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Haptic and Visual Feedback Assistance for Dual-Arm Robot
Teleoperation in Surface Conditioning Tasks
Vicent Girbés-Juan1 , Vinicius Schettino2 , Yiannis Demiris2 and Josep Tornero3

Abstract—Contact driven tasks, such as surface conditioning
operations (wiping, polishing, sanding, etc.), are difficult to
program in advance to be performed autonomously by a robotic
system, specially when the objects involved are moving. In
many applications, human-robot physical interaction can be
used for the teaching, specially in learning from demonstrations
frameworks, but this solution is not always available. Robot
teleoperation is very useful when user and robot cannot share
the same workspace due to hazardous environments, inaccessible
locations, or because of ergonomic issues. In this sense, this paper
introduces a novel dual-arm teleoperation architecture with
haptic and visual feedback to enhance the operator immersion in
surface treatment tasks. Two task-based assistance systems are
also proposed to control each robotic manipulator individually.
To validate the remote assisted control, some usability tests have
been carried out using Baxter, a dual-arm collaborative robot.
After analysing several benchmark metrics, the results show that
the proposed assistance method helps to reduce the task duration
and improves the overall performance of the teleoperation.
Index Terms—Teleoperation, Haptic Feedback, Shared Control, Dual-arm Robotics, Collaborative Robot, Surface Treatment.

I. I NTRODUCTION

therefore, they are not allowed to interact freely with humans
due to safety issues [4].
Recently, collaborative robots (also known as cobots) have
raised as a potential solution for human-robot interaction in
the industry [5]. Cobots are much safer than standard robotic
manipulators, as the materials they are made of are lighter
and softer. Besides, they include internal sensors and different
safety levels to limit maximum allowed speeds depending on
the situation. So, this extra security architecture can make the
robot stop when there is an unexpected contact between any
of the links and an unknown object [4].
This capability of sharing the workspace opens up many
possibilities for human-robot interaction. For instance, recent
works show that humans can easily teach the robot how to
perform a task by grabbing it and moving it [6], which is
known as kynaesthetic teaching. This scenario enables one to
teach a robot in an intuitive way, without need of programming
skills. However, there are many applications in which physical
human-robot interaction is not possible. In this cases, robot
teleoperation plays an important role.

A. Motivation

B. Teleoperation and Haptics

In the industry, robot manipulators are usually programmed
in advance to follow a specific position-based trajectory no
matter what happens in the environment [1]. That is because
industrial robots are good at repeating tasks with accuracy, but
they usually require isolation in workcells to avoid collisions
with human workers, which could be fatal [1].
In some more advanced applications, robotic engineers
program collision avoidance algorithms so that the robot
can interact with the environment by adapting its original
trajectory to perform the same task without colliding with
surrounding objects [2]. This capability obviously requires
extra sensorisation, specially in the workplace (with range
lasers, cameras, etc.) but also in the robot [3]. However,
even though industrial robots may have obstacle avoidance
capabilities, yet they need isolation or extra safety monitoring
to adapt its velocity depending on the risk assessment, and,

Robot teleoperation, also called telerobotics [7], is widely
used in many different fields such as: remote surgery [8];
remotely operated vehicles (ROVs), specially underwater [9]
and unmanned aerial vehicles or drones [10]; spacecraft manipulation and landing [11]; among others.
The main reasons to remotely operate a robotic system are
when it is hard or dangerous for the human operator to get
access to the working scenario [12], or because of ergonomic
issues [13]. Therefore, telerobotics can be very useful, for
instance, in situations in which the operator might take control
of the task being carried out by the robot, either to do it
remotely or to show the robot how to perform it properly.
Some teleoperated robots have a limited range of functions,
so the operator only gives the next step instruction and the
remote machine does the task semi-autonomously, which is
known as supervised autonomy [14]. So, there is no real
time interaction between local and remote workspaces. In an
alternative form of teleoperation, known as telepresence, the
human operator has a sense of being on the location [8],
[10], so that the experience resembles virtual reality (VR). For
example, the remote machine can be equipped with sensors
that detect sensations of vision, sound, or even touch, such as
pressure, texture, or temperature. These sensations can then be
reproduced at the operator location.
Haptic technologies are gaining widespread acceptance,
adding the sense of touch to previously visual-only interfaces
[15]. A common use is in automobile driving video games and
flight simulators, which turn the steering wheel to simulate
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forces experienced when cornering a real vehicle [16], or
apply a resistance force to the joystick HOTAS (Hands On
Throttle And Stick) [17]. Additionally, haptic feedback can
be used in upper limb motor therapy to improve performance
and generate a lower mental workload [18]. Force feedback
has also been used in advanced driver assistance systems to
warn the drivers of a potential risk. A haptic device is usually
added in the pedals [19] and also in the steering wheel [20],
[21] to interact with the driver in order to avoid a collision or
to adapt the vehicle speed.
Thanks to their characteristics, haptic devices have been
considered to improve medical training, because they let users
interact with virtual environments by adding the sense of touch
to the simulation [22]. Haptic technology has also enabled the
development of telepresence surgery, allowing expert surgeons
to operate on patients from a distance. As the surgeon makes
an incision, they feel tactile and resistance feedback as if
working directly on the patient [8].
C. Surface Treatment
Contact-driven surface conditioning tasks (polishing, sanding, profiling, deburring, etc.) are hard for a robot, as they
require certain accuracy and the ability to adapt (position,
orientation, pressure, etc.) to variable conditions, specially
when both objects in contact are moving and there is surface
friction and some slippage involved. In fact, most of the
surface treatment applications in the industry assume that
the object remains still and the robot is moving with the
tool attached as end-effector [23], or the other way around
[24]. But, when the object whose surface needs treatment
cannot stop due to production line specifications, the surface
conditioning becomes more complicated, as the robotic endeffector must adapt its speed and trajectory to follow the
object, which increases the inaccuracy of the surface treatment.
That is because the trajectories programmed in the robotic
manipulator do not consider potential positioning errors and
object misalignment when it is being carried by the chain
conveyor.
The wide diversity of solutions when dealing with surface
finishing in the industry, demonstrates the difficulties of the
tasks involved and the fact that it is yet an open problem
to be solved properly. Many solutions have been proposed
to deal with the challenges of surface conditioning, including polishing tools able to absorb vibrations while softening the contact between both surfaces [25], [26], adaptive
position/force control techniques [27], [28], or sliding mode
control (SMC) algorithms to make the tool move normal to the
surface, while keeping a constant pressure in polishing/sanding
tasks autonomously [29] or in a human-robot cooperation
framework [30].
Our approach is slightly different from those found in the
bibliography, as we aim to use a human operator to teleoperate
a dual-arm robot. The ultimate goal is to allow the operator
teach the robotic system how to do the task properly in
order for the robot to learn the underlying principles and
progressively take control of the task. Hence, throughout the
teaching/learning process, the system will move from a strictly
manual teleoperation, to a semi-manual shared-control, to end

