strength, robustness to single point failure, and safety (e.g.
distributed kinetic energy) than using a single huge robot.
Also, the robotic material handling and construction tasks
required will be performed in a hostile, highly uncertain, and
continuously changing environment (e.g. operation in an un-
mapped site, or sequential assembly of complex parts). Such
uncertainty and unpredictability calls for both autonomous
behavior and human teleoperation for successful task com-
pletion.

As a means toward this robotic mission for the human
presence on the Moon, we propose the recently developed
semi-autonomous multirobot teleoperation framework (Lee
& Spong 2005; Lee, Martinez-Palafox, & Spong 2005). This
semi-autonomous framework would enable an operator (on
the Earth, on a lunar-orbit, or in a habitat on the Moon) to in-
telligently guide the cooperative manipulation among a team
of multiple slave robots on the Moon over an unreliable and
delayed communication network. See Fig. 1 for an illustra-
tion.

This semi-autonomous framework consists of the follow-
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ing two control loops: 1) alocal autonomous grasping con-
trol loop which is located on the Moon close to the slave
robots; and 2) abilateral teleoperationloop which enables
a human operator to tele-control the overall group behav-
ior of the slave robots (and that of the grasped object) via
the delayed communication network by operating a master
force-reflecting device with a manageably small degrees-of-
freedom (DOF). This teleoperation loop can also be replaced
by the direct human interaction (i.e. mechanically coupled
on site), when humans are coexisting and cooperating di-
rectly with the robots on the Moon.

With this semi-autonomous framework, we can achieve
the following capabilities and properties:
1) Abstraction: A human can control the multiple slaves of
possibly many-DOF by operating a master device of reason-
ably small-DOF;
2) Haptic Feedback: Through the bilateral teleoperation
loop, the human operator can perceive the combined exter-
nal forces acting on the grasped object and the slave robots
on the Moon via delayed communication channels;
3) Grasping Safety: By controlling the cooperative grasp-
ing locally, the grasping can be maintained with high preci-
sion regardless of the communication delay and human com-
mand;
4) Safe and Stable Interaction: By enforcing energetic pas-
sivity (i.e. passive with the mechanical power as the supply
rate (Willems 1972)) of the closed-loop system, its interac-
tion with any passive environments/humans will be stable
and safe (Colgate 1994).

The key enabling idea of the semi-autonomous teleoper-
ation framework is the passive decomposition (Lee 2004;
Lee & Li 2004), with which we can decompose the dynam-
ics of the multiple slave robots into two decoupled systems
while enforcing passivity: theshape systemdescribing the
cooperative grasping aspect; and thelocked systemabstract-
ing the overall behavior of the multiple slave robots (and the
grasped object).

Then, by locally controlling the decoupled shape system,
secure and possiblyfixturelesscooperative grasping can be
achieved regardless of the communication delay and human
command. This fixtureless grasping would be useful when it
is necessary to manipulate an object with unknown/irregular
shape (e.g. rocks excavated on-site for ISRU).

Also, by teleoperating the locked system, a human can
tele-control the overall behavior of the multiple slaves and
the grasped object while perceiving the combined external
forces on them. To passify the master-slave communica-
tion delays in this bilateral teleoperation loop, we utilize
scattering-based (or wave-based) communication (Anderson
& Spong 1989; Niemeyer & Slotine 2004; Stramigioliet al.
2002). The scattering formulation, first introduced in (An-
derson & Spong 1989), has become the standard method for
dealing with time delay in bilateral teleoperation tasks.

By exploiting the passivity property of the passive decom-
position and scattering-based communication, the proposed
semi-autonomous teleoperation scheme also enforces ener-
getic passivity of the closed-loop system. Therefore, interac-
tion safety and coupled stability are enhanced significantly.

The rest of this paper is organized as follows. We first pro-
vide the problem formulation in which we try to highlight
the anticipated efficacy of the proposed semi-autonomous
teleoperation for the robotic missions on the Moon. Then,
the semi-autonomous teleoperation framework and its simu-
lation results will be presented. Finally, we give a summary
and some future research directions.

