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SUMMARY
This work presents a novel command strategy developed to improve operator performance and
minimize difficulties in teleoperation tasks for mobile-manipulator systems with a holonomic
base. Aimed specifically at novice operators, virtual fixtures are introduced as a means to
minimize collisions and assist in navigation. Using the 6-degree-of-freedom (DOF) Omnibot
mobile-manipulator system (MMS), a command strategy is implemented such that the operator need
only control a 3-DOF haptic joystick to achieve full control of the Omnibot MMS. The command
strategy is used to coordinate control between the arm and the base of the system, prevent collisions
with known obstacles, and alert the operator of proximity to those obstacles with haptic forces.
Through experimental testing it is shown that operator performance improved with the use of virtual
fixtures.
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1. Introduction
Teleoperation is a process in which an operator controls a robotic system from a remote location. In
some cases, the robot is in the same room as the operator while in other cases the operator is located
in another country or continent and uses a communication protocol via an internet connection to
achieve teleoperation.1 Near or far, teleoperation has uses in medical fields,2 industrial applications,3

and civil service.4 There are many benefits of using a teleoperated robot in place of a human being.
Robots can be stronger as well as much larger or smaller than humans, allowing a person to perform
tasks that would otherwise be impossible to do alone.5 They can be used as an assistive device for a
disabled person allowing them freedom to perform everyday tasks they would normally require an
assistant for.6 Since robots can be more accurate and precise than a human, they are ideal for delicate
manipulation tasks like microsurgery.7 Through the use of teleoperation, many surgical procedures
can be done from remote locations, anywhere in the world.8 Robots are often used when there is
risk to human life such as radioactive or otherwise toxic environments, bomb diffusal, or search and
rescue in potentially dangerous settings.

With recent advancements in sensing and processing technologies many robots are able to perform
tasks autonomously, but robot Artificial Intelligence (AI) has not reached a point where it can
replace a human’s reasoning and problem solving ability. For that reason, there is a need for robot
teleoperation, and with teleoperation comes the requirement for a command strategy. The command
strategy dictates how the robot will behave to the operator’s given commands. Teleoperation is
most commonly employed on mobile-manipulator systems (MMS) because it gives the operator the
functionality of a fixed manipulator and the mobility of a mobile robot. Most MMS consist of a
robotic manipulator, often in a serial configuration. Since the manipulator mimics both the form and
function of a human arm, the manipulator portion of a MMS is nicknamed the “arm”. The part of
the MMS that allows locomotion is called the “base” and is used to reposition the arm by driving (or
otherwise moving) to a desired location.
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The command strategies for teleoperating robots vary in style and implementation as much as the
robots themselves do. The simplest command strategy is for the operator to control each degree-of-
freedom (DOF) individually. While simple with regards to the command strategy, this is probably the
most difficult way to operate a MMS as it requires a great deal of training and experience for each
type of MMS. One common approach to simplify control of a MMS is to view it as an optimization
problem, where the operator defines a pose or trajectory and either the base, arm, or both parts of
the MMS move according to predefined optimization criteria.9 The optimization approach becomes
increasingly complex with additional redundant DOF. A MMS is considered redundant if it has more
DOF than is required to perform a given task. If said task simply requires position and orientation,
the necessary DOF is six, and therefore if a 6-DOF manipulator is used with a 3-DOF base the MMS
has three redundant DOF. When viewed as a redundancy resolution problem there is a great deal
of literature discussing how to solve redundancy, since redundancy resolution has been a topic of
discussion well before the advent of MMS.

Since redundancy resolution is a mature field of research, there are many solutions for redundancy
in the literature. One example is using additional task constraints so that the system can only find
a single configuration for the desired pose (position and orientation). There are many constraints
that can be added to a redundant system to minimize the number of solutions to a given motion
or pose. A few of these constraints are impedance control;10 arm/elbow angle control;11 base
positioning, collision avoidance;12 workspace limits;13 singularity avoidance;14 sub-task objectives;15

configuration control;16 or multi-criteria optimization.17 Additional task constraints are used to make
a redundant robot’s Jacobian matrix square and thus invertible. A Jacobian matrix is a system of
equations used to calculate the velocity of the end-effector based on the joint velocities of the
manipulator. Most often, the operator desires to control the motion of the end-effector and the control
system is required to determine the appropriate joint velocities based on the operator’s commands.
To calculate the required joint velocities, the control system must use the inverse of the Jacobian
matrix. In the case of a redundant manipulator, the Jacobian is not square and requires additional task
constraints to be inverted. There are alternatives to additional task constraints to invert a Jacobian
matrix such as the Moore–Penrose pseudo-inverse,18 Shamir and Yomdin’s modified Moore–Penrose
pseudo-inverse for repeatability,19 transpose-based solutions,20 augmented task space,21 extended
Jacobian,22 and modified forms of the extended Jacobian.23 There are many different ways of solving
the system of equations of motion, but most have significant drawbacks. Whereas some solutions
provide a perfectly acceptable solution on paper, they are not ideal when implemented. A major
drawback is that many solutions are not singularity robust. When a robot reaches a singularity it
loses one or more DOF, leading to lowered manipulability. As well, in some cases as a manipulator
approaches a singularity one or more of its joint velocities may approach impractically high values.
Singularities are usually avoided, or at the least solutions are sought in which the command strategy can
decide when to use singular configurations or not. Aside from the kinematic singularities mentioned
the algorithm for solving the equations of motion are prone to algorithmic singularities as well,
which would be unacceptable in actual implementation. In the past, a significant limitation of using
these redundancy resolution techniques is their high computational cost, algorithmic singularities,
and limited repeatability.24, 25 Computation power has significantly increased eliminating many of
the restrictions of implementing standard redundancy resolution techniques, however, it is one of
the goals of this research to avoid the use of redundancy resolution. An excellent example of using
modern computing power in redundancy resolution can be found in ref. [26], where online redundancy
resolution is implemented to achieve obstacle avoidance. The purpose of avoiding such redundancy
resolution techniques is to examine the effectiveness of virtual fixtures, therefore, a state-machine
approach is taken to maximize the effectiveness of the virtual fixtures. In this work, the effects of
time delay are not noticeable. However, in future work as teleoperation distance increases, time
delay will have a significant impact. Research such as that done in ref. [27] will be necessary to
evaluate the effectiveness of the command strategy in the presence of time delay. A solution to time
delay with virtual fixtures has been presented in ref. [28], where a virtual environment is used to
calculate a real-time response of the teleoperated robots environment, and a sliding-average least-
square algorithm is proposed to identify the dynamic parameters of the real remote environment for
the virtual environment model parameters.