up doing the task completely autonomously. However, learning
by demonstration and the design of a shared-control with
different autonomy levels are out of the scope of this paper.
D. Contribution
The main contributions of this paper are: (1) a novel dualarm teleoperation architecture with haptic and visual feedback
for surface conditioning tasks (wiping, polishing, sanding,
etc.); (2) two task-based assistance systems, an artificial potential field control for the left arm (sub-task to hold and
position the object to be treated) and an impedance control
for the right arm (erasing sub-task); and (3) the validation of
the proposed dual-arm remote assisted control, through a set
of tests performed by 22 human operators, analysing several
benchmark metrics. Our results show that the haptic assistance
improves significantly the performance in surface treatment
tasks, specially in the sub-task that requires applying force in
movement (i.e. the right arm task in our particular setup).
The paper is organised as follows: The problem statement
is explained in Section II, whereas some preliminaries about
robot kinematics and impedance control are introduced in
Section III. The proposed haptic and visual feedback system
for teleoperation of a dual-arm collaborative robot, as well
as materials and methods are defined in Section IV. Section
V specifies the characteristics of the users, the tests and the
metrics used in the experimentation, whilst Section VI shows
and discusses the main results obtained from the tests carried
out to evaluate the proposed teleoperation system. Finally, the
conclusions are presented in Section VII.
II. P ROBLEM S TATEMENT
In order for the teleoperation to be useful the task must be
carried out as accurately as possible in the remote workspace,
specially to provide suitable and valid data in learning by
demonstration problems. For that reason, most of the works
found in the bibliography use kinaesthetic methods for the
teaching [6], where the operator does the task himself by
grabbing the robotic arm and moving it. However, teaching
how to do a task using kinaesthetics is not always possible due
to hazardous environments, because the robotic system is not
accessible by the operator, or even due to ergonomic issues.
On the other hand, tasks in which both robotic arms need
to be involved simultaneously to perform the task properly
are specially difficult and quite uncomfortable for the human
operator when doing the teaching kinaesthetically. So, any
kind of remote control is required, which must be intuitive and
easy to use, as well as accurate. Furthermore, the teleoperation
must allow the human workers do the task in a similar way to
the reality, getting results as close as possible to those obtained
when doing the task themselves.
Therefore, we aim to develop a teleoperation system with
visual and haptic feedback assistance to control remotely a
dual-arm robot, as shown in Figure 1. The goal is to improve
the overall performance when doing surface treatment tasks,
such as accuracy, duration, final result quality, etc. In this
particular case, we focus only in the wiping task, although
the developments of this paper could be easily extended to
other tasks like polishing or sanding.
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Figure 1: The overall dual arm teleoperation scheme employs multi-device haptic feedback combined with visual feedback, to
provide the human teleoperator a richer awareness of the robot’s state.
III. P RELIMINARIES
A. Robot kinematic model and control
A robotic manipulator is a kinematic chain of links and
joints, where the joint configuration q = [q1 , . . . qn ] (note that
q variables refer to angular values in revolute or hinge joints)
affects the pose of its end-effector p = [x, y, z, α, β, γ]T
(where the orientation is defined in Z-Y-X Euler angles: yaw
α, pitch β, roll γ) and can be computed as follows:
p = l(q)

(1)

being l a nonlinear function defining the forward kinematics
of the robot.
The function l can be expressed as a concatenation of n
transformations T
n
Y
0
i−1
Tn =
Ti = 0 T1 1 T2 2 T3 . . . n−1 Tn
(2)
i=1

where n is the number of joints of the robot and i−1 Ti
is the transformation (translation and rotation) between two
consecutive links, following the Denavit-Hartenberg (DH)
convention [31].
Forward and inverse kinematics might be enough to solve
several problems in the industry. However, in some complex
control applications, such as trajectory tracking with collision
avoidance or human-robot collaborative tasks, it might be necessary to solve the forward or inverse instantaneous kinematics
problem instead [31]. In such case, for a serial-chain manipulator we aim to compute velocities (and accelerations) of the

robot’s end-effector using velocities (and accelerations) of the
joints, or the other way around. To do so, first and second
derivatives of the forward kinematics defined in Equation 1
must be computed:
∂l(q)
ṗ =
= Jq̇
(3)
∂q
p̈ = J̇q̈ + J̈q̇

(4)

being J the Jacobian matrix of the robot.
It can be assumed that the manufacturer of a robotic
manipulator (either industrial or collaborative) has designed
and implemented correctly low-level joint controllers using either Euler-Lagrange or Newton-Euler approaches [32]. Hence,
these controllers are assumed to be accurate, robust and fast
enough compared to the dynamics of the task to fulfil, so
that the joints follow accurately a particular desired reference
(position, velocity and acceleration) with negligible errors.
Therefore, the dynamic control of robotic manipulators is out
of the scope of this paper.
For the kinematic control of the robotic manipulator either
in joint space or in task space, standard PID controllers have
been used, as shown in Figure 1, with the following equation:
Z t
de(t)
(5)
u(t) = Kp e(t) + Ki
e(t0 ) dt0 + Kd
dt
0
where Kp , Ki and Kd , all non-negative diagonal matrices,
denote the coefficients for the proportional, integral, and
derivative terms respectively. Bold variables e and u represent
error and control action vectors, respectively.
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B. Impedance control
Impedance control is an approach to dynamic control relating force and position. It is often used in applications where
a manipulator interacts with its environment and the forceposition relation is of concern, because it allows to define the
desired dynamic behaviour to the interaction between robot
end-effector and environment. A complete set of mass-springdamper equations is used to define the desired performance of
the dynamic impedance.
Due to all the benefits of impedance control, it has been
extensively used in human-robot interaction applications. For
instance, the authors of [33] proposed a peg-in-hole strategy
for complex-shaped parts based on a guidance algorithm,
where an impedance controller using an admittance filter was
implemented to achieve stable contact motion for a position
control-based industrial robot. On the other hand, in [34] a
novel impedance control was introduced for haptic teleoperation, whilst an adaptive impedance control was developed in
[35] to improve transparency under time-delay.
An uncontrolled robot has the following task-space representation in Lagrangian formulation:
F = Λ(q)ẍ + µ(x, ẋ) + γ(q) + η(q, q̇) + Fext

(6)
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Figure 2: Baxter’s arms’ local frames and joints, where superscripts L and R refer to left and right arm, respectively. CS0 ,
CSw and CSe are the robot, whiteboard and eraser frames,
respectively.