Problem Formulation

Semi-Autonomous Teleoperation Architecture

Let us consider the cooperative manipulation scenario in
Fig. 1, which we can think of as being composed of two
subtasks: 1) cooperative grasping by the network of slave
robots and 2) manipulation of the grasped object.

The first requirement is for the grasping to be secure and
tight regardless of communication delay. On the other hand,
this cooperative grasping generally does not requires much
intelligent decision processes, since, in many cases, its ob-
jective is to merely maintain a given kinematic relations
among the robots’ end-effectors.

In contrast, the manipulation of the grasped object often
requires intelligent intervention (e.g. docking, peg-in-hole,
assembly with contact force regulation), especially when the
working environments are not well known or keep changing.

From this observation, the approach most likely to suc-
ceed is a semi-autonomous teleoperation architecture, where
cooperative grasping (both the grasping shape and the in-
ternal force) is achieved autonomously by alocal grasping
controller situated on the Moon, while the overall motion of
the multiple slaves and the grasped object is teleoperated by
a human operator sitting on the Earth, a lunar-orbit, or in a
habitat on the Moon, with some communication delays. The
adverse effects of the communication delay are thus con-
fined to the teleoperation loop and not do affect the grasping
aspect. This teleoperation loop can be replaced by direct hu-
man intervention, when a human astronaut is coexisting with
the slave robots on the Moon.

Communication and Control Architecture

We assume that there exists a centralized communication
and computing (C&C) module for the slave robots, which
communicates with all the slaves and computes control com-
mands for them with negligible delays, while, at the same
time, communicating with the master over the possibly de-
layed communication channel (see Fig. 2). Then, the control
command for each slave robot provided by this centralized
C&C module will be a combination of the (centralized) lo-
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Figure 2:Communication and control (C&C) structure and power
flow of the SMMS system.

cal autonomous grasping control, and the teleoperation con-
trol computed using the delayed information coming from
the master site. Such a C&C structure would be achievable
for many cooperative manipulation missions on the Moon,
where the workspaces of the slaves are close to each other,
thus, via wireless/wired communication, they can share a
common centralized C&C module which may be situated in
a separate post or on a single “smart” slave robot. It is also
highly scalable with the number of slave robots.

Recent results have shown, (Imaidaet al. 2004; Lee &
Spong 2006b; 2006a), with the sorts of delays likely to be
encountered in Earth-Moon communication, that the bilat-
eral teleoperation loop can function well and the human will
be able to tele-manipulate the grasped object without serious
difficulty. It is particularly noteworthy that, in (Imaidaet al.
2004), many useful manipulation tasks (e.g. contact force
regulation, peg-in-hole task, slop-tracing, and slide-handle
operation) could be achieved via the bilateral teleoperation
between the Earth and a Satellite (ETS-VII), even when the
round-trip delay was around7sec.

In this work, we also assume that the master-slave com-
munication delays are constants. This can be achieved by
some signal buffering techniques [e.g. (Kosuge, Murayama,
& Takeo 1996)]. Since the semi-autonomous framework is
based on the scattering-based communication (Anderson &
Spong 1989; Niemeyer & Slotine 2004; Stramigioliet al.
2002), these constant delays can still be unknown and asym-
metric (i.e. the forward delayτ1 can be different that the
backward delayτ2).

Plant Modeling
Let us consider them-DOF master robot dynamics

Mh(qh)q̈h + C(qh, q̇h)q̇h = Th + Fh, (1)

whereqh, Th, Fh ∈ <m are the configuration, the control
(to be designed), and the human force, respectively. Also,
Mh(qh) ∈ <m×m andCh(qh, q̇h) ∈ <m×m are the inertia

and Coriolis matrices s.t.Mh(qh) is positive-definite and
symmetric andṀh(qh)− 2Ch(qh, q̇h) is skew-symmetric.