Without using standard redundancy resolution techniques, there are a variety of alternative methods
of controlling a MMS. Research has been done to prove the possibility of using neural networks,29–31

https://doi.org/10.1017/S0263574716000515 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574716000515


An automatic switching approach to teleoperation 1775

fuzzy logic,32 distributed controllers,33 resolved acceleration control,34 or virtual impedance walls35

to control a redundant system like a MMS. Some of these methods utilize the unique properties of
a MMS to optimize its performance. For example, a MMS arm is likely to be more accurate and
require less power than the base but may be slower and more limited in its workspace. A MMS
base may be faster and capable of exerting more force, but is often less accurate and causes more
mechanical vibrations. While in many cases one would want to avoid the arm reaching a singularity,
a singular position where some of the arm’s joints align gives greater strength along that axis and
may be desirable under certain conditions. Frejek and Nokleby demonstrated a command strategy
that uses singularity avoidance to add enough additional constraints to solve the redundancy.36 A
successful command strategy is required to utilize and exploit each of the MMS subsystems to perform
the task in the most efficient and accurate way possible. Since the command strategy presented in
this work is designed specifically with a human operator in mind, it must also be as intuitive as
possible.

In this work, not only is intuitiveness a requirement but ease of operation and learning time are to
be improved as well. In the case of remotely operated underwater vehicles, operators have described
the task as stressful and requires a high degree of focus, concentration, and experience.37 Qian et al.
made significant progress with teleoperated robots, however, the operator is still required to control
the base and manipulator separately.38 In order to make the teleoperation task easier for the operator,
the command strategy proposed herein requires only a single joystick as a user input device as
opposed to the traditional approach of using two or more joysticks. To minimize concentration and
experience required, virtual fixtures are used in the proposed command strategy. Virtual fixtures have
been shown to decrease training time on MMS, and generally require less concentration.39 A virtual
fixture is a perceptual overlay used on haptic devices to provide additional information or assistance
in the form of forces or vibrations. An example of virtual fixtures being used is in modern airplanes to
simulate the wind buffeting feeling a pilot would feel in the control stick when approaching a stall in
an older plane. There are many forms of virtual fixtures when being used with a manipulator to assist
in teleoperation tasks. These virtual fixtures can help avoid collisions by creating a forbidden region,
or assist in a precise motion by creating a guidance virtual fixture. The virtual fixtures mimic physical
fixtures we use in everyday life, like a ruler (forbidden region fixture) or a card swipe (guidance
fixture) and are therefore natural for the operator to interact with.

To implement virtual fixtures, a haptic device is required. A haptic device is able to convey tactile
information, just like a monitor can convey visual information and a speaker can convey auditory
information. Being a two-way information device, the output is tactile information in the form of
either motions or forces and the converse is read as an input. A haptic device often takes the form
of a manipulator, where the operator interacts with the end-effector. The mechanism in which the
haptic device operates can be divided into two categories: impedance and admittance-type devices.
An impedance device will measure operator motions and display haptic forces. The operator can
move the end-effector to whatever position they wish while the device creates forces acting on the
end-effector according to whatever program the hardware is running. An admittance type haptic
device uses a force/torque sensor to measure the operator’s applied force on the end-effector and
produces motions based on the software program being used. The operator is not able to control
the movement of the end-effector, they are only able to apply a force in the direction they wish to
move the end-effector. Assuming an impedance device can produce as much force as the operator
can exert, and an admittance device can withstand the maximum force an operator can exert without
being backdriven, both devices can perform the same task with equal functionality. Depending on
the intended use, a designer may choose an admittance or an impedance device that is optimal for
a specific application, but in general either type of device can be used for most haptic applications.
Haptic devices are chosen based on positioning resolution, sampling frequency, workspace size, force
capabilities, and power consumption. A haptic device can act in as many as 6-DOF and depending on
the type uses 3-DOF for position and 3-DOF for orientation as an input and the six outputs represent
a force and torque along each axis for an impedance device, or vice-versa for an admittance device.
A haptic device can have any subset of the possible inputs and outputs with a minimum of one input
and one output and a maximum of six inputs and six outputs.

In this work, a novel command strategy that makes use of haptics, virtual fixtures, and location-
based control is proposed for MMS with holonomic bases. The proposed strategy was implemented
and tested on the Omnibot MMS to evaluate the effectiveness of the various features of the command
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strategy. The design of the Omnibot MMS has allowed this work to test a number of variants of the
command strategy presented and the testing results allow for empirical comparison between them. In
the following sections, the reasoning behind this research is explained, the principals of the command
strategy are outlined, and the results of testing are presented. The implementation of the command
strategy and its features are discussed in Section 2. Section 3 offers an explanation of the hardware
used in the robotic test scenario. The results from testing are presented in Section 4. The paper finishes
with conclusions in Section 5.

2. Teleoperation Command Strategy

2.1. Features
First and foremost, the command strategy uses a single joystick. As shown in ref. [40], two joysticks
are more difficult and less efficient than using a single joystick. It was found that operators preferred
to use one hand at a time. When given two joysticks most operators used only their dominant hand,
switching between the two joysticks when required. A single joystick requires less concentration and
is less stressful than using two joysticks simultaneously. With only one joystick, the operator is free to
use their second hand to perform tasks that will assist them with the MMS task, such as turning pages
on a printed manual or using a computer. Using two complete teleoperation systems, it is possible for
the operator to control two MMS simultaneously, one with each hand.

Since the MMS uses a localization system, two coordinate frames are available for controlling the
base. Without the localization system, the operator is forced to drive the MMS in the local coordinate
frame. The local coordinate frame is fixed to the base and moves when the base moves. Driving the
base in the local coordinate frame is convenient to the operator if they are viewing the teleoperation
environment through a camera mounted on the MMS. When driving in the local coordinate frame
and the operator pushes the joystick forward, the base will move in the direction it is facing. When
controlling the end-effector, pushing the joystick forward will command the arm to move in the
direction the base is facing. Controlling a MMS using local coordinates without a camera mounted
on the base can be very confusing and difficult for the operator. Using the localization system, the
command strategy can incorporate the orientation of the MMS and allow the operator to control the
system in world coordinates. Controlling the MMS in world coordinates is much simpler and easier
for the operator because they can command either the base or the manipulator to move in a direction
relative to their own location. Using world coordinates, the operator can move the joystick away from
them, and the MMS base or end-effector will also move away from the operator regardless of the
MMS orientation.