(a)
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where q denotes joint angular position, x task-space position,
Λ the symmetric and positive-definite task-space inertia matrix. The terms µ, γ, η and Fext are the generalised force
of the Coriolis and centrifugal term, the gravitation, further
nonlinear terms, and environmental contacts.
Analogously, one may propose the following control law:

Figure 3: Baxter’s end-effectors: (a) magnetic eraser with F/T
sensor to be mounted on Baxter’s right arm, (b) magnetic
whiteboard attached to a plate with 7 neodymium magnets
mounted on Baxter’s left wrist.

F =Kx (xd − x) + Dx (ẋd − ẋ) + Λ̂(q)ẍd +
+µ̂(q, q̇) + γ̂(q) + η̂(q, q̇)

remotely controlled trying to minimise the error with respect
to the target configuration.
2) Sub-task T2: An eraser mounted as a tool in one of
robotic manipulator’s arms had to be controlled remotely by a
human operator. The goal was to completely wipe the whiteboard, which was already placed in the optimal configuration
for the cleaning (reference posture used in T1). To perform
the task properly, the users had to clean the surface without
making the whiteboard fall over. To do so, they had to keep
the applied force within bounds, i.e. push hard enough to wipe
the surface (absolute force above 5 N to start cleaning), but
without pressing too much for safety (absolute force below 15
N to avoid risk of pulling the magnetic whiteboard apart from
the magnets holding it).

(7)

where xd denotes the desired task-space position; Kx and Dx
are the task-space stiffness and damping matrices; and Λ̂, µ̂,
γ̂, η̂ are the internal models of the mechanical terms.
Similarly, the task-space error can be defined as ex = xd−x
such that the closed-loop system is defined as
Fext = Kx ex + Dx ėx + Λëx

(8)

where the key is to equal (6) and (7) and cancel out the internal
model terms in both sides, assumed to be accurately estimated.
IV. M ETHODOLOGY
A. Whiteboard wiping task
A specific task was designed to validate the proposed
system, which consisted of a dual-arm robot operated remotely
to wipe a whiteboard using an eraser. As it was a complex task,
the benefits of the haptic and visual assistance were difficult
to assess. Therefore, we decided to split the overall task in
two sub-tasks, one for each arm.
1) Sub-task T1: A whiteboard attached to a robot arm in
the remote workspace had to be moved from its initial position
to a reference posture (position and orientation), defined as
the best one for the wiping1 . So, the whiteboard had to be
1 Such target configuration was chosen based on the reachability of Baxter’s
arms and also the orientation and the field of view of the front camera used
for remote workspace monitoring.

B. Robot setup
The collaborative robot Baxter was used for the experimentation carried out in this study. Baxter has two redundant
arms with 7 degrees of freedom each, corresponding to two
kinematic chains with 7 rotating joints. The local frames and
joints associated to both Baxter’s arms can be seen in Figure 2,
as well as the local coordinate system CS0 , whiteboard’s
frame CSw and eraser’s frame CSe . Each joint corresponds
to a rotation around the z-axis of its local frame (blue arrows
in thriedrons of Figure 2). This joint configuration allows
singularity-free movements, which produces smoother and
more accurate movements [36].
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of the ball handle used with the Falcon haptic device, where
each of the 4 buttons was intended for a particular use; (b)
Phantom pen with its two buttons.

rotation cannot be controlled. As shown in Figure 5(a), the
handle used for the experimentation was a spherical grip with
4 buttons. The user was able to interact with the device by
grasping and moving its handle around its local workspace
[37].
Each button was used for a particular purpose. One of the
buttons (centre top position in Figure 5(a)) was aimed to
open-close a gripper, but this functionality was not required
in our experimentation. For safety, we introduced a deadman
button (centre position) that needed to be pressed (and hold)
to remotely control the robot. When released, the robotic arm
stopped immediately and kept still holding the tool’s position
and orientation.
The button on the right switched the control mode m to
position control (shortened as pos and denoted with subscript
p), so that the remote workspace Wp ∈ R3 , defining the 3D
Cartesian position of Baxter’s right arm’s end-effector, was
mapped to the local 3D position workspace of the Falcon
haptic device Wf ∈ R3 . In order to map both workspaces for
pos control, we define an affine transformation of R3 → R3
as
f : Wf → Wp
(9)
of the form

An eraser was attached as a tool on the right arm to perform
the wiping task, as shown in Figure 3(a). Aligned with the
eraser, a 6 axes force-torque sensor (F/T sensor) was mounted
to give feedback when the eraser was touching the surface to
clean the whiteboard. Using this design, the force and torque
applied could be measured to assist the remote operator.
On the other side, Figure 3(b) shows a magnetic whiteboard
attached to the left arm’s wrist. A plate with 7 neodymium
magnets was designed to hold the whiteboard, so that it was
fixed strong enough to perform the wiping task. Using magnets
allows one to easily attach/detach the working surface to the
robot’s arm, helping to emulate a generic industrial surface
conditioning application with any moving object (shape, material, etc.). As depicted in Figure 1, a pattern was painted
on the surface of the whiteboard. The goal was to clean the
whiteboard using the eraser to wipe such pattern.
C. Haptic feedback
Two different haptic devices were used for the teleoperation
of Baxter’s arms, as wiping the whiteboard involved two
independent sub-tasks. On one side, the left arm holding the
whiteboard controls its pose (position and orientation). Once
it is placed correctly, the task difficulty is low as it only
requires keeping whiteboard’s pose as still as possible. On
the other side, the right arm holding the eraser requires higher
dexterity and more accurate movements. To correctly perform
the wiping task, the eraser’s position and orientation has to
be controlled with accuracy, while keeping contact with the
whiteboard to erase the ink on the its surface.
1) Left arm haptic device: A Novint Falcon haptic controller [37], [38] was used to perform left arm’s task (see
Figure 4(a)). The Falcon device is a high-fidelity interactive
three-dimensional (3D) haptic system with force-feedback in
all three axes. It only allows 3D Cartesian movement, its