Let us denote the total DOF ofN slave robots byn :=∑N
i=1 ni with ni being the DOF of thei-th slave. Then, the

group dynamics of theN -slave robots can be written in the
following n-DOF robotic dynamics:

M(q)q̈ + C(q, q̇)q̇ = T + F, (2)

where q := [qT
1 , ..., qT

N ]T , T := [TT
1 , ...TT

N ]T , F :=
[FT

1 , ..., FT
N ]T ∈ <n, M(q) := diag[M1(q1), .., MN (qN )],

C(q, q̇) := diag[C1(q1, q̇1), .., CN (qN , q̇N )] ∈ <n×n with
qi, Ti, Fi, Mi, Ci being the configuration, the control, the
environmental force, the inertia and the Coriolis matrices of
thei-th slave robot, respectively. Then, similar to (1),M(q)
is symmetric and positive-definite anḋM(q) − 2C(q, q̇) is
skew-symmetric.

In (1)-(2), we assume that the gravity term is locally can-
celled out or contained in the external force terms,Fh, F .
We also suppose thatn ≥ m (i.e. DOF of the slaves is
larger than that of the master). We also assume that suit-
able bilateral power/kinematic scalings have been already
embedded in the dynamics (1)-(2) as in (Lee & Li 2003;
2005), with which different sizes/strengths between the mas-
ter and slave environments can be matched.

Grasping Shape Function
We suppose that, for a given task objective, the internal
grasping shape among the slave robots (2) can be specified
by the(n−m)-dimensional functionqE(q) ∈ <n−m, where
q ∈ <n is the slave group configuration given in (2). Here,
we assume that thisqE is smooth and its Jacobian is full-rank
(i.e. qE is a smooth submersion (Marsden & Ratiu 1999)).
We call this functionqE grasping shape function. Then, a
desired grasp shape can be achieved by enforcing the fol-
lowing condition

qE(q(t)) → qd
E , (3)

whereqd
E ∈ <n−m is a constant vector describing the de-

sired grasping shape. By designing the condition (3) s.t.
a flexible object is surrounded and deformed by the slave
robots, fixtureless cooperative grasping could be achieved.

As an example, let us consider three slave robots with
their end-effectors confined on the(x, y)-plane as shown in
Fig. 3. Then, we can define the following grasping shape
function

qE :=




x1 − x2 − Lcos(φ2 + π
6 )

x2 − x3 + Lcos(φ2 − π
6 )

y1 − y2 − Lsin(φ2 + π
6 )

y2 − y3 + Lsin(φ2 − π
6 )

φ1 − φ2

φ2 − φ3



∈ <6, (4)

where(xi, yi, φi) ∈ <3 are the translation and yaw angle of
i-th agent’s end-effector w.r.t. a common inertial frameFo.
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Figure 3:End-effectors of three slave robots on(x, y)-plane.

If we achieve the condition (3) withqd
E = 0, the three

robots in Fig. 3 will form an equilateral triangular with the
side length ofL, whose rotation is specified by the robot
2’s yaw angle. Thus, fixtureless grasping of a flexible ob-
ject could be achieved by choosingL to be small w.r.t. the
object’s size. In this case, the value ofL would also de-
termine the internal force generated by the object’s defor-
mation. Here, as the6-DOF are constrained by the condi-
tion qE(t) = 0, the overall motion of the three robots (total
DOF= 9) is then reduced to the remaining3-DOF motion
(i.e. translation/rotation of the triangle).

Semi-Autonomous Teleoperation Control
In this section, we highlight the main developments of the
semi-autonomous teleoperation framework proposed in (Lee
& Spong 2006b; Lee, Spong, & Martinez-Palafox 2005), to
which we also refer readers for more details.

Decomposition of Multiple Slave Robots
Using the passive decomposition (Lee 2004; Lee & Li
2004), we first decompose then-DOF dynamics of the mul-
tiple slave robots (2) into two decoupled systems while en-
forcing energetic passivity: the (n − m)-DOF shape sys-
temdescribing the cooperative grasping aspect, and them-
DOF locked systemrepresenting the overall motion of the
multiple slaves with a fixed grasp shape. For more de-
tails on the passive decomposition, refer to (Lee & Li 2004;
Lee, Spong, & Martinez-Palafox 2005).