While an expert may know intuitively whether they prefer the base or the manipulator to move
during the performance of a particular task, a novice operator will not have the insight or experience
to determine this beforehand. Aside from being prohibitive to a novice, requiring the operator to
manually switch control between the base and manipulator leads to added stress and difficulty. The
command strategy presented herein uses an automatic switching method to convert the operator’s
commands to either a motion of the base or the manipulator. Using an automatic switching command
strategy is both easier, and more efficient than a manual switching command strategy.41

Virtual fixtures can decrease training time, increase efficiency, and simplify operation of a MMS.42

In this command strategy, virtual fixtures are used for two reasons: to provide additional information
about the configuration of the system and to prevent the operator from accidental collisions with the
environment. The details of the virtual fixtures used in this command strategy are further discussed
in Section 2.3.

2.2. Functional details
Teleoperation is the act of controlling one device using another device at a remote location. The
device that the operator interacts with is often called the master. The robot being controlled is then
referred to as the slave. The master–slave relationship implies that the slave is to perform whatever
commands the master makes. A simple example of a master–slave system is that of a computer
mouse. The operator moves the mouse in a desired direction and the pointer on screen does the same
action. While a mouse pointer is not a physical device, it illustrates the relationship between a master
and slave well. In this example, the system is not bilateral meaning that when the pointer reaches the
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edge of the screen, the operator can still move the mouse in that direction. A bilateral system would
stop the operator from moving the master when the slave cannot move.

In an attempt to develop a novel command strategy that is simple, intuitive, and efficient, several
design choices were made to achieve the desired functionality. The first choice made was choosing
either velocity control, position control, or a hybrid position-velocity control. Position control allows
the operator to move the master while the slave performs the exact same motions, such as the computer
mouse example above. This style of control has a high level of accuracy but a very limited workspace
when used with fixed workspace masters like a haptic device. In the case of the Omnibot MMS
used in this work, the slave manipulator’s workspace would be limited to the size of the masters
workspace, a mere 10 cm×10 cm×10 cm. To expand the slave’s workspace the motions of the master
can be scaled up, but as one can imagine, positional accuracy will deteriorate as the scaling factor
increases. When using scaled position control, the slave manipulator still has a fixed workspace no
matter what scaling is used. Since most MMS can relocate anywhere in their environment, a fixed size
workspace would be too limiting to use in the command strategy. Velocity control does not have the
limits of position control, and the slave manipulator or MMS can travel indefinitely in any direction
it is capable of moving. In velocity control, the position of the master relative to its workspace centre
translates to a velocity vector used by the slave, similar to the way some scroll functions work on
computer mice. The further the master’s end-effector is displaced from its centre, the faster the slave
moves in the direction the master is displaced. Velocity control is often implemented with the use of
a “dead-band”. The dead-band is a small area within the centre of the master’s workspace that does
not generate any velocity commands to the slave. When the operator moves the master out of the
dead-band, the velocity vector is calculated based on the displacement from the edge of the dead-band
rather than from the centre of the workspace. The dead-band is used to assist the operator in achieving
zero motion in the slave manipulator. Without it, even a slight displacement from the centre of the
master’s workspace will generate motion in the slave. Without the dead-band it can be very difficult
to perform fine motions with the slave manipulator. As shown in ref. [43] a hybrid position-velocity
command strategy can be used to control mobile robots and manipulators but research shown in ref.
[39] demonstrates that a hybrid command strategy works best when the objects that the manipulator
is interacting with are already known and the command strategy can switch between position and
velocity control based on the proximity to the object. Based on previous research,39–42 the decision
to use velocity control exclusively was made.

As stated in Section 1, if the user input device has less DOF than the MMS some form of
redundancy resolution is required. In this research, an automatic switching command strategy was
chosen to resolve the redundancy. The operator will only control up to 3-DOF at any given time,
which is the maximum number of DOF the haptic joystick can control. For the command strategy to
be simple, it must automatically switch the operator’s control between the manipulator and base in
an intuitive fashion.

2.3. Virtual fixtures
The virtual fixtures used in these experiments can be divided into two categories: operational forces
and guidance forces. The operational forces are crucial to the general operation of the system and
are always used when operating the robot. The guidance forces are the virtual fixtures that are used
to improve operator performance and can be optional. When comparing the effectiveness of virtual
fixtures, the operational forces are always present and the guidance forces are optionally suppressed.
In future work, the guidance virtual fixtures will be created automatically or in real-time by an operator
like the command strategy in ref. [44], but in this work they were created prior to experimentation
and cannot be changed or created during task execution. Table I shows an explanation of the virtual
fixtures’ various properties explained in Sections 2.3.1 and 2.3.2.

2.3.1. Operational forces. The most necessary operational force is the centring force. This force will
always guide the operator towards the dead-band. Without the centring force, the operator will have
great difficulty in determining where to move the joystick to produce the desired motion and even
more difficulty to stop the robot’s motion entirely. A second operational force is used to alert the
operator when the slave manipulator is approaching the edge of its workspace. This force is felt the
same way forbidden region virtual fixtures are felt. It takes the form of six walls forming a rectangular
block that defines the manipulator’s allowable workspace. They are absolute and frictionless virtual
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Table I. Virtual fixtures.

Operation forces Guidance forces

Centring force Workspace limits Virtual wall

Active during manipulator control Yes Yes No
Active during base control Yes No Yes
Force type Attractive Repulsive Repulsive
Virtual fixture shape Point Plane Plane
Virtual fixture location Centre of

joystick
workspace

Cube-shaped
bounding box of
manipulator
workspace

Coincident with
environment
obstacles

Coordinate frame Local Local Global

fixtures, two properties that are explained in later sections. Using forbidden region virtual fixtures to
form a safe workspace for the manipulator not only prevents accidental collisions with the manipulator
or the base, but also provides sensory feedback to the operator when approaching the workspace limit,
warning them the control mode is about to change.