pd = f (pf ) = Apf + b

(10)

where A is a linear transformation on the space Wf (a scale in
our case), pf is a vector in the local space Wf , pd is a vector
in the remote space Wp (representing the desired position),
and b is also a vector in Wp (representing a translation). We
define det(A) > 0 so that the transformation is orientationpreserving [39].
On the other hand, the left button (see Figure 5(a)) changed
the control mode to orientation (shortened as ori and denoted
with subscript o), in which the 3D Euclidean space Wf ∈ R3
of the Falcon haptic device was mapped to the orientation
workspace Wo ∈ S3 of the remote manipulator’s tool. Thus,
when moving along each of the 3 directions of haptic device’s
local frame, the robotic arm rotates around one of Euler axis
(global Z-Y-X angles, usually known as yaw, pitch and roll,
respectively). In order to map both workspaces for ori control,
we define the following transformation R3 → S3 such that
g : Wf → Wo

(11)

od = g(of ) = Cof + d

(12)

of the form
where C is a linear transformation on the space Wf (a scale in
our case), of is a vector in the local space Wf , od is a vector
in the remote space Wo (representing the desired orientation),
and d is also a vector in Wo (representing a translation).
It should be remarked that, given the proposed input configuration, a conversion from linear displacements to Euler angles, the gimbal lock singularity cannot arise, as the mapping is
unique and straightforward. Such problem only happens when
trying to get Roll-Pitch-Yaw angles from a rotation matrix,
which could lead to a singularity when loosing one degree of
freedom (when the pitch angle approaches β ± π/2 rad).
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where K and D are diagonal matrices with the spring stiffness
factors and the damping coefficients, respectively; being Ff
the 3-element vector of force-feedback actions applied on each
Cartesian direction by the haptic assistance in pos control
mode; with ep = pd − pL = [xd −xL yd −y L zd −z L ]T being
the error vector or elongation from the resting position (or
equilibrium state), and ėp its first derivative.
The proposed force-feedback assistance computed in Equation (13) can also be considered as an attractive artificial
potential field, as the ones used in many obstacle avoidance
algorithms [2]. Here, the vector field acts as a magnet with
attractive force, since all the gradient arrows are pointing to
the current position and whose magnitude is proportional to
distance and velocity, as depicted in Figures 7(d), 7(e) and 7(f).
So, when the user moves the haptic device’s handle, a force
in the opposite direction is applied. The further and the faster
the handle moves away from its current position, the higher
the force to slow down the device. This haptic assistance
was designed to reduce sharp manoeuvres in the remote
manipulator, as movements were scaled and magnified because
the remote workspace was bigger than the local one. So, slight
movements in the local workspace produced big displacements
in the remote one, and this effect had to be mitigated. Hence,
the goal of this force-feedback is compensating 3D position
errors, taking as a reference the current position with respect
to the previous reference. But, at the same time, the system
was also designed to help the user do accurate operations
when small movements are required, for instance during a fine
position adjustment.
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Notice that when switching between modes, for example
from pos to ori control, the Falcon’s handle moves from the
current configuration, in pos mode, to the last saved configuration in ori mode. These two configurations in Falcon’s local
workspace correspond to the current position and orientation
configurations of Baxter’s remote workspace. This is done
intentionally in order to avoid undesired shaking movements
of the robotic manipulator when switching between control
modes, while guaranteeing that it does not move during the
transition from one mode to the other. However, under such
conditions the haptic devices is the one that might incur sudden
and sharp movements when changing control modes if the
local position controller is too aggressive. To avoid this nondesirable oscillatory effect, to move the Falcon’s handle when
switching modes the position control action is smoothed.
For the haptic assistance in the left hand sub-task, we
designed two different strategies depending on the control
mode m. In the pos control we designed a force-feedback
assistance system as an impedance control in the task-space
of the haptic device, similar to the one defined in Equation
(8). This is equivalent to having 3 coupled spring-damper
systems attached to the handle and aligned to each axis (see
Figure 6 for a better understanding). In this sense, the restoring
force exerted by the spring-damper system as a reaction to any
external force Fext can be expressed by the following equation
of motion

1

0

-1
-1

0

y

(e)

1

y

(f)

Figure 7: Artificial vector fields (VF) used in the haptic
assistance system for the left arm task: combinations of (a-d),
(b-e) and (c-f) represent the VF applied in ori control mode
in the local frame for rotations around the remote x-axis, yaxis and z-axis, respectively; whilst the combination of (d-e-f)
represent the attractive VF applied in pos control mode.
Finally, regarding the ori control mode, in the preliminary
tests that were carried out, we found that controlling the
orientation without any assistance was hard for the majority
of people, even for the most experienced ones. That was
mainly produced by the fact that the remote orientation was
mapped to the local position workspace, which allowed a
free 3D movement. Therefore, the three rotations were highly
coupled and was difficult to isolate one rotation axis at a
time. Combined rotations were then produced and the users
got confused and did not know how to compensate undesired
rotations. To fix this situation, we developed an artificial
potential field method to assist in the ori control mode. In
a first stage, based on the input readings from the Falcon
haptic device, an intention prediction algorithm was used to
determine in which Cartesian direction the operator wanted
to move the robotic manipulator. The intention prediction
algorithm was based on a multiple hypothesis method, as in
[40]. Once the system was sure about the direction of motion
intended by the human operator, two attractive perpendicular
force fields were enabled in the plane normal to the direction of
movement, whilst the force field along such axis was disabled
(see Figure 7 to better understand such effect). The effect was
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the same as disconnecting the spring-damper system attached
to the axis of movement (see Figure 6). As a consequence,
the assistance system only allowed the haptic device to move
along such axis, producing a rotation around only one axis at
a time in the remote workspace, which was more intuitive for
the human operator.
2) Right arm haptic device: For the remote control of the
right hand, we used a Phantom Omni haptic device [37], [41].
As can be observed in Figure 4(b), the system is a small
robotic arm with 6 revolute joints qp , allowing 6 degrees of
freedom (6 DOF: 3 Cartesian positions and 3 Euler angles).
The first three joints (q1 − q3 in Figure 4(b)) allow the
positioning of the wrist, whereas the last three joints (q4 − q6
in Figure 4(b)) act as a spherical wrist and determine the
orientation of the stylus. Hence, its design allows to define
simultaneously the position and orientation of the end-effector.
The Phantom haptic device also implements a high fidelity 3D
force feedback, but the torque applied to the handle cannot be
controlled. Therefore, only the first three joints are actuated,
being the remainder three passive. The stylus also has 2
buttons, as shown in Figure 5(b): the first one (light grey)
was used as a deadman button, so unless it was pressed the
remote robotic manipulator did not move; the second button
(dark grey) was meant to open-close the gripper, but it was
not used in this experimentation.
In order to control Baxter’s right arm, a joint space mapping
was done. As the Phantom Omni only has 6 joints, whilst
Baxter is a redundant robotic manipulator with 7 joints, we
decided to make static the third joint of Baxter’s right arm
(q3R in Figure 2) and associate the remainder six joints to
Phantom’s joints (see Figure 4(b)). As an alternative, the
redundant joint could have been exploited for autonomously
executing secondary tasks, such as collision avoidance [42],
[43]. However, after preliminary trials with different modes
of teleoperation, we observed that keeping the redundant joint
static seemed more intuitive for users in this particular task,
since the manipulator’s movements more closely followed
users’ expectations. Hence, we opted for sacrificing flexibility
of redundancy to get more natural manoeuvres from the point
of view of the human operators. Under such conditions, we
had two kinematic chains with identical 6R configurations,
with slight differences between the length ratio of their links.
However, we found that the discrepancies were negligible and
did not affect the accuracy of the teleoperation.
In order to map both joint workspaces we define an affine
transformation of R6 → R7 as
h : Wp → Wj