The key idea of the passive decomposition is that the ve-
locity q̇ ∈ <n of the multiple slaves (2) can be decom-
posed into the two components: theshape system velocity
vE = d

dtqE ∈ <n−m representing the change in the(n−m)-
DOF internal grasping shapeqE ; and thelocked system ve-
locity vL ∈ <m describing the remainingm-DOF overall
motion of the total group with their internal shape fixed. In
a vector form, this decomposition can be expressed by(

vL

vE

)
= S(q)q̇, (5)
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Figure 4:Circuit-network representation of the decomposed mul-
tiple slave robots (7)-(8).

whereS(q) is a (non-singular) decomposition matrix.
For example, consider the three robots (total DOF= 9)

in Fig. 3 with qE in (4). Then,vE = q̇E represents the
rate of changes of the triangle’s size and shape (i.e.6-DOF
internal grasping shape), whilevL (to be shown to have the
form (12)) describes the translational-velocity and yaw-rate
of the triangle itself (i.e.3-DOF overall group motion).

We also define compatible transforms s.t.
(

TL

TE

)
:= S−T (q)T, and

(
FL

FE

)
:= S−T (q)F. (6)

Then, using (5)-(6), the slaves’ dynamics (2) can be partially
decoupled s.t.

ML(q)v̇L + CL(q, q̇)vL︸ ︷︷ ︸
locked system dynamics

+ CLE(q, q̇)q̇E︸ ︷︷ ︸
coupling

= TL + FL, (7)

ME(q)q̈E + CE(q, q̇)q̇E︸ ︷︷ ︸
shape system dynamics

+ CEL(q, q̇)vL︸ ︷︷ ︸
coupling

= TE + FE . (8)

We call the (n − m)-DOF system in (8)shape system
which explicitly describes the grasping aspect havingqE(t)
as its configuration. Also, we refer them-DOF dynamics in
(7) as locked systemwhich represents overall dynamics of
the multiple slave robots with a fixed grasping shapeqE(t).
Here,FL andFE represent the combined effects of the en-
vironmental forces on the overall motion of the slave robots,
and the internal grasping force, respectively.

Proposition 1 (Lee & Spong 2005) The partially decom-
posed dynamics(7)-(8) have the following properties:
1) ML(q) andME(q) are symmetric and positive definite.
2) ṀL(q) − 2CL(q, q̇) and ṀE(q) − 2CE(q, q̇) are skew-
symmetric.
3) CLE(q, q̇) + CT

EL(q, q̇) = 0.

Thus, if we cancel out the coupling termsCLE(q, q̇)q̇E ,
CEL(q, q̇)vL in (7)-(8), the locked and shape systems will
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have dynamics reminiscent of usual robotic dynamics. Note
that those coupling terms in (7)-(8) are only functions of
the velocity and configuration. Thus, the decoupling can be
achieved by using only the position and velocity feedback
without requiring acceleration feedback which is often un-
available in many practical robotic systems (e.g. robots with
angle encoders).

The unique and powerful property of the passive decom-
position is that this decoupling control is intrinsically pas-
sive as shown by (from item3 of proposition 1):

vT
LCLE(q, q̇)vE + vT

ECEL(q, q̇)vL = 0. (9)

This equality implies that the decoupling control does not
generate (or dissipate) any mechanical power (i.e. energeti-
cally conservative), thus, will not violate passivity. See Fig.
4 for a circuit representation of the locked and shape sys-
tems, and their energetically conservative couplings in (7)-
(8).

Control Design
Once we achieve the decomposition (7)-(8), control design
becomes fairly straightforward. We design the locked and
shape controlsTL, TE in (7)-(8) to be

(
TL

TE

)
:=

(
CLE(q, q̇)q̇E

CEL(q, q̇)vL

)

︸ ︷︷ ︸
passive decoupling

+
(

T ′L
T ′E

)

︸ ︷︷ ︸
teleoperation and grasping

, (10)

where the decoupling control is intrinsically passive as
shown in (9), andT ′E ∈ <n−m and T ′L ∈ <m will em-
bed the local autonomous grasping control and the bilateral
teleoperation control as below.

Under the control (10), the closed-loop shape system dy-
namics is given by

ME(q)q̈E + CE(q, q̇)q̇E = T ′E + FE .