2.3.2. Guidance forces. In this command strategy, all the guidance forces take the form of forbidden
region virtual fixtures. These fixtures act much like walls in the sense that the robot cannot pass
through them. They are often placed near or coincident with a wall to prevent just that. The virtual
fixtures have a number of properties that define their location and behaviour. Using an XYZ location
the centre of the fixture is defined. From that centre, three unit vectors define the orientation of the
fixtures around the XYZ axes. A limit along each unit vector is used to define the size of the virtual
wall.

To define the nature of the wall, whether the force should be attractive or repellent, a direction of
force is defined along with a maximum magnitude. The thickness of the region in which the operator
feels a force when approaching the wall is defined as well. The attractive or repulsive force begins at
zero when the robot is at the defined thickness away from the wall. The force increases linearly as
the robot nears the wall, reaching the defined maximum magnitude when touching the wall.

At the point in which the robot touches a forbidden region virtual fixture, two properties are used
to determine the behaviour of the robot. If the fixture is absolute, the robot will not drive through the
virtual wall. Otherwise, the operator will feel the maximum force defined but still be able to continue
to drive through the wall. If the fixture is not absolute, the size of the virtual fixture determines how
far through the wall the operator will continue to feel force. The size of the fixture in the axis it
exerts force is usually the same distance as the virtual fixture is placed from the obstacle. This allows
designers to place virtual fixtures that the robot can safely enter, and defining the absolute position
of the fixture at the physical barrier ensures the robot does not collide with obstacles. If the fixture
is absolute, the robot cannot drive through the wall but may be able to drive along the wall. This
property is defined by the friction component. Currently, the friction property is either on or off.
With the friction value set, the virtual wall acts like a surface with infinite friction, when the robot
is touching the wall the only motions it can make are away from the wall. With the friction property
off, the wall acts like a frictionless surface allowing the robot to move along a wall while touching it,
but not moving through it.

Other properties of the virtual fixtures define whether the fixtures are felt when the operator is
driving the manipulator, mobile base, or both. As well, the coordinate frame of the fixture can be
defined as local or world coordinates. In the case of the virtual walls used to guide the robot away
from actual walls, world coordinates are used. When operating the manipulator, the virtual walls
surrounding its workspace are defined in local coordinates so the forces are always felt relative to the
manipulator’s pose regardless of the base’s position or orientation within the test area.

2.4. Location-based control
The location-based control implemented is a way of changing the robot command strategy based
on its location relative to a point of interest. A visual representation of this algorithm can be found
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Fig. 1. Location-based control algorithm.

in Fig. 1. In this work, the points of interest are affixed with unique markings which the motion
capture system can recognize and track (for details of the motion capture system see Section 3). The
three states of control are named transportation mode, near-target manipulation mode, and off-target
manipulation mode. To test the effectiveness of the command strategy, the points of interest are
marked and tracked. In future work, additional sensors will be added to the Omnibot MMS to allow it
to define the points of interest dynamically. If there are no points of interest for a specific application,
an operator can choose to use either the near-target or off-target mode exclusively when controlling
the manipulator. Transportation mode will function as normal whether the points of interest are
predefined, dynamically defined, or not used.

2.4.1. Transportation mode. The transportation mode of the command strategy is used when the
operator is driving the base of the MMS. The operator controls the robot using the haptic joystick in
world coordinates, using velocity control. The operator can drive the base backward, forwards, left,
right, or any combination of these directions by moving the user input device in the direction they
want the robot to travel. Since the operator controls the MMS in world coordinates, the base will
always move relative to the operator’s fixed location regardless of its orientation. To rotate the base,
the operator uses the buttons located on the Falcon’s end-effector. The operator can move the joystick
up and down, but it will have no effect on the base motion. In transportation mode, the dead-band
is a cylinder that passes through the master’s workspace centre and is oriented parallel to the z-axis
instead of a sphere centred in the workspace. The velocity of the base is represented by the following:

Vx = CV

(
Jx cos θ − Jy sin θ

)
(1)

Vy = CV

(
Jx sin θ + Jy cos θ

)
(2)

where Vx and Vy are the base velocities in the x and y directions, Jx and Jy are the joystick positions
in the x and y directions, θ is the base orientation relative to the operator, and CV is a scaling factor
to convert from joystick position to desired base velocity.

Due to the design of the drive linkage of the Omnibot’s wheels used in this work, there is significant
backlash that cannot be predicted. In practice, this means that occasionally the base will lose its desired
orientation. To compensate, a yaw control algorithm is implemented such that

Vθ = −θCθ (3)

where Cθ is a scaling factor to control the speed of the orientation correction.
When driving the MMS in transportation mode, the operator experiences both operation forces

and virtual fixtures. The operation forces are to help the operator return the master to the dead-band.
When the joystick’s end-effector is displaced from the dead-band, a centring force is employed to
guide the end-effector back into the dead-band. The centring force increases the further away from
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the dead-band the end-effector gets, and is represented as follows:

Fi =
{

0 Ji < Db

(Ji)CG − (Mi)KM Ji > Db
(4)

where Fi is the force for axis i, Ji is the joystick position in axis i, Mi is the haptic force in axis i

calculated using the haptic model and single axis force sensors, CG is the joystick gain, KM is the
haptic gain, Db is the size of the dead-band, and i = x, y, z. When Mi = 0 only the centring force is
felt, additional forces are not added to the overall force displayed, instead the location to which the
centring force guides the operator is moved while the location of the dead-band remains unchanged.
Using the magnitude of the centring force when no other forces are present, the operator can estimate
the velocity of the robot without requiring visual or auditory feedback.

The centring force is twofold in purpose: it not only assists the operator in controlling the robot,
but it can provide a secondary channel of information to the operator about the robot. In this case,
the relationship between the centring force and the robot’s velocity is linear so, with experience, the
operator is able to estimate the robot’s speed not only through a visual cue but tactile as well.

The second type of haptic information employed on the haptic master during transportation mode
is a forbidden-region virtual fixture. It is used to prevent the operator from colliding with walls or
obstacles in its environment. When the operator is within a certain range of an obstacle, they will
feel a repelling force when attempting to drive into the obstacle. The force of the virtual fixture is
represented by the following:

M = Fmax(b/T )CF (5)

where 0 < b < T is the distance past the beginning of the virtual wall the robot has crossed, T is the
thickness of the virtual wall (the region where force is felt but the robot can still move further toward
the wall), Fmax is the maximum force the wall can exert, and CF is a scaling factor to convert robot
distance to joystick force. M is subject to the conditions that the base position P is on the correct
side of the wall, within the thickness T of it, and within the defined ranges of the other two axes.
To further enforce the collision prevention absolute fixtures are used. Once the robot is within the
maximum allowable proximity to the obstacle (b = T ), it will no longer drive towards it and will
ignore any operator commands to do so.