(14)

qd = h(qp ) = Eqp + f

(15)

of the form
where qp is a vector in the local space Wp (representing the
joint configuration in R6 of the Phantom haptic device), f is a
vector in the remote space Wj (representing the desired joint
positions in the remote space in R7 ), f is also a vector in Wj
(representing a translation in robot’s joint space), and E is a
matrix of dimension 7 × 6, with ±1 in the element of the i-th
row, associated to the joint in the remote space, and the j-th
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3
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4

5

Figure 8: Graphical User Interface used for visual feedback:
(1) front camera, (2) right hand camera, (3) Baxter virtual
model, (4) parameter reconfiguration, (5) force graph.
column, associated to the joint in the local space; with all zeros
in the third row i = 3, corresponding to joint q3 of Baxter’s
right arm. Notice that for each joint-pair mapping (i − j) the
corresponding ij element of E matrix can be ±1 depending
on the rotation sign, as it can be the same or opposite in the
local and remote joint spaces.
An open-loop impedance control was implemented as a
haptic feedback [44]. At the impedance control, the motion
of the user is measured as input and the force is utilised as
feedback to the operator [45]. As can be observed in Figure 1,
the user commands the Phantom Omni haptic device giving
inputs in the local joint space that are directly mapped to
Baxter’s joints and used as reference to control the remote
manipulator. As we already stated, we assume that the low
level internal dynamic control of the robotic manipulator,
responsible for computing and applying the corresponding
torques τ , guarantees that the reference trajectory is followed
properly. Finally, the force applied to the whiteboard is sensed
using a F/T sensor placed in the wrist of Baxter’s right arm,
as shown in Figures 1 and 3(a). The measured force is filtered
using a low-pass discrete filter to avoid measurement noises.
The filter is designed to introduce only a negligible time delay
in teleoperation, thus avoiding instability issues. After the
filtering, the signal is scaled and a force-feedback is applied
to the Phantom haptic device. The mapping between both
workspaces, local and remote, makes the user feel the force
as if the haptic device was the robotic arm itself.
D. Visual feedback
A Graphical User Interface (GUI) based on the ROS Visualisation tool (RViz) was developed to give visual feedback
to the user. The GUI was intended to show data from the
remote workspace in real time. It was split in 5 sections, as
shown in Figure 8. Two video feeds were streaming images on
the top left area of the GUI, one from a front camera placed
in robot’s chest (red box) and a second image coming from
Baxter’s right hand camera (yellow box) facing longitudinally
with the eraser tool (see details in Figure 1). The first camera
allowed visualisation of robot’s workspace, whilst the second
one helped the user to see where the eraser was pointing to and
also to check whether the whiteboard was completely wiped.
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A third image was represented in the bottom left corner of
the GUI (green box). It consisted of a top view perspective
of robot’s 3D virtual model, which was intended as an aid
to see both arms simultaneously in a first-person view and
also for depth sensing. This view allowed a more immersive
experience, like in telepresence applications [8], [10], so
that the users felt like being in the remote workspace as if
they were the robot itself. Besides, a virtual model of the
whiteboard was placed in the target configuration, as a visual
aid to help the users align the real whiteboard with the virtual
one. Target and teleoperated whiteboards’ frames were also
used as visual feedback to help the user know when both
coordinate systems were overlapped and aligned.
Finally, there is a graph showing the longitudinal force
applied by the eraser used as right arm tool (black box).
Notice that, alongside with the force measurement (red line)
two horizontal lines are also plotted in this graph. They
represent the bounds of the applied force (negative values
implied compression, whilst positive meant stretching), so that
the lower bound in magnitude (cyan line) is the force at which
the eraser starts to wipe the whiteboard, whilst the upper bound
(blue line) is the maximum safe force, since higher values (in
magnitude) might detach the whiteboard from the magnets and
make it fall, as we already explained.

introduced the dual-arm robot and detailed how to use both
haptic devices. They could practice for as long as necessary,
until they knew how to use properly both haptic devices and
were comfortable enough to carry out the tests. Users were
instructed to do each task individually (i.e. one at a time),
with and without the force-feedback assistance. Each subject
performed a total of 4 trials, performed in counterbalance order
to avoid any learning effect. The maximum time to carry out
any task trial was set to tmax = 150 s, as it was long enough
to finish the task in normal conditions.
A. Metrics
The following metrics were used to evaluate the performance of the tests carried out:
• Duration [s]: elapsed time in seconds to perform the task,
computed as the difference between initial time ti and final
time tf . In both tasks the test starts when the user presses the
deadman button to begin with the teleoperation and finishes
either when the users think the whiteboard is placed in the
reference configuration as the best result they can get (in
task T1), when the whiteboard is wiped completely (in task
T2), or when the maximum time tmax = 150 seconds is
reached (in both tasks).
∆t = min(tf − ti , tmax )