Since this is similar to the usual robot dynamics, we can
utilize many control schemes to achieve the regulation ob-
jective (3) (i.e. qE(t) → qd

E) for the cooperative grasping.
One example is the following proportional-derivative (PD)
control with feedforward (FF) cancellation:

T ′E(t) := −KE
v q̇E(t)−KE

p (qE(t)− qd
E)− F̂E(t), (11)

whereF̂E(t) is the estimate ofFE(t), qd
E is the desired con-

stant grasping shape in (3), andKE
v ,KE

p are the damping
and spring gains.

The FF (feedforward) term̂FE(t) in (11) would be nec-
essary for such applications where high grasping preci-
sion is crucial or the contact force is so large that exces-
sively large PD-gains are required to compensate for it.
This FF-term, however, does not generally ensures pas-
sivity, as it might generate unbounded energy (e.g. with
corrupted force sensing). Thus, to enforce passivity, this

Locked
System
Slave

Environ

Slave
Locked
System

Slave
Locked
Local
Control

τ1

Closed-loop Teleoperator

FL

vL

Delay

Scattering
Transform

Scattering
Transform

Master
Local

Control

Master
Robot

Human
Operator

vL

TL' Td
L

vL
d sh

+

sh
-sL

+

sL
-

Fh

qh
.

qh
.

ThTh
d

vh
dτ2

Delay

Figure 5:Symmetric teleoperation architecture.

FF-term may need to be implemented in some passivity-
enforcing implementation structures (e.g. (Lee & Li 2005;
Hannaford & Ryu 2002)) s.t. its energy generation can be
always limited. This is especially true when model un-
certainty and sensing inaccuracy are substantial (Lee & Li
2005). However, the PD-control in (11) is itself intrinsically
passive, thus, does not require any special implementation.

Similarly, with the control (10), the closed-loop dynamics
of the locked system is given by

ML(q)v̇L + CL(q, q̇)vL = T ′L + FL.

This is again similar to the usual robotic dynamics. Thus, we
can easily construct a bilateral teleoperation loop between
this locked system and the master device (1), considering
them just as two usual robotic systems.

In particular, we use the scattering-based teleoperation
(Anderson & Spong 1989; Niemeyer & Slotine 2004;
Stramigioliet al. 2002) to couple this locked system and the
master device (1), in which, instead of the power conjugate
variables, scattering-variables (i.e. incident/reflected pow-
ers) are communicated. With this scattering-based approach,
the communication delays can be passified and stable bilat-
eral teleoperation can be ensured. To mitigate the wave-
reflections which can severely corrupt the realism, we use
the symmetric teleoperation architecture as shown in Fig. 5
with proportional-integral (PI) control used as the local con-
trols (i.e. after the scattering-transforms). This scattering-
based teleoperation can deal with unknown and/or asymmet-
ric time-delays.

With these designed controls, we can achieve the fol-
lowings: 1) passivity of the closed-loop system is enforced
(with the special implementation, if the FF-control in (11) is
used), thus, interaction safety and stability are substantially
enhanced; 2) due to the locked-shape decoupling, the se-
cure grasping can be ensured (i.e. (3) is achieved) regardless
of the human teleoperation command and communication-
delays; and 3) the teleoperation loop provides the hu-
man with extended physiological proprioception (Childress
1998) so that s/he can tele-manipulate the grasped object and
the overall behavior of the multiple slave robots over the de-
layed communication network.

In (Lee, Spong, & Martinez-Palafox 2005), a robust-
ness analysis was also performed for this semi-autonomous
scheme against model parametric uncertainty. It shows that
1) passivity (i.e. interaction safety and stability) is ensured
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regardless of the model uncertainty; and 2) performance
degradation due to the model uncertainty can be made ar-
bitrary small by increasing the control gains.

Simulation

Here, we present some simulation results to highlight the
property/capability of the semi-autonomous teleoperation
scheme. For the simulation, we consider three slave end-
effectors on the(x, y)-plane in Fig. 3. For simplicity, we
model them as identical3-DOF point-masses, whose mo-
tions are specified by(xi, yi, φi) ∈ <3 (i.e. translation and
yaw angle) w.r.t. a common inertial frameFo. The master-
device is also assumed to have3-DOF point mass dynamics.