2.4.2. Off-target manipulation mode. The system enters off-target manipulation mode when the
system is more than D distance away from a point of interest. In this manipulation mode, the operator
controls the velocity of the slave manipulator’s end-effector using the master’s end-effector similar
to the way the base is controlled in transportation mode. Control is performed in world coordinates,
such that the operator controls the manipulator relative to their own position regardless of the robot’s
orientation. Motion is defined as follows:

Vi = CMJi (6)

where Ji represents the displacement of the master end-effector from the dead-band, Vi is the slave
manipulator’s end-effector velocity, and i = x, y, z. CM is used as a scaling factor to increase or
decrease the maximum velocity of the manipulator.

When controlling the manipulator in off-target manipulation mode the operator will feel two
distinct operating forces. The same centring force used in transportation mode is felt during off-target
manipulation mode and is felt for any configuration of the manipulator. The centring force will guide
the operator’s joystick towards the spherical dead-band. When the joystick is within its dead-band,
the manipulator does not move. The centring force only centres the joystick, not the manipulator. A
second force called the virtual wall is a configuration dependant force only felt in certain positions.
The virtual wall exists as a virtual construct that can only be interacted with through the haptic device.
Six virtual walls exist within the workspace of the MMS manipulator arm and form a rectangular block
represented in Fig. 2. The location of these walls are chosen such that they enclose a workspace for
the manipulator that exists entirely in front of the MMS and no manipulator singularities occur within
the boundaries. The walls are given a thickness T and the allowable workspace of the manipulator
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Fig. 2. Omnibot manipulator with virtual walls illustrated.

extends to the outside edge of the virtual walls. When the end-effector of the manipulator is within
the inside edge of the walls, no forces additional to the centring force are felt. Once the operator
drives the end-effector through the inside edge of the virtual wall, they begin to feel the repulsive
force of the wall. The virtual wall’s repulsive force has the same direction as the centring force, but
larger magnitude and is defined just like the base virtual walls:

M = Fmax(b/T )CA (7)

with a different scaling factor CA but the same conditions. The repulsive force increases in magnitude
until it reaches its maximum value at the outer edge of the virtual wall.

When the manipulator’s end-effector reaches the outside edge of the virtual wall, and the operator
commands the end-effector to continue moving in a direction outside the wall, the system switches
from off-target manipulation mode to transportation mode. The purpose of the virtual wall thickness
is to give the operator advance notice that they are about to switch modes and the opportunity to avoid
it. When the system enters transportation mode, it will remain in that mode until one of three events
occur: a time out, a press of the mode selector button, or the system enters a near-target manipulation
mode area. The time out occurs after t seconds of inactivity, indicating that the operator has positioned
the base at the desired location and is ready to begin manipulation using the robot arm. If the operator
does not wait for the time out and presses the mode selector button, the system returns to off-target
manipulation mode immediately. When the system enters a near-target manipulation mode region, it
automatically switches to near-target manipulation mode.

When the system switches from off-target manipulation mode to transportation mode, the
manipulator retracts from the point where it breached the outer edge of the virtual wall to a
predefined optimal location. The manipulator optimal location was chosen so that the majority
of the manipulator’s useable workspace was in front of the end-effector, while there was still some
room for it to move backwards. Through experimentation, this point was found to be three quarters
of the distance from the front virtual wall to the back virtual wall, measured from the front virtual
wall.
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2.4.3. Near-target manipulation mode. The system enters near-target manipulation mode when the
MMS base is within a near-target manipulation mode region. These regions are circular areas centred
around specific points of interest with their radius equal to 80% the distance from the end-effector
to the inside edge of the virtual wall. With the near-target region defined as such, the system will
enter near-target manipulation mode only when sufficiently close to the point of interest that the
manipulator can interact with it without the base having to move.

When controlling the manipulator the operator uses the same technique as in off-target manipulation
mode, controlling the manipulator in world coordinates. The centring force, virtual wall location, and
virtual wall forces are all identical. The difference between the two manipulation modes is noticed
when the manipulator’s end-effector reaches the outside edge of the virtual wall. Instead of switching
to transportation mode, the system remains in near-target manipulation mode but the operator is able
to drive the base. This allows for easy repositioning of the base if the operator is attempting to interact
with an object outside the virtual walls, and requires a small movement in the base positioning.

When the end-effector reaches the outer limit of the virtual wall and the joystick is not within the
dead-band, the base will move according to the transportation mode scheme, but the manipulator’s
end-effector will remain at its location on the edge of the virtual wall. The operator will continue to
feel the centring force and virtual wall force while driving the base. As long as the operator commands
the manipulator to move outside the virtual wall while it’s at the edge, the base will move. If at any
time the operator commands the end-effector away from the edge of the virtual wall, even while
driving the base, the MMS base will cease movement and the manipulator will move. The system
will only enter this pseudo-transportation mode while the end-effector is at the virtual wall’s outer
edge and the haptic joystick is outside the dead-band in the direction of the virtual wall and will
only remain in that mode while these conditions are met. When the operator moves the master to the
dead-band or out of the dead-band in the direction opposite to the virtual wall the system returns to
near-target manipulation mode.

If the operator intends to switch to transportation mode, they will have to use near-target
manipulation mode to drive the base outside the near-target manipulation mode region. Outside
the near-target region, the system enters off-target manipulation mode. At the instant the MMS leaves
the region, the state of the system is such that the end-effector is at the outside limit of the virtual wall,
and the haptic master is outside the dead-band in the direction of the virtual wall. In this state, during
off-target manipulation mode, the end-effector retracts to its optimal position and the MMS enters and
remains in transportation mode. To the operator, as the MMS drives out of a near-target region, they
will notice the arm retract to its optimal position as the system switches from pseudo-transportation
mode to the regular transportation mode. During the mode switch the operator is not required to
adjust their actions, it occurs entirely autonomously and the operator need only focus on continuing
to drive the base of the MMS.