V. D UAL - ARM TELEOPERATION TESTS
For the experimentation the target configuration for task
1 was set to position pd = [0.613 − 0.022 0.201]T and
orientation od = [2.5 − 0.5 − 0.7]T , which was found to
be the optimal for the wiping task, as explained in Section
IV. The impedance parameters in equation 13 for the position
controller in task T1 were set to K = diag({10, 10, 10}) (with
stiffness) and D = 03,3 (without damping); whereas for the
orientation controller parameters were K = diag({15, 15, 15})
and D = 03,3 . Operator diag(•) generates a diagonal matrix
with the input elements.
For the kinematic control of both robotic manipulators PID
controllers were used implementing equation 5, as explained
in Section III-A. For the left arm control the output vector
is the desired velocity vector u = ẋd , and the error vector is
defined as e ≡ [ep T eo T ]T , with the following PID parameter
matrices: KpL = diag({2, 2, 2, 0.5, 0.5, 0.5}), KiL = 06,6 and
KdL = diag({0.2, 0.2, 0.2, 0.05, 0.05, 0.05}). Notice that in pos
control mode eo T = 0, whereas in ori control mode eo T = 0.
On the other hand, for right arm control the output vector in
equation 5 is the desired joint velocity vector u ≡ q̇d , with the
error vector being defined as e = qd − qR , with the following
PID parameter matrices: KpR = diag({2, 2, 2, 2, 2, 2}) KiR =
06,6 and KdR = diag({0.1, 0.1, 0.1, 0.1, 0.1, 0.1}).
Tests were conducted with 22 subjects, 19 males and 3
females. The age range was between 22 and 34 years, with
an average age of 28.5 ± 3.2 years. 19 users were right
handed, whilst 3 were ambidextrous. We decided not to use left
handed people because eraser and whiteboard configuration
was optimised for right handed users and, by symmetry, the
results can be easily generalised to any kind of dexterity.
In a preliminary stage, the conductor of the experimentation
explained to each user the goal of this study, as well as

•

Position error [m]: distance in meters between the desired
position pd = [xd yd zd ]T and the whiteboard position
pw (t) = [xw (t) yw (t) zw (t)]T (only in T1).
ep (t) =

•

p
(xd − xw (t))2 + (yd − yw (t))2 + (zd − zw (t))2
(17)

where subscript d refers to the desired reference and subscript w is related to whiteboard. Notice that the metric
used for the benchmark is the final position error, which is
computed at the final time instant as ep (tf ).
Orientation error [rad]: distance in radians between the
desired orientation od = [φd θd ψd ]T represented as unit
quaternion qd and the whiteboard orientation ow (t) =
[φw (t) θw (t) ψw (t)]T also converted to unit quaternion qw
(only in T1). The angle eo of rotation required to get from
one orientation to another is given by the formula
eo (t) = cos−1 (2hqd , qw i2 − 1)

•

(16)

(18)

where hqd , qw i denotes the inner product of the corresponding quaternions [46]. It is also necessary to remark that the
metric used for the benchmark is the final orientation error,
computed at the final time instant as eo (tf ).
Mean normalized combined error [dimensionless]: average
value of the linear combination of normalized errors (position and orientation) between the reference posture and the
whiteboard posture (only in T1).
tf
P

emean =

t=ti

e (t)

(t)
0.5 epp(0) + 0.5 eeoo(0)

(19)
N
where N is the number of samplings collected in the test,
ep (0) = 0.66 m is the initial position error, and eo (0) = 2.34
rad is the initial orientation error.
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•

Max linear velocity [m/s]: maximum 2-norm of tool’s linear
velocity vector (only in T1).
vmax = max |v(t)|
q
= max vx2 (t) + vy2 (t) + vz2 (t), ∀t ∈ [ti , tf ]

•

(20)

Max angular velocity [rad/s]: maximum 2-norm of tool’s
angular velocity vector (only in T1).
ωmax = max |ω(t)|
q
(21)
= max ωx2 (t) + ωy2 (t) + ωz2 (t), ∀t ∈ [ti , tf ]

•

Max linear jerk [m/s3 ]: maximum 2-norm of tool’s linear
jerk vector (only in T1).
v
jmax
= max |jv (t)|
q
(22)
= max jxv 2 (t) + jyv 2 (t) + jzv 2 (t), ∀t ∈ [ti , tf ]
d2 v

2

•

2

where jxv = ddtv2x , jyv = dt2y , and jzv = ddtv2z .
Max angular jerk [rad/s3 ]: maximum 2-norm of tool’s angular jerk vector (only in T1).
ω
jmax
= max |j ω (t)|
q
= max jxω 2 (t) + jyω 2 (t) + jzω 2 (t), ∀t ∈ [ti , tf ]
(23)
d2 ω

2

•

•

tf
P

Fmean =

•

tf p
P

|F(t)|

t=ti

N

=

Fx (t)2 + Fy (t)2 + Fz (t)2

t=ti

N

Tmean =

tf p
P
Tx (t)2 + Ty (t)2 + Tz (t)2

|T(t)|

t=ti

N

=

t=ti

N

(25)

being |T(t)| the magnitude or 2-norm of the torque vector
measured at F/T sensor’s local frame.
Max force [N]: maximum force applied by the eraser to the
whiteboard during the test, only computed when both tools
are in contact (only in T2).
Fmax = max Fz (t), ∀t ∈ [ti , tf ]

•

(24)

being |F(t)| the magnitude or 2-norm of the force vector
measured at F/T sensor’s local frame, after gravity compensation (whose computation is omitted for brevity).
Mean torque [Nm]: average torque applied by the eraser to
the whiteboard during the test, only computed when both
surfaces are in contact (only in T2).
tf
P

•

2

where jxw = ddtω2x , jyw = dt2y , and jzw = ddtω2z .
Wiped surface [%]: percentage of wiped surface (only in
T2). This metric was inspected by the person conducting
the task assessment. Depending on the area wiped at the
end of the task, it was graded in the range S ∈ [0, 100]%.
Mean force [N]: average force applied by the eraser to
the whiteboard during the test, only computed when both
surfaces are in contact (only in T2).