We consider the grasping shape function in (4). Then, fol-
lowing (Lee, Spong, & Martinez-Palafox 2005), the locked
system velocity in (7) can be found to be

vL =




1
3 (ẋ1 + ẋ2 + ẋ3)
1
3 (ẏ1 + ẏ2 + ẏ3)

1
3 (φ̇1 + φ̇2 + φ̇3) + ω1 + ω3


 ∈ <3, (12)

whereω1 := −L
3 [ẋ1sin(φ2+π

6 )−ẏ1cos(φ2+π
6 )] andω3 :=

−L
3 [ẋ3sin(φ2− π

6 )−ẏ3cos(φ2− π
6 )]. ThisvL (12) becomes

the translation velocity and rotating rate of the triangle when
qE(t) = 0. Using thisvL and d

dtqE , we can construct the
decomposition matrixS(q) in (5).

To show the robustness of the proposed framework, we
impose10% uncertainty for the inertias. With this, the
locked and shape systems can not be perfectly decoupled
from each other by the decoupling control in (10), as the
accuracy of the decomposition depends on the system’s in-
ertia structure. We impose1sec master-slave round-trip de-
lay. This delay, which would be much less than that in usual
Moon-Earth teleoperation, is chosen here just for the con-
cept illustration. Of course, we can incorporate a longer
delay with slowing down the task operation speed. We
also model humans as a PD-control loop, whose set point
is given by the delayed average motion of the slaves (i.e.
1
3

∑3
i=1(xi(t − τ2), yi(t − τ2), φi(t − τ2)) ∈ <3 with τ2

being the backward delay).
For the simulation, we use the local grasping control

(11) with high-enough PD-gains and omit the FF-term (i.e.
−F̂E(t) in (11)). Without this FF-term, the grasping con-
trol (11) becomes intrinsically passive, thus, any special
passivity-ensuring implementation is not necessary.

First, we include a circular deformable object to validate
the cooperative manipulation capability. To achieve the fix-
tureless grasping using the flexibility of the object, we setL
in (4) s.t. three slave robots will try to lie on a circle whose
radius is80% of that of the object. We model the contact
force between slaves and the object by spring and damper.
We also assume frictionless contact, i.e. no torque is exerted
on the slave robots’ rotations.
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Figure 6:Cooperative manipulation of a heavy object: [top figure]
snapshots of the simulation, where eight circles of radius0.25m
show the grasped object with no deformation, while the small cir-
cles (or asterisks, resp.) and their stems represent the positions and
headings of the slave robots (or the master system, resp.). While the
human operator teleoperates the grasped object to revolve along the
circle counterclockwise, the secure grasping is maintained without
any fixture as shown by that the equilateral grasping shapes among
the slaves are preserved; [middle figure] contact force profiles of
the three slave robots during the manipulation; [bottom figure] hu-
man force profile shows that the human operator could perceive the
combined inertial forces of the grasped object and the slave robots.
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In the first 10sec, the three slaves approach to the ob-
ject and grasp it cooperatively without a rigid fixture, while
the human stabilizes the object on the top of the circle with
φo = φ2 = 0 in Fig. 3. Then, the human operates the
master device to make the grasped object revolve along the
circle counterclockwise with the periodicity ofw = 0.05Hz.
Snapshots on the(x, y)-plane, slave contact force, and hu-
man force profiles are shown in Fig. 6. In the snapshots, the
eight circles of radius0.25m represent the grasped object
without deformation, while the small circles and their stems
represent the positions and headings of the slave robots, re-
spectively. Similarly, the asterisks and their stems show the
positions and headings of the master system.

