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Abstract— A forbidden-region virtual fixture (FRVF) is
a computer-generated constraint that displays position or
force limitations to a robot manipulator or operator, in
order to prevent motion into forbidden regions of the
workspace. We compare nine FRVFs on each of four common
telemanipulator control architectures: position forward, posi-
tion exchange, position forward/force feedback, and position
exchange/force feedback. A one-degree-of-freedom telema-
nipulation system was used in an experiment designed to
simulate users working near a known forbidden region. The
metrics of tracking, safety, and submittance were used to
analyze the performance of the system with six different
users. The results indicate that different FRVF architectures
perform best for each of the three metrics. No single FRVF
scheme is the best over all metrics, so selection of an FRVF
architecture should be an application-dependent weighting
of the three metrics. Across all control architectures, the
results indicate that a very strong FRVF at the slave device
in combination with no FRVF at the master device leads to
poor telepresence.

I. INTRODUCTION

Telemanipulation is the direct human control of a
robotic manipulator, where the operator and the manip-
ulator are at different locations. It usually refers to a
master/slave system, where the user operates a robotic
manipulandum that is similar to the slave manipulator, and
the slave emulates the behavior of the master. Telemanip-
ulation is used in cases where the movements or forces of
the user must be amplified or attenuated at the slave, and
in situations where it is impractical or unsafe for a user
to be at the same location of the slave.

The performance of a telemanipulation system is typ-
ically judged by three criteria: stability, tracking, and
transparency. As with any control system, stability is
a fundamental property that is essential for any viable
system. Ideally, a telemanipulator would remain stable
regardless of how the human operator behaves, the prop-
erties of the slave’s environment, and noise and modeling
errors in the system. “Tracking” refers to the geometric
correspondence between the master and slave devices.
Good tracking is needed to translate movement at the
master device into identical movement at the slave device.
“Transparency” is traditionally a measure of how well
the impedance felt at the slave is reflected to the master.
“Impedance” refers to the relationship between position
(and its time derivatives) and force. A telemanipulator may
have either good tracking or good transparency without

necessarily having both. If a system does have both
good tracking and transparency, it is sometimes described
as creating “telepresence,” meaning that movements and
forces experienced at the master and slave devices are
identical.

One focus of current research in telemanipulation is in
the field of minimally-invasive surgery (MIS). In addition
to traditional telemanipulation, we are interested in the
application of virtual fixtures for operator assistance in
MIS tasks. A virtual fixture is a constraint, implemented
in software, that attempts to force a robot’s movement
along desired paths or prevent a robot from moving into
forbidden regions. The potential benefit of virtual fixtures
is safer and faster operation. Virtual fixtures attempt
to capitalize on the accuracy of robotic systems, while
maintaining a degree of operator control.

The goals of telemanipulator design all revolve around
giving the user the highest possible control over the slave.
In contrast, the goal of virtual fixture design is to remove
some control from the user. Because these goals generally
conflict with one another, it is not obvious how to best
implement virtual fixtures on a telemanipulation system.

A. Previous Work in Telemanipulation

Early work in telemanipulation led to the two-port-
network representation of a telemanipulator [5], [6], [18].
Recent work on analysis and design of telemanipulation
controllers has used the two-port representation almost
exclusively. Increasing transparency in a telemanipulator
while retaining stability is a common research topic [3],
[4], [21], [22]. Work has been done applying robust
control techniques to telemanipulation [3], [4], [9], [13],
[21], [23], and analyzing stability and transparency in
the presence of time delays [1], [8], [10], [12], [13],
[23]. Some nonrobust techniques have been developed that
achieve “perfect” telepresence in a system that can be ex-
actly modeled [24], but these techniques require accurate
acceleration measurements not available in practice. The
same type of nonrobust techniques have also been applied
in the presence of time-delays [25]. Previous work has
also considered position/rate control, where the master and
slave devices work on different geometric scales [20], [23].
Recent research considers telemanipulation systems with
various combinations of impedance-type and admittance-
type master and slave devices [7].
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B. Previous Work in Virtual Fixtures

The term “virtual fixture” refers to a general class of
guidance modes that help a robotic manipulator perform a
task by limiting its movement into restricted regions and/or
influencing its movement along desired paths. As their
name implies, forbidden-region virtual fixtures (FRVF)
[17] prohibit the motion of a robot manipulator into
forbidden regions of geometric or configuration space.