(26)

being Fz (t) the magnitude of the force measured along F/T
sensor’s local z axis, after gravity compensation.
Time of bounded force [%]: percentage of time in which
the force applied by the eraser to the whiteboard is within

•

lower and upper bounds (only in T2). So, considering that
tb is the overall time in which force is within bounds, which
happens when F (t) ∈ [−5, −15] N, the percentage of time
with bounded force can be obtained as follows
tb
100
(27)
t%
b =
∆t
Time of bounded alignment [%]: percentage of time in
which eraser and whiteboard’s surfaces are parallel, which
means that their corresponding axial vectors are aligned
within certain bounds (only in T2). First, for each experiment we compute the dot product of the binormal vectors (zaxis in local frames) defined by the orientation of whiteboard
and eraser (see Figure 2)
a(t) = Bw (t) · Be (t)

(28)

where B corresponds to the third column of the rotation matrix R = [T N B] defining the orientation of the whiteboard
(subscript w) and eraser (subscript e). If they are completely
parallel, with the eraser pointing towards the whiteboard,
their dot product is a = −1, as their binormal vectors
are defined so that they have opposite directions. On the
contrary, if both devices are orthogonal, i.e. perpendicular
to each other, their dot product is p = 0. Finally, considering
that ta is the overall time in which both surfaces are parallel,
which is considered when p(t) < −0.99, the percentage of
time of bounded alignment can be obtained as follows
ta
100
(29)
t%
a =
∆t
VI. R ESULTS AND D ISCUSSION
In this section we report the most important results obtained
during the experimentation. The main implications that can be
drawn from the use of the proposed teleoperation assistance
system are also analysed and discussed in detail. The complete
surface conditioning task carried out using Baxter’s dual-arm
configuration with haptic and visual feedback can be seen in
Video 1. Whereas Video 2 shows some users performing each
task individually during the benchmark testing, as well as two
samples of operators that were not able to carry out the tasks
without force-feedback assistance.
A. Task 1: Left arm teleoperation
The results extracted after performing the first test show that
the haptic assistance improve the performance of Baxter’s left
arm task, i.e. positioning and orientation of the whiteboard. In
fact, as shown in Figure 9(a), the average time spent to carry
out the task T1 went from ∆t = 118.75 ± 29.48 s without
assistance to ∆t = 88.75 ± 33.67 s when using the haptic aid.
A one-way analysis of variance (ANOVA) indicates that the
difference is statistically significant (p = 0.0077).
Regarding the effect of the haptic assistance in the accuracy,
Figure 9(b)-Figure 9(b) show no statistical significance in
the final position, orientation and mean normalized combined
errors, even though the average values are improved in all three
metrics when using force-feedback. Indeed, errors are reduced
around 55 % for the position, 32 % for the orientation, and
40 % for the normalized error.
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Figure 9: Performance metrics in task T1, with haptic assistance OFF and ON: (a) duration, (b) final position error, (c) final
orientation error, (d) mean combined error, (e) maximum linear velocity, (f) maximum angular velocity, (g) maximum linear
jerk, (h) maximum angular jerk. Green dots are mean values, whilst red lines are median values and red crosses are outliers.
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Figure 10: Errors during task T1 performed by two different
users, with force-feedback assistance OFF/ON: position error
(top), orientation error (center) and mean normalized error
(bottom).
The previous results show no statistical significance in the
95% confidence interval (p > 0.05) for the accuracy, but
it is interesting to analyse what happens with the position,
orientation and combined normalized errors over time. Figure 10 shows two examples (task T1 carried out by 2 different
subjects) of these errors over time, making a comparison
between the task performed without and with haptic assistance.
In both cases all three errors drop much more quickly when
the haptic assistance is enabled than when it is not. On the
one hand, the final position error is similar in both cases,
with the haptic feedback OFF/ON. Besides, it can be observed
that the response is smoother and the oscillations are reduced
considerably with force feedback, which was the main goal of
the haptic assistance in the pos control mode. On the other
hand, the final orientation and mean normalized errors are
clearly improved by the use of force feedback. As shown
in Figure 10, for these particular cases, the users were not
able to reduce the orientation error when the haptic assistance
was disabled, so the overall performance was quite poor.
In this sense, the proposed attractive force field assistance
system helps to improve the performance in ori control mode,
enabling users with difficulties to still finish the task.
Among all 22 participants that took part in this study, 4
people were unable to perform the task T1 in time without
assistance, but they could finish in time with the forcefeedback aid. Whilst 2 people could not finish the task at all,
either with assistance or without it, because they were not able

to control remotely the robotic manipulator using the Falcon
haptic device. So, these users were discarded to compute all
metrics related to T1.
Next, some metrics associated with the kinematics of the left
arm’s end-effector are evaluated. Figures 9(e) and 9(f) show
a reduction of the maximum linear and angular velocities of
the tool during the task. The maximum linear velocity went
from an average value of vmax = 0.466 ± 0.196 m/s without
haptic guidance to vmax = 0.349 ± 0.154 m/s with the force
feedback aid. The difference is statistically significant with
p == 0.0429, as shown in Figure 9(e), so the improvement can
be attributed to the haptic assistance. However, the reduction in
the maximum angular velocity is not significant (p = 0.1425),
although the benefits of using haptic assistance can be clearly
observed in Figure 9(f). In fact, the average value of the
maximum angular velocity of all the tests performed was
reduced a 22 %, as it went from ωmax = 1.879 ± 0.951 rad/s
without feedback to ωmax = 1.464 ± 0.794 rad/s with haptic
assistance. Linear and angular jerks are also reduced, as shown
in Figures 9(g) and 9(h), which means that the task can be done
in a safer way, avoiding shakiness with smoother movements.
The mean values of maximum linear and angular jerks are
reduced more than 19 % in both cases.
B. Task 2: Right arm teleoperation
The results extracted from the second test show that the
haptic assistance also improved the performance of the task
carried out by Baxter’s right hand, i.e. wiping the whiteboard
with the eraser. In fact, as shown in Figure 11(a), the average
time spent to carry out the task T2 was reduced around 15 %,
as it went from ∆t = 109.14 ± 37.42 s without assistance to
∆t = 92.33 ± 26.67 s with the haptic aid. An ANOVA analysis
reveals the difference to be at the p = 0.1 significance level.
Regarding the overall area cleaned when performing task
T2, it can be concluded that the haptic feedback helps to
improve the performance, as shown in Figure 11(b). In fact,
the percentage of wiped surface was increased 43 %, going
from S = 62.143 ± 45.32% without assistance to S =
89.286 ± 21.23% when using force feedback. Besides, such
difference is statistically significant p = 0.0172 in the one-way
ANOVA analysis carried out. Furthermore, it should be noted
that among all 21 cases analysed (one subject was discarded
as it was not able to perform any of the tasks), only 1 user
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Figure 13: Alignment between eraser and whiteboard during
tests done by two different users in task T2.
failed to perform the second task with haptic assistance, as the
whiteboard detached from the magnets. Nevertheless, 7 people
were unable to wipe the surface without force-feedback aid,
as they made the whiteboard drop after applying too much
pressure with the eraser.
Figure 11(c) shows that when force-feedback is enabled the
percentage of time in which the applied force is bounded is
27 % higher than without assistance. In fact, this difference is
statistically significant, as p = 0.0046, going from an average
time of bounded force of t%
b = 51.97 ± 18.96 % without haptic
assistance to t%
b = 66.26 ± 10.79 % with force-feedback.
Regarding the applied force and torque, the maximum axial
force Fz applied onto the whiteboard is reduced by the haptic
feedback (with statistical significance of p = 10−4 ), as can
be observed in Figure 11(d). The approximated reduction
of 12.2 N implies approximately 42 % improvement, as
Fmax = 29.09 ± 9.61 N without aid and Fmax = 16.91 ± 9.12
N with haptic assistance. Figures 11(e) and11(f) show the
distributions of the mean force and torque applied to the
whiteboard, without and with force-feedback. In both cases,
the assistance improves the performance as the values are
reduced and the differences are statistically significant. As
shown in Figures 11(g) and 11(h), linear and angular jerks are