3. Test Platform
To develop a new command strategy for controlling a MMS via a haptic input device, a suitable test
bed was required. There are three main elements to the required test bed: the base and the arm form
the MMS and the haptic joystick is the user input device. In this work, the Omnibot MMS was used
with a Novint Falcon haptic joystick.

3.1. Omnibot MMS
The Omnibot MMS consists of two parts: the arm and the base as shown in Fig. 2. The arm is a 3-DOF
manipulator made from Schunk Powercube rotary modules. It is capable of positioning anywhere
within the predefined rectangular block-shaped workspace without any singularities. It is mounted
on the Omnibot base so the majority of its workspace is in front of the base.

The base is an omnidirectional platform capable of driving in any direction on the surface it sits
on, while simultaneously rotating around an axis perpendicular to that plane. It achieves holonomic
manoeuvring capabilities through the use of omni-wheels. Four omni-wheels are located orthogonally
on the Omnibot. Each omni-wheel has a passive and active direction. The passive direction is along
the active wheel’s axis of rotation, meaning it can slide freely perpendicular to the direction it is being
driven. A detailed study of the Omnibot’s design can be found in ref. [45]. By having two wheels in
one axis of the robot, and two in a perpendicular axis, omni-directional motion is achieved through
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Table II. Motor parameters.

α-parameter β-parameter

Motor 1 33.988 1.655
Motor 2 33.007 1.652
Motor 3 34.295 1.650
Motor 4 31.910 1.700

varying the velocities of the four wheels on the Omnibot. The omni-directional motion of the base
allows for the command strategy to utilize motions that are not possible for a non-holonomic MMS.
By increasing the manoeuvrability of the MMS, the command strategy for the system can be less
restrictive and easier to use by both inexperienced and experienced operators.

The Omnibot MMS is fitted with a number of on-board sensor and communication devices. The
Omnibot uses the Robot Operating System (ROS) to facilitate the operation and communication of the
various software programs that run on the main workstation. ROS is a software framework for robot
software development using multiple software Nodes that communicate by Posting and Subscribing
to Topics. Initially developed at Stanford Artificial Intelligence Library and expanded by Willow
Garage, current stewardship resides with the Open Source Robotics Foundation (www.ros.org).

The original Omnibot localization system used Cricket ultrasonic range finders to locate its position
within the robot’s workspace. Using a configuration with two robot mounted beacons and a fixed
array of listeners, the Omnibot was able to localize its position and orientation, but suffered from
poor accuracy. Details of the Cricket localization system can be found in ref. [46].

With recent updates to the Omnibot localization system, the Crickets have been replaced with
an OptiTrack motion capture system. This is a much needed improvement to the Omnibot since the
Crickets suffer from significantly poor accuracy. Using the motion capture system, the positional
accuracy has been improved from 5–10 cm accuracy to sub-millimeter levels. While the use of a
Kalman filter to combine the Cricket and motion capture data would lead to even better accuracy, the
motion capture system alone is sufficient for this application and reduces the overall complexity of
the localization as well as computational cost.

The on-board computer on the Omnibot MMS is responsible for receiving motion commands
from the Talker node on the remote desktop and executing the desired actions. The Powercube rotary
modules that form the manipulator arm are controlled via a USB–CAN interface connected to the
on-board computer. Using the Powercube Application Program Interface (API) and the manipulator’s
inverse Jacobian matrix, the desired end-effector velocity is converted to a set of joint rates. The
integrated encoders on the rotary modules are read through the CAN bus and sent back to the remote
desktop.

Using serial communication, an Arduino MEGA microcontroller responsible for motor control
is sent the desired wheel velocities through USB. Using two dual motor drivers, the power of each
motor is controlled via Pulse Width Modulation (PWM). Each motor’s encoder is constantly read
using a 16-bit encoder counter and polled intermittently for the latest data by the Arduino. The
Proportional-Integral-Derivative (PID) control of the motor is done by the Arduino microcontroller.

3.1.1. PID control. There is a significant amount of backlash in the motor linkage on the Omnibot.
This, coupled with the high gearing ratio of the motors, makes accurate control of the wheels a
non-trivial matter. To overcome the physical limitations of the system, a closed-loop control system
is employed using PID control. The correlation between motor speed S and PWM duty cycle D is as
follows:

D = αeSβ (8)

where the motor constants α and β are found in Table II. Once the relation between power and speed
was determined experimentally for each motor a PID control system was implemented using the
control gain values KP = 3, KI = 0.002, and KD = 1.

https://doi.org/10.1017/S0263574716000515 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574716000515


1784 An automatic switching approach to teleoperation

Fig. 3. Falcon joystick.

3.2. User input device
The user input device selected to command the manipulator of the Omnibot MMS is the “Falcon”
made by Novint Technologies. The Falcon is a cost effective impedance type haptic joystick capable
of using three-dimensional (3D) positioning data as an input and producing forces along those three
dimensions as outputs. The positional input has an accuracy of 157 dpcm (400 dpi) across its 10
cm×10 cm×10 cm (4′′ × 4′′ × 4′′) workspace. The force displayed is a minimum of 8.9 N (2 lbs)
within its workspace. The Falcon also has four buttons located on its end-effector. An image of the
Falcon is shown in Fig. 3.

The command strategy was developed to be used with a 3-DOF haptic joystick. The operator must
be able to position the MMS end-effector in three dimensions, position the MMS base “Omnibot”
in two dimensions, and orient the Omnibot in one dimension. While only 3-DOF is required for
both positioning and orientation of the MMS base, representing a rotational DOF with a positional
DOF would be very confusing to the operator. Since most haptic devices come in 3-DOF or 6-DOF
varieties, the Falcon was chosen in part due to its abilities to simulate a rotational DOF using the
buttons located on the end-effector. To simulate a rotational DOF, the left and right buttons on the
end-effector simulate a counter-clockwise and clockwise rotation, respectively. Though the rotational
DOF only have a unit response, the fixed rotation rate used did not hinder the operator’s ability
to orient the Omnibot MMS as required. In later testing, orientation became less significant as the
test-scenario did not require the operator to change orientation of the base.