In [19], FRVFs were implemented as impedance sur-
faces on the master to assist in peg-in-hole tasks. In
[16], FRVFs were implemented on the remote slave by
rejecting master commands into the forbidden region. In
[17], virtual fixtures were implemented on both the master
and slave manipulators, using a variety of geometries, to
help guide the remote manipulator in a predetermined task.
Virtual fixtures have also been used in Human-Machine
Collaborative Systems, such as Cobots [14] and the Johns
Hopkins University Steady Hand Robot [2]. These col-
laborative systems are not telemanipulators because the
human and robot simultaneously act on a single end-
effector.

C. Goals of Experiment

To the best of the authors’ knowledge, no previous
research on telemanipulation with virtual fixtures investi-
gates whether implementing virtual fixtures on the master
or slave side (or both) leads to the most desirable system
behavior. Also, no research has compared how a given
virtual-fixturing methodology works with multiple control
architectures.

The aim of this research is to compare different combi-
nations of master and slave FRVFs with common telema-
nipulation control architectures, and to determine which
combinations lead to the most desirable system behavior.
The controller architecture used with a telemanipulator
is usually dictated by hardware (actuators and sensors
available). Thus, it is desirable to know which FRVF
architecture is the “best” to use with a given control
architecture, using qualitative metrics such as “tracking”,
“safety,” and “submittance,” which are defined quantita-
tively in Section V-A.

The control systems and virtual-fixture architectures
used in this study are all simple, and for any stable
system including environment and static human input the
equilibrium position and force of the telemanipulator can
be found analytically. This being said, a psychophysical
study must be conducted to determine the effects of virtual
fixtures when performing tasks at the threshold of human
perception.

II. EXPERIMENTAL SETUP

The experimental setup used in this research consists of
two Haptic Paddles [15], configured for telemanipulation
(Figure 1). For each haptic paddle in this experiment, the
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Fig. 1. Experimental system.

motor was updated with a digital encoder, and an Entran
ELFS-T3E-10N ±10N load cell was added for direct force
measurement. Also, the smooth-shaft capstan drive was
replaced with a threaded shaft, giving more consistent
behavior of the drive.

The modified Haptic Paddles are impedance-type de-
vices, with high backdrivability and low mass. A local
velocity-feedback loop is implemented on both devices
to stabilize the system at higher position gains, but the
impedance-type nature is retained. Linear models of both
devices were found empirically. In Laplace form, the
linear model of the master is 968

s(s+16.3) , and the linear model

of the slave is 742
s(s+17.2)

, where the input to the system is the
voltage applied to the motor amplifiers, and the output is a
rotation in radians. These models show the real differences
between two “identical” plants. On the master device, an
actuator voltage of 1V corresponds to a static force of 1.9
Newtons. On the slave device, 1V = 1.6N. The master and
slave are geometrically identical, with a paddle rotation of
one radian corresponding to a motion at the load cell with
an arclength of 115 mm.

A compliant environment is used in the experiment
(Section V-B). The compliant environment is built from a
soft sponge bound with a thick rubber band on its surface.
This gives an environmental stiffness of approximately
Ken = 0.41 N

mm .

III. TELEMANIPULATOR CONTROLLER
ARCHITECTURES

Four controller architectures are considered in this ex-
periment. These four controllers are shown in Figure 2 in
their two-port representations, with generalized effort (e,
force) and flow (f, velocity) variables. Figure 2(a) shows
the position-forward (PF) controller. In this control mode
the slave tracks the master with a simple position servo,
and the master is not actuated.

Figure 2(b) shows the position-exchange (PE) con-
troller. Here, the slave tracks the master’s position, and



the master simultaneously tracks the slave’s position. With
this controller, all forces fed back to master are generated
from the position error between the master and slave. This
adds a viscous feel to the master as it leads the slave.