also reduced (35 % and 29 %, respectively), which implies
smoother and safer manoeuvres with haptic assistance.
In Figure 12 we show two examples of axial force Fz
applied on the whiteboard while performing task T2. Without
haptic assistance, the eraser has an oscillating behaviour,
breaking more than 10 times the upper and lower bounds. That
is because the user is not able to stabilise the eraser, keeping
contact between it and the whiteboard, while maintaining
the force within bounds. However, with haptic assistance
this extreme and undesired behaviour is minimised and the
performance improved, as the force is in average around
66 ± 10 % of the time within the range Fz ∈ [−5, −15] N
(almost 95 % when 0 > Fz ≥ −15] N, which means there
is contact and the force is upper bounded in magnitude), and
the overall time spent to carry out the wiping task is reduced.
Notice that force limits can be broken as the assistance system
is not designed to guarantee that constraints are not violated,
but to give some haptic and visual feedback to the human
operators, allowing them full control of the task.
Furthermore, not only the applied force is kept bounded, but
also the alignment between eraser’s axial vector and the vector
normal to the whiteboard’s surface. As shown in Figure 13,
the inner product defining the alignment tends to a → −1 as
both vectors are parallel (with opposite directions) when the
eraser is wiping the whiteboard (see frames CSw and CSe in
Figure 2). The rate at which the alignment metric is reduced is
similar with and without assistance. However, as can be seen in
Figure 13, without haptic assistance both tools are misaligned
several times during the test. That undesirable effect is reduced
with the force-feedback enabled, where the alignment is better
and kept within bounds for longer.
VII. C ONCLUSIONS
The experiments carried out in this work show that the
proposed haptic and visual feedback assistance system for
dual-arm robot teleoperation is a valid approach for surface
conditioning tasks. Our results indicate that the haptic assistance based on artificial potential fields used for the left arm
task (holding and positioning the whiteboard) improves the
overall performance, as the duration to complete the task is
shortened and the maximum linear velocity is reduced. This
means that thanks to the haptic guidance the task is performed
in a smoother way, without affecting the time spent to finish
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the task. Besides, the results showed that final position and
orientation errors tend to be lower with haptic aid, although
we could not observe statistical significance. However, this
result was expected somehow, as the assistance system was not
designed to improve the final accuracy, but to help specially
in the approach manoeuvres. Perhaps, complementing the
haptic aid proposed in this paper with some other assistance
algorithm reducing the final position and orientation errors
would be a good solution to improve the overall performance.
This enhancement is left as further research.
Regarding the right arm task (controlling the eraser to wipe
the whiteboard’s surface), the results obtained indicate that
the haptic teleoperation with force-feedback helps to reduce
the average duration of the task more than 15 %, as well
as gives the operator more control over the applied pressure,
reducing the mean and maximum values of force and torque.
The proposed haptic assistance system also helps users to
keep the force within bounds 27 % longer, maximising the
surface in contact by keeping both tools (whiteboard and
eraser) aligned. Again, the results were expected, because
the assistance system in this particular case was designed to
improve the accuracy of manoeuvres and the overall performance, but not to speed up the process (although this is an
indirect consequence).
As further improvements in the visual feedback, we intend
to encode the same information used for the teleoperation
proposed in this work (position/orientation error, pressure,
alignment, etc.). For instance, a potential force field could be
used to accomplish the desired task (move the whiteboard to
the desired pose, or keep the contact between eraser and whiteboard). Another approach would be encode the information in
a colour-based representation so that human operators do not
need to stare at different regions of the GUI. Some audio
feedback could also be used to help perform the task, as this
is a different input modality introducing fewer distractions.
We aim to use the proposed dual-arm teleoperation architecture as a tool for teaching the robot how to do certain tasks,
so that it can learn by demonstration the underlying principles
of the task itself. In this sense, as further work we intend to
develop a shared-control architecture, in which the user would
move the whiteboard and eraser around freely, introducing a
haptic force control based on impedance/admittance control
for the Falcon device, until the system detects a contact
between both surfaces, the tool and any object in the remote
world. Then, a low-level controller, similar to the one implemented in [30], would take control of the applied force,
guaranteeing that certain constraints are not violated.
Finally, we also plan to use motion capture systems for
teleoperation. This would allow us to verify whether the
overall performance can be improved in some way, for instance
by making user’s movements more intuitive, bringing the
teleoperation closer to the real human-like task. Maybe a
combination of haptic feedback and motion capture devices
would have an impact in the accuracy and duration to perform
dual-arm remote control tasks, specially when both robotic
manipulators are intended to be controlled simultaneously.
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