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Abstract— Human-Machine Collaborative Systems (HMCSs)
are able to sense human operator intent and provide context-
appropriate assistance to improve performance in applications
ranging from space exploration to minimally invasive surgery.
The underlying technology in our HMCSs is the virtual fix-
ture. Virtual fixtures are software-generated force and position
signals applied to human operators in order to improve the
safety, accuracy, and speed of robot-assisted manipulation tasks.
They are effective and intuitive because they capitalize on
both the accuracy of robotic systems and the intelligence of
human operators. In this position paper, we describe our HMCS
technology and its potential for application in operational tasks
in space.

I. HUMAN -MACHINE COLLABORATIVE SYSTEMS

The goal of Human-Machine Collaborative Systems
(HMCS) project is to investigate human-machine cooperative
execution of tool-based manipulation activities. The motiva-
tion for collaborative systems is based on evidence suggesting
that humans operatingin collaboration with robotic mech-
anisms can take advantage of robotic speed and precision,
but avoid the difficulties of full autonomy by retaining the
human “in the loop” for essential decision making and/or
physical guidance [14]. Our previous work on HMCS has
aimed at microsurgery [3], minimally invasive surgery [1],
cell manipulation [6] and several fine-scale manufacturing
tasks [7], but the basic principles apply broadly in many
domains. In this paper, we explore possible applications in
space.

Our approach to HMCS focuses on three inter-related
problems: (1)Synthesis:developing systems tools necessary
for describing and implementing HMCSs; (2)Modeling:
given sensor traces of a human performing a task, segmenting
those traces into logical task components and/or measuring
the compatibility of a given HMCS structure to that sequence
of components; and (3)Validation: measuring and evaluating
HMCS performance.

Figure 1 depicts the high-level structure of our HMCS
framework, which includes three main components: the hu-
man, the augmentation system, and an observer. We assume
that a user primarily manipulates the environment using the
augmentation system, although unaided manipulation may

∗This work is partially supported by National Science Foundation Grants
#EEC-9731478 and #ITR-0205318.

take place in some settings (dashed line). The user is able to
visually observe the tool and surrounding environment, and
directs an augmentation device using force and position com-
mands. The system may also have access to endpoint force
data, targeted visual data and other application-dependent
sensors, e.g., intra-operative imaging. The role of the observer
is to assess available sensor data (including haptic feedback
from the user) and initiate, modify, or terminate various
forms of assistance. Optional direct interaction between the
observer and the user may also be used to convey information
or otherwise synchronize their interaction.

The basic notion of HMCS is clearly related to tradi-
tional teleoperation, although the goal in HMCS is not to
“remotize” the operator [5] but rather to provide appropriate
levels of operator assistance depending on context. At one
extreme, shared control [4] can be viewed as an HMCS for
manipulation tasks in which some degrees of freedom are
controlled by machine and others by the human. At the other
extreme, supervisory control [13] gives a more discrete, high-
level notion of human-machine interaction. Our notion of
HMCS essentially incorporates both views, combining them
with broader questions of modeling manipulation activities
consisting of multiple steps and varying level of assistance,
and validating those models against human performance data.

Fig. 1. Structure of a Human-Machine Collaborative System.



II. V IRTUAL FIXTURES

An important component of our HMCS framework is the
virtual fixture. Virtual fixtures are software-generated force
and position signals applied to human operators via robotic
devices. Virtual fixtures help humans perform robot-assisted
manipulation tasks by limiting movement into restricted
regions and/or influencing movement along desired paths. By
capitalizing on the accuracy of robotic systems, while main-
taining a degree of operator control, human-machine systems
with virtual fixtures can achieve safer and faster operation. To
visualize the benefits of virtual fixtures, consider a common
physical fixture: a ruler. A straight line drawn by a human
with the help of a ruler is drawn faster and straighter than
a line drawn freehand. Similarly, a robot can apply forces
or positions to a human operator to help him or her draw
a straight line. However, a robot (or haptic device) has the
additional flexibility to provide assistance of varying type,
level, and geometry.

Virtual fixtures show great promise for tasks that require
better-than-human levels of accuracy and precision, but also
require the intelligence provided by a human directly in the
control loop. Traditional cooperative manipulation or telema-
nipulation systems make up for many of the limitations of
autonomous robots (e.g., limitations in artificial intelligence,
sensor-data interpretation, and environment modeling), but
the performance of such systems is still fundamentally
constrained by human capabilities. Virtual fixtures, on the
other hand, provide an excellent balance between autonomy
and direct human control. Virtual fixtures can act as safety
constraints by keeping the manipulator from entering into
potentially dangerous regions of the workspace, or as macros
that assist a human user in carrying out a structured task. Ap-
plications for virtual fixtures include robot-assisted surgery,
difficult assembly tasks, and inspection and manipulation
tasks in dangerous environments.