Figure 2(c) shows the position-forward/force-feedback
(PFFF) controller. The slave tracks the master’s position,
and the force felt between the slave and its environment is
fed back to the master actuator. This is accomplished by
commanding the appropriate voltage to the master actuator
to create the desired force between the master and the
human operator in a static situation. This controller reflects
slave/environment forces “perfectly” to the master in a
static situation, limited in practice by the resolution of
the load cells and D/A card, as well as the calibration of
the load cells. The PFFF controller feels identical to the
PF controller when the slave interacts with a compliant
environment of impedance Ze = 0 (when the slave is free),
but provides better telepresence than the PF controller
when Ze 6= 0.

Figure 2(d) shows the final controller, the position-
exchange/force-feedback (PEFF) controller. In this control
mode, the slave tracks the master’s position, while the
actuation of the master is the sum of a servo to the
slave’s position, as well as the reflected force felt between
the slave and its environment. This controller combines
the features of the PE and the PFFF controllers. The
PEFF feels like the PE controller when Ze = 0, but
gives additional force feedback when Ze 6= 0, making the
environment feel stiffer than it really is.

IV. MASTER AND SLAVE VIRTUAL FIXTURES

There are a number of ways to implement FRVFs on
a telemanipulation system, and it is not obvious which
FRVF method is the best to use, given all the charac-
teristics a viable system must possess. One method is to
implement the virtual fixtures with impedance methods.
Here the FRVF is represented by a hyperplane with a spec-
ified stiffness kVF , and movement through the hyperplane
results in an actuated force Fa = kVF ∆, where ∆ is the
normal distance of movement through the hyperplane. A
second way to implement a FRVF is to disallow the slave
to follow any movements of the master that are normal to
the FRVF hyperplane when the master is in the forbidden
region. A third way to implement FRVF is to scale down
the movements of the master normal to the virtual fixture
by a scaling gain kscale, where 0 ≤ kscale ≤ 1. The second
virtual-fixturing method discussed is a special case of this
third method, when the normal components are scaled
down to zero (kscale = 0). The first two FRVF methods
are illustrated in Figure 3(a) and Figure 3(b), respectively.

In this study, four levels of FRVF will be considered:
soft, hard, infinite, and none (the control case). A soft
FRVF is implemented as an impedance-type fixture with
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Fig. 2. Telemanipulation Controller Architectures (Two-Port Repre-
sentations): (a) position forward (PF), (b) position exchange (PE), (c)
position forward/force feedback (PFFF), and (d) position exchange/force
feedback (PEFF).

kVF = 100. This corresponds to an actuator voltage equal
to 100 times the depth through the virtual fixture, in radi-
ans. The soft FRVF gives a compliant feel as the virtual
fixture is penetrated. The hard virtual fixture corresponds
to kVF = 500, defined as before. Qualitatively, the hard
virtual fixture appears to the user to have almost no com-
pliance. For the infinite FRVF, the master motion through
and normal to the FRVF hyperplane is scaled by kscale = 0
before being commanded to the slave, disallowing any
movement of the slave through the FRVF. The control
case of no FRVF and the soft FRVF are implemented
on both the master and slave. The infinite FRVF is only
implemented on the slave, by definition. The hard FRVF
is only implemented on the master, because initial trials
showed that the hard FRVF implemented on the slave
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B. ANOVA Experiment

An experiment was conducted to quantitatively com-
pare the performance of systems with varying control
architectures and FRVF methodologies, using the three
metrics described above. The experiment was designed to
simulate a scenario where the user knows the location
of forbidden regions, and test how well FRVFs help
the user perform tasks safely. A mixed-effects analysis
of variance (ANOVA) experiment was conducted. Four
control architectures, nine FRVF combinations, and two
tasks give a total of 72 levels of the fixed-effect factor,
representing all possible combinations. Six subjects were
used in the experiment, giving six levels to the random-
effect factor. Although the three metrics used are defined
as inverses of measured distances, the actual ANOVA is
performed on the measured distances themselves.

The user is asked to perform two different tasks. The
first task, Touch, simulates the user attempting to work
near a forbidden region without entering it. In this task,
the subject was asked to move the slave forward and touch
the surface of the compliant environment with the slave
device, but to not depress the environment at all. The
subject was instructed to stop and retract the slave when it
was determined that the surface had been touched, using
all visual and haptic information available.