4. Experimentation Using the Command Strategy
To test the effectiveness of the command strategy, a typical pick-and-place scenario was designed.
This scenario requires the operator to utilize the various features of the command strategy, while
minimizing the effect of some of the Omnibot MMS design limitations. Mainly, the lack of a gripper
tool on the end-effector, and the difficulty in controlling the rotational DOF for the Omnibot base. To
overcome the limitations, the pick-and-place task is simulated using the targets shown inset in Fig. 6.
The targets can be knocked over using the end-effector of the manipulator. This action requires the
operator to perform very similar motions to a pick-and-place task, and tests their ability to accurately
control the manipulator in small motions. There are two pick-and-place stations to be completed
in the first evaluation scenario, and driving between the two stations tests the operator’s ability to
accurately control the MMS base.

Since the joystick only rotates the base at a fixed rate, the two pick-and-place stations are oriented
the same way so the operator does not need to rotate the Omnibot when completing the test scenario.
Though no change in orientation is required, the operator’s skill in driving the Omnibot is still
adequately tested as they navigate through the experimental set-up. It is the authors’ belief that the
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Fig. 4. Photo of preliminary testing configuration for test scenario.

lack of orientation change throughout the experiment does not affect the evaluation of the operators’
performance.

4.1. Experimental set-up
The first experimental set-up is shown in Fig. 4. In the test scenario, the operator is required to begin
with the Omnibot MMS located at its start location shown in Fig. 4. From the start location, the
operator must drive the MMS to the first pick-and-place station. At the first station, they simulate
the pick-and-place task by knocking over the two targets. Upon completion of the task, the operator
must navigate around the dividing wall to the second pick-and-place station and perform the second
pick-and-place task by knocking over the two targets at that location. After the final task is completed,
the operator must drive the robot back to its start position to complete the scenario. The operator uses
both line of sight and haptic feedback to perform the test. Figures 4 and 6 show the test areas from
the operator’s perspective.

To compare the novel single input device command strategy with the traditional two input device
command strategy, the test runs for the two command strategies were interleaved. The operator did
a single run using the first command strategy, followed by another run with the second command
strategy. The pattern is followed until sufficient data was collected. The old command strategy
required the operator to use two joysticks, one joystick controls the Omnibot base, and the second
joystick controls the MMS arm. When using the new command strategy, only a single joystick
was used along with the virtual fixtures and operational forces. There were no virtual fixtures in
the old command strategy, and the only operation forces felt are the centring forces. The virtual
wall still exists but is not felt, and when the end-effector reaches the virtual wall it simply stops
moving.

4.2. Initial experimental results
Four novice users were chosen to evaluate the command strategy, and one expert user was used as a
baseline for comparison. The novice users had no previous experience with the Omnibot MMS or the
command strategy. The expert user had a significant amount of experience with the Omnibot MMS
and both the new and old command strategies. The purpose of having an expert user was to offer
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Table III. Averaged timing results from preliminary testing.

Single joystick Dual joystick

Adjusted Base Average Base Average
Completion completion travel base Completion travel base

time (s) time (s) distance (m) speed (m/s) time (s) distance (m) speed (m/s)

User 1 106.6 94.7 15.9 0.36 91.3 18.3 0.5
User 2 84.8 60.6 19.4 0.38 107.6 18.8 0.71
User 3 101.1 81.5 17.2 0.32 86.7 17.3 0.51
User 4 86.2 78.2 16.0 0.37 101.8 18.9 0.46
Average 94.7 78.8 17.1 0.36 96.9 18.3 0.55
Expert user 58.8 71.6 15.2 0.44 106.4 19.6 0.32

a comparison of how well the novice operators performed versus an experienced operator. Though
performance will vary from user to user, it is valuable to have an idea of how well the system performs
under experienced operator control.

Table III presents the initial test results. Upon first inspection of the results, there was barely
a noticeable improvement in completion time when using the single joystick command strategy.
When the additional information was analysed, it was noted that the operators were able to drive
the base much faster using the dual joystick command strategy. There are two explanations for this,
the first being simply that the dual joysticks had a slightly higher maximum velocity. The second
reason for the slower average speed is due to the localization accuracy and the virtual fixture friction
property explained below. An adjusted completion time for the single joystick command strategy
was computed, where the completion time was calculated based on the velocity of the dual joystick
command strategy over the distance travelled in the single joystick command strategy for each
operator. The adjusted completion time for the single joystick command strategy yielded an 18%
improvement over the dual joystick command strategy. The expert user was able to complete the task
using the single joystick command strategy 25% faster than the novice users’ adjusted completion
time, and 38% faster than their original completion time.

The experimental data from the novice users was used to estimate a learning curve. This was done
by plotting each operator’s completion time for both command strategies, and using a linear line of
best fit. As shown in Fig. 5, most of the users’ learning curves were steeper with the single joystick
command strategy. With the learning curves presented in Fig. 5, one would assume that the novices’
skill using the new command strategy will continue to increase and reach a level equal to the expert
operator, while their skill with two joysticks has already neared its maximum potential.

When asked which command strategy each operator preferred, all test subjects agreed that the
single joystick command strategy was easier and more intuitive to use. It was noted that even though
the operators were allowed to use both hands when using both joysticks, they still only used one
joystick at a time because it was “difficult” and “stressful” to attempt to control both manipulator and
base simultaneously.

The one complaint the novice operators had against the single joystick command strategy was
about the virtual fixture friction. While this fixture did prevent the Omnibot MMS from colliding
with any walls (represented as taped markings on the floor) the system would often assume the
MMS was closer to a wall than it actually was, making it difficult for the operator to navigate
through a narrow passage. Since the friction of the virtual fixture was infinite, simply touching it
would make moving the robot impossible. The reason for this type of error was due to the accuracy
of the Cricket localization system, where it would incorrectly estimate the current position of the
MMS. While the operator may still have room to drive in the direction they commanded without a
collision, the localization system would assume there was no room to drive in that direction, and
the forbidden region virtual fixture would prevent motion. Operators would occasionally get the
MMS temporarily “stuck” when driving close to a wall, and increase the overall average completion
time for the single joystick command strategy making it less efficient than it would be under ideal
conditions. Since the forbidden region virtual fixtures were not present in the two joystick command
strategy, its average completion time was not affected. To improve localization accuracy and prevent
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Fig. 5. Learning curves for multiple novice test subjects.

future problems surrounding this issue, the Cricket localization system was replaced by a much more
accurate OptiTrack motion capture localization system.

4.3. Refining the command strategy
After the initial round of testing, the command strategy was refined and improved. Since it was shown
that the operators were more effective when using a single joystick, it became pertinent to determine
the effectiveness of the virtual fixtures. Three important changes were made to the system affecting
the accuracy, control, and functionality.