While the human operator drives the grasped object
along the circle, the slave robots can maintain a secure
cooperative grasping without any fixture, as shown by
the preservation of the equilateral grasping shapes among
the slaves in Fig. 6. During the teleoperation, the human
operator can also perceive the combined inertial force of the
grasped object and the slave robots as shown by the human
force profile in the bottom of Fig. 6. With the FF-term (i.e.
−F̂E(t) in (11)), this grasping security could be improved
even with smaller PD-gains (results not shown in here for
brevity). A movie of this simulation is also available at
http://decision.csl.uiuc.edu/ ∼d-lee/heavy.avi .

The next simulation is performed to validate the force re-
flection capability. Once the human stabilizes the slave tri-
angular formation withφo(t) = φ2(t) = 0 in Fig. 3, we
impose an external force on the center of the grasped object,
which is along thex-axis and increasing during10− 20sec
with the rate of0.3N/sec. Human and slave contact forces
are shown in Fig. 7.

As shown in Fig. 7, the human operator is able to perceive
the external force acting on the object. This external force
is reflected through the dynamics of the slave robots and the
bilateral teleoperation control loop over the delayed commu-
nication. As this external force increases during10−20sec,
the robot2’s contact force decreases while those for the
robots1 and3 increase. This is due to the flexibility of the
object: the external force deforms the object so that its center
is pulled away from the robot2 and pushed toward the robots
1 and3, while the grasping shape is still rigidly maintained.
It is also worthwhile to mention that a human can perceive
external forces acting on individual slave robots, too.

Conclusion and Future Works
In this paper, we propose a semi-autonomous teleoperation
framework as a way to achieve many robotic cooperative
manipulation missions for the sustained human presence on
the Moon. The proposed framework ensures secure coop-
erative grasping of a common object by a team of multiple
robots on the Moon, while enabling a human operator (from
the Earth, a lunar orbit, or a habitat on the Moon) to bilat-
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Figure 7:Human/contact forces with external force on the grasped
object: [top figure] profiles of the human force (Fx, Fy, Fφ) and
the linearly increasing external force acting on the grasped object
(dotted line). This external force is reflected to and perceived by the
human operator; [bottom figure] contact forces of the three slave
robots, where the decrease in the robot2’s force is due to the flexi-
bility of the object, i.e. the external force deforms the object so that
its center is pulled away from the robot2, while the grasping shape
is rigidly maintained.

erally telemanipulate the motion of the grasped object over
the delayed communication channels. We believe that this
framework would be particularly useful for robotic missions
on the Moon, where the cooperative manipulation capabil-
ity is necessary. Some examples include cooperative con-
struction of human habitat, assembly of solar PV panel, and
handling of excavated rocks for in-situ resource utilization.

Among many possible future directions, we think that the
following two topics would be particularly important and re-
warding: 1) cooperative teleoperated transport; and 2) vir-
tual motion constraints generation for a given mission ob-
jective.

In the cooperative teleoperated transport, the multiple mo-
bile manipulators (i.e. manipulator on a top of mobile plat-
form) will carry a common object to a certain desired lo-
cation (e.g. transport of minerals for in-situ resource uti-
lization), while the grasped object is tele-controlled by a
remote human operator. For this problem, we will search
for a decomposition similar to the one presented in this pa-
per, which needs to address nonholonomic constraints of the
mobile platforms (i.e. no side-slip condition) on the top of
the coordination requirement (i.e. holonomic constraints)
among the slave robots.

The other topic for future research is how to generate
virtual holonomic/nonholonomic constraints for the locked
system and for the individual robots according to a given
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mission objective. When imposed on the locked system,
these constrains may be used by a human operator as a
virtual-rail for guided assembly or as a virtual-wall to pro-
tect coexisting humans/objects from the grasped object. On
the other hand, if imposed on the individual robots, these
constrains may be used to prevent unwanted collisions be-
tween the robots and environments or among the robots
themselves, or to control their individual motions accord-
ing to a given mission plan. In order to achieve these virtual
constraints, we may extend the ideas presented in (Lee & Li
2005), where potential field and velocity field are utilized as
virtual constraints for the usual master-slave system. In the
cooperative teleoperated transport, we may be able to gener-
ate these virtual constraints not by using the motor actuation
but by the real mechanical constraints (i.e. no side-slip of
wheels) just as like in the Cobot (Peshkin & Colgate 1999).
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