The second task, Depress, simulates a FRVF to limit
depth of cutting, needle insertion, etc. In this task, the
subject was asked to move the slave forward and depress
the surface of the compliant environment to a depth
equivalent to half of the threaded portion of the load cell
on the slave (4 mm), where the FRVF was placed. The
subject was also shown an example of the slave depressing
the surface to the correct depth. The subject was instructed
to stop and retract the slave when it was determined that
the slave had depressed the surface to the correct depth,
using all visual and haptic information available.

In both the Touch and the Depress tasks, the subjects
were told that if the slave device did not reach the
desired position the trial would be repeated. The trial was
actually only repeated if the master device failed to reach
the correct position. This was done because some FRVF
combinations forbid the slave from reaching the correct
depth. In these cases, haptic cues to the user prematurely
indicate that the correct depth has been reached.

Each subject was asked to perform each of the 72
control/FRVF/task combinations three times, giving a total
of 216 data runs assigned randomly to each subject, with
1296 data sets in total for the experiment. The average
time to complete all the trials was approximately 40
minutes per subject. Subjects were allowed rest at any
time. From each of the data sets, Tracking and Safety
were calculated; Submittance was only calculated for the
Depress task, because it only becomes an issue when the
slave is loaded.

For reduced complexity, only one set of position,
velocity-feedback, and force gains is used for each control
architecture, but steps were taken to make these systems
“equivalent.” First, the same local velocity-feedback was
used on the master and slave for every controller (Kv =
0.2 V

rad/s). Second, whenever position information is used,

a position gain of Kp = 50 V
rad is used. The choice of iden-

tical position gains makes the PE and PEFF controllers
feel more sluggish than the PF and PFFF controllers, but
it creates systems that have identical steady-state position
errors to loads on the slave. The position gain chosen
gives good position tracking, while still generating a
stable system with a smooth feel. Finally, whenever force-
feedback is used, it is unity force-feedback. This means
that the proper voltage is given to the master motor to
make the force seen at the master load cell equal that
seen at the slave load cell (in a static situation).

VI. RESULTS AND DISCUSSION

Figure 5 shows the results of Tukey’s Method of
Pairwise Comparisons [11] – a test to determine if two
data sets are significantly different from one another – for
each of the four control architectures. Although forbidding
any negative distances for Safety and Submittance slightly
harms the normal distribution of the data, ANOVA is
robust to this [11]. For each controller, the results are
shown for Tracking and Safety for both the Touch and
Depress tasks, and Submittance for the Depress task. The
vertical bars indicate FRVF pairs that statistically are
not significantly different from one another, with p =
0.05. Any FRVF pair that belongs to multiple groupings
indicates a questionable result. For these cases, a more
sensitive test is needed to sufficiently differentiate the
groupings.

The results for Tracking were the same across all four
controllers. They indicate that an infinite slave FRVF with
no master FRVF gives undesirable tracking, and all other
FRVF pairs give equally good tracking. This is most
clearly seen in the PF and PFFF controllers, indicating
that position feedback to the master can improve tracking
with an infinite slave FRVF and no master FRVF. This
makes sense; in the limit as the position gain at the master
becomes very large, the master’s position is unable to
deviate from the slave’s, regardless of the virtual fixture
used at the slave.

The results for Safety are the same for the PF, PE, and
PFFF controllers. They indicate that for improved safety, a
FRVF should be used at the master side if an impedance-
type FRVF is being implemented at the slave. Otherwise,
all other FRVF schemes are equally safe. This is because
a master with no FRVF can easily “pull” the slave through
an impedance-type FRVF some finite distance before the
FRVF generates enough actuator force to stop the slave.
The results for the PEFF controller indicate that all FRVFs
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(c) Position-Forward/Force-Feedback Control Architecture
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are equally safe. This is probably due to the large amount
of haptic cues given to the user.