Virtual fixtures can be applied to two types of robotic
manipulation systems:cooperative manipulators and tele-
manipulators. In cooperative manipulation, the human uses
a robotic device to directly manipulate an environment. In
telemanipulation, a human operator manipulates a master
robotic device, and a slave robot manipulates an environment
while following the commands of the master.

In general, the robots used in these systems can be of
the impedance or the admittance type [2]. Robots of the
impedance type, such as typical haptic devices, are back-
drivable with low friction and inertia, and have force-source
actuators. Robots of the admittance type, such as typical
industrial robots, are nonbackdrivable and have velocity-
source actuators. The velocity is controlled with a high-
bandwidth low-level controller, and is assumed to be indepen-
dent of applied external forces. Figure 2(a) shows the Johns
Hopkins University Steady-Hand Robot [15], an admittance-
type cooperative manipulator designed for microsurgical pro-
cedures. Figure 2(b) shows the da VinciR© Surgical System
(Intuitive Surgical, Inc.), an impedance-type telemanipulator
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Fig. 2. (a) The Johns Hopkins University Steady-Hand Robot.(b) The da
Vinci Surgical System (image used with the permission of Intuitive Surgical,
Inc.).

designed for minimally invasive surgical procedures. The
virtual fixtures created and studied in our lab are designed
explicitly for systems such as these.

A number of studies have been performed for virtual
fixtures on cooperative manipulation and telemanipulation
systems of both the impedance and admittance types [3],
[9], [11], [12], [16]. It is also possible to implement virtual
fixtures with passive robotic devices, such as “Cobots” [8],
[10], that require specific hardware and therefore cannot be
overlayed on existing robotic manipulation systems. While
virtual fixtures have taken a variety of forms, all can be
described by two categories:guidance virtual fixtures, which
assist the user in moving the robot manipulator along desired
paths or surfaces in the workspace, andforbidden-region
virtual fixtures [11], which prevent the robot manipulator
from entering into forbidden regions of the workspace.

III. SPACE APPLICATIONS

Our experience with HMCS in several domains suggests
several opportunities and advantages for HMCSs in space



applications. In particular, the power of the HMCS paradigm
is derived from the fact that the assistance provided by
the operator is contextual, it can be based on direct sensor
information, prior task information or both, and it can be
overridden as necessary.

We will discuss two general areas where HMCS could
usefully be applied in space applications:

a) Routine Maintenance and Repair: Canonical space
repair or maintenance is the most natural mapping of our
current HMCS work to space. Just as a surgical procedure
is a high-level “playbook”of the procedure combined with
a specific set of skills, repair and maintenance consists of
procedures combined with repeated actions. For example,
low-level actions such as screwing and unscrewing panels
or plugging and unplugging cables are highly structured
and would be highly assisted, whereas decisions about what
operations to perform, how to position the robot, etc. would
be left to the operator. Likewise, safety boundaries to avoid
damage to the spacecraft or habitat would be automatically
applied.

b) Expert Assistance: Astronauts on a long mission
cannot become experts at everything. However, there will
be cases where an expert can illustrate what is to be done,
and astronauts can carry it out using expert guidance. In this
case, the expert assistance defines the set of virtual paths
and boundaries for each element of a task, as well as the
task structure which is then carried out remotely.

In addition to support for physical activities, an important
direction in HMCS is the evaluation of skill level at a set
of structured activities (in our case benchtop surgical tasks).
This evaluation framework could be applied to the training
of astronauts for specific tasks, as well as ongoing evaluation
during long space missions for mission critical activities.

We will present our current results in developing models
of surgical actions [7] (Figure 3). These models have been
used to develop modular assistance frameworks, to provide
context-specific assistance based on task structure, and to
develop modular, reusable libraries of assistance modes.
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Fig. 3. Top, a plot of the Cartesian positions of the da Vinci left master
arm, identified coded by surgical gesture, during performance of a suturing
task. Bottom, a comparison of automatic segmentation of robot-assisted
surgical motion with manual segmentations. Note that most errors occur
at the transitions.
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