4.3.1. Accuracy. The accuracy of the system was greatly improved between the first and second rounds
of testing. The ultrasonic localization system based on Crickets was replaced with the OptiTrack
motion capture system. This change improved the Omnibot MMS position estimates by two orders
of magnitude, from 5–10 cm accuracy to less than a millimeter. Since the positioning accuracy
was greatly improved, virtual fixtures based around the pick-and-place targets themselves were now
possible.

4.3.2. Control. The command strategy was altered as well. In the first round of testing, a near-target
manipulation mode and off-target manipulation mode was used. While off-target manipulation mode
is useful when the operator expects the targets of interest not to be stationary, it is not useful in a
scenario where the targets are fixed. For the second round of testing, off-target manipulation mode
was removed having the system enter transportation mode any time it was sufficiently far away from
a point of interest.

4.3.3. Functionality. The functionality of some virtual fixtures was changed as well. The friction
aspect of the forbidden region virtual fixtures was removed, allowing the users to slide along a wall,
rather than stop whenever they touched one. The frictionless virtual fixtures still prevented any motion
towards a wall when at its limit, but would allow motion parallel to the fixture.
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Table IV. Averaged timing results from testing (in seconds).

Without virtual fixtures With virtual fixtures

User 1 74.7 52.9
User 2 87.6 83.2
User 3 69.0 69.6
User 4 66.7 52.5
User 5 58.7 55.2
User 6 73.3 65.9
User 7 57.4 46.9
User 8 94.1 78.9
User 9 119.7 92.5
User 10 169.2 107.8
Average 87.0 70.5

Fig. 6. Photo of experimental configuration for test scenario taken from the operator’s perspective with targets
inset.

4.4. Final experimental results
With the above changes implemented, a second experimental scenario was created to test the
effectiveness of the virtual fixtures using the refined command strategy. The robot environment
was set up as shown in Fig. 6, with a single point of interest. Similar to the first experiment, the
operator was required to start at the location shown, navigate to the point of interest, perform a
manipulation task, and return to their starting point. Though visually enhanced in Fig. 6, the walls
are represented to the operator as marked lines on the floor. The testing methodology consisted of
the operator performing one run without using virtual fixtures, followed by a run using the virtual
fixtures.

The difficulty of demonstrating the effectiveness of this command strategy is that most test criteria
are centred around a specific task, whereas this command strategy must be versatile enough not to need
modification for most tasks, and easily changed enough to allow for performing specific tasks. The
experiment set-up for this research requires the operator to perform the two-main tasks that a MMS
can do: transportation and manipulation. The transportation task was very similar to a real-world
application where there are obstacles that an operator must navigate around. The manipulation task
was very rudimentary, but sufficiently tested the operator’s control of the manipulator by requiring
both accuracy and control. The robot end-effector can be modified to attach a specific tool, or
designed to hold a variety of interchangeable tools. Ten novice operators were used in the testing of
the final command strategy with the timing results presented in Table IV and navigation results in
Table V.

On average, as well as in nine out of the ten test subjects, using the virtual fixture command strategy
was faster than performing the task without virtual fixtures. The effectiveness and accuracy of the
operator was determined by totalling the number of collisions and close calls. A collision is defined
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Table V. Total collision results from testing.

Without virtual fixtures With virtual fixtures

Collisions 11 5
Close calls 18 11

Fig. 7. Example of a test run without virtual fixtures.

as more than 10% of the Omnibot crossing the wall boundary, a close call is when the Omnibot
crosses the wall boundary with less than 10% of its frame. Due to a significant amount of backlash
in the wheel-motor linkage and the configuration of the omni-wheels, there is an unpredictability in
the Omnibot’s movement that can only be corrected to a certain extent using the on-board control
system. Out of a total of one hundred test runs, there were nearly half as many crashes and close calls
when using virtual fixtures compared to the runs without virtual fixtures. However, since the software
will not allow the robot to move past a wall boundary, all the crashes and close calls that occurred
during testing with virtual fixtures can be attributed to the mechanical drive properties of the robot
base, mainly the travel of the wheels while the motors (and motor encoders) do not move. Though
there were a number of collisions with the virtual fixture command strategy, a factor of safety can be
implemented in the positioning of the virtual fixtures since the drive accuracy of the Omnibot only
affects positioning to a limited amount.

Figure 7 shows a test run without virtual fixtures. The operator, whether unintentionally, by
choice, or through poor skills, drove across a wall boundary. In doing so they were able to complete
the task slightly quicker, although in an environment with real walls in place of simulated walls
they would have significantly damaged the robot. By avoiding unnecessary collisions, the mobile
robot will last longer and need less repairs, ultimately making the robot more cost-effective in its
implementation.

Figure 8 shows an example of a test run using virtual fixtures. At one point, the operator enters
the region in which the virtual fixture can be felt, then navigates away to avoid a possible collision.
Shortly after as the operator approaches the target location, they are able to closely pass by the wall
corner with the knowledge that the command strategy will prevent them from accidentally coming
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Fig. 8. Example of a test run using virtual fixtures.

too close and colliding with the wall. This knowledge allows the test subject to operate the robot with
more confidence and less concern for damaging the robot, leading to a less stressful teleoperation
experience.

5. Conclusions
This work presented a novel command strategy that combines operator skill, haptic feedback, and a
low level of autonomy to achieve teleoperation performance better than previously attainable using
only a single input device. The haptic features of the joystick were utilized to further enhance
teleoperation. As shown in the test results, operators were able to perform tasks faster and with better
accuracy when using the novel command strategy. As well as completion time, a more critical aspect
of teleoperation was improved, namely collisions. When driving the Omnibot base the operator was
able to minimize undesirable movement and collisions. Further design changes on the robot test bed
to minimize the drivetrain backlash will eliminate collisions entirely.

The main driving force behind this research is the consensus among mobile robot operators that
the task of teleoperation is difficult and stressful. Since these are criteria that are very difficult to
quantify, it is equally difficult to empirically demonstrate improvement in these areas. The best one
can do is interview each test subject on their impressions of the command strategy. When asked
about the novel command strategy presented, all operators agreed that the virtual fixtures made the
task easier and less stressful. They were able to drive the robot with more confidence knowing the
virtual fixtures would prevent them from collisions that may damage the robot. Based on test subject
interviews and performance results, it can be concluded that the improved command strategy was a
success.
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