The results for safety are somewhat counter-intuitive.
The statistics show that a system with an infinite slave
FRVF is not significantly safer than many other systems,
even though the only way to guarantee that the slave
never crosses into a forbidden region is with an infinite
slave FRVF. The results for a hard master FRVF are
questionable for similar reasons. The reason for this result
is that the Touch and Depress tasks did not capture every
scenario the telemanipulator may experience. Recall that
the experiment was designed to simulate a situation where
the user knows where the forbidden regions are. In the
Touch experiment, the user was instructed to touch the
surface of the compliant environment, but to not depress
the surface at all. Because of this instruction, the user used
visual cues to help the slave approach the environment
slowly, so almost any FRVF scheme worked to create a
safe system. This experiment did not test scenarios where
either the user did not have good visual cues or did
not realize the environment was a forbidden region. In
these two scenarios, the user could move quickly into a
FRVF, and an infinite slave FRVF and/or a hard master
FRVF would probably give safer results than other FRVF
schemes.

To determine if the infinite slave FRVF and/or the
hard master FRVF are significantly safer than other FRVF
schemes, additional experiments must be conducted. Two
possibilities would be to modify the Touch experiment by
obstructing the user’s visual cues from the slave, or to
instruct the user to do the Depress experiment, but to set
the FRVF at the surface of the environment. These tests
may reveal that the infinite slave FRVF and/or the hard
are safer overall, but they could possibly also change the
Tracking and Submittance results for these FRVFs. In fact,
intuitively, these two FRVF schemes should give the worst
Submittance of any of the FRVF architectures.

A quick glance at the Submittance results indicate
that Safety and Submittance are inversely related to one
another. This is intuitive, when Submittance is a measure
of user control, and Safety is a measure of the lack of
user control. The Submittance results are the same for all
controllers. A FRVF architecture with no master FRVF
and an impedance-type slave FRVF gives the most Sub-
mittance. A FRVF architecture with a soft master FRVF
and an impedance-type slave FRVF gives the next-highest
Submittance. Finally, any FRVF scheme with either a hard
master FRVF or infinite slave FRVF leads to equally poor
Submittance. In addition, there is also a distiction between
the two most schemes with the highest Submittance for the
PFFF controller. Here, no FRVFs appear to give better
Submittance than a FRVF scheme with no master FRVF
and a soft slave FRVF.

Because the Safety and Submittance metrics are in-

versely related, no single FRVF method is obviously the
“best” overall for use with a given control architecture.
The final choice of FRVF method should be made with
a specific application in mind, as a balance of Tracking,
Safety, and Submittance.

VII. CONCLUSIONS

Thirty-six different systems (consisting of nine FRVF
methods and four control architectures) were implemented
on a 1-DOF teleoperated system. A six-subject ANOVA
experiment was created to quantify the performance of
the systems during two tasks that simulate a user working
near a known forbidden region, with the intent of finding
the best FRVF architecture for a given controller.

The experimental results show that performance is
generally the same across all control architectures. They
indicate that for good tracking, a telemanipulator should
not use a FRVF architecture that has an infinite FRVF at
the slave with no FRVF at the master. For safe operation,
any telemanipulator that has an impedance-type FRVF at
the slave should also have a FRVF at the master. For
the best submittance, a system should be configured with
an impedance-type FRVF at the slave, and no FRVF (or
possibly a soft FRVF) at the master. Rather than making
a conclusion on the “best” FRVF architecture overall, the
desired application of the telemanipulator should be taken
into account when choosing how to balance the systems’s
tracking, safety, and submittance.

In the future, we will investigate three different exten-
sions of the research presented here. First, will analytically
study the stability of telemanipulators interacting with
virtual fixtures. Vibration against an FRVF should be
prevented, regardless of the human operator’s actions or
environment encountered by the slave. Second, we will
experiment with virtual fixtures on telemanipulation sys-
tems where one or both of the master and slave devices is
of the admittance type (nonbackdrivable). There is reason
to believe that this could lead to systems with desirable
characteristics, i.e. nearly perfect position tracking may be
possible for a large range of environmental impedances.
Finally, we will extend the results of this research to higher
degrees of freedom. Many results from 1DOF will apply
directly to 3DOF, but higher degrees of freedom will add
increased complexity to the problem. For example, in a
1DOF system master and slave movements are always
normal to the FRVF, but with higher degrees of freedom
this will not be the case.
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