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Abstract It is a challenging task for operators to program
a remote robot for welding manipulation depending only
on the visual information from the remote site. This paper
proposes an intuitive user interface for programming
welding robots remotely using augmented reality (AR)
with haptic feedback. The proposed system uses a depth
camera to reconstruct the surfaces of workpieces. A haptic
input device is used to allow users to define welding paths
along these surfaces. An AR user interface is developed to
allow users to visualize and adjust the orientation of the
welding torch. Compared with the traditional robotic
welding path programming methods which rely on prior
CAD models or contact between the robot end-effector and
the workpiece, this proposed approach allows for fast and
intuitive remote robotic welding path programming with-
out prior knowledge of CAD models of the workpieces.
The experimental results show that the proposed approach
is a user-friendly interface and can assist users in obtaining
an accurate welding path.
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1 Introduction

Teleoperation systems are required to operate remote
robotic tasks in hazardous or uninhabitable environments,
such as nuclear facilities, underwater environment and
outer space. Teleoperation systems are typically based on
bilateral control, whereby motion from an operator is
directly transmitted to a remote robot and forces experi-
enced by the remote robot are transmitted to the operator.
For telerobotic applications, such as assembly or pick-and-
place, the simple bilateral control can be acceptable as the
task can be repeated. However, a welding operation is
irreversible once it has been executed. Defining welding
tasks is challenging due to the stringent requirements in
defining robotic task parameters, such as welding torch
position, orientation and speed. Many robotic welding tasks
are programmed on-site, where the pose of the welding
torch can be verified and adjusted by the operator. Robotic
welding can also be programmed offline with CAD models
of the workpieces. However, in the programming of a
remote robot for welding, the operator cannot verify the
welding torch poses and would need to rely on video and
other information transmitted from the remote site to define
the welding paths. Therefore, the research in this paper
addresses two challenges, namely:

(i) Intuitive definition of welding paths and poses
remotely, and

(ii)) Remote welding in unstructured environments
where knowledge of the robot workspace is not
available.

This paper presents a user-friendly and intuitive robot
programming interface for remote robotic welding tasks.
Challenge #1 is addressed through the development of an
augmented reality (AR) interface that is combined with
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haptic feedback. The haptic feedback allows users to per-
ceive the surfaces of the workpieces at remote location so
as to guide the users in defining welding paths along a
workpiece surface. The AR user interface overlays a virtual
robot on the real robot in the camera view of the remote
workspace, thus allowing a user to visualize and adjust the
end-effector pose, as well as validate the reachability of the
user-defined welding paths. Challenge #2 is addressed
using a point cloud data set that is acquired using a depth
sensor to reconstruct implicit surfaces that represent the
surfaces of workpieces. The welding task is first planned
and simulated using a virtual robot via the AR interface
before the task is executed using the real robot. The
welding paths generated by the system are intended to be
further processed by welding seam trackers at the actual
robot workspace to accurately locate the welding seams on
the workpieces. Seam tracking is achieved using optical
sensors, such as laser scanners, to locate the differences in
the height of a workpiece surface so as to define an edge for
welding. However, a path along the welding seam must
still be defined in order that the sensors can scan and locate
the seam. Therefore, the proposed system is designed to
define paths at a distance offset from the surface of a
workpiece to allow the trackers to scan the welding seam
and prevent the welding torch from colliding with the
workpiece.

Overall, the main contributions of this paper are as
follows:

(i) To propose a novel prototype of haptic and visual
augmented reality interface for welding robot
programming.

(i) To implement a welding path definition method
based on the point cloud data of unknown
workpieces.

The remaining of the paper is organised as follows. A
discussion on the related work in remote welding robot
programming is presented in Sect. 2. Section 3 presents a
description of the AR user interface, followed by the
development of the haptic input method for welding task
definition in Sect. 4. Lastly, an evaluation of the prototype
system is presented in Sect. 5.

2 Related work

In the area of manufacturing, the visual, haptic, audio
feedbacks are often adopted to enhance information per-
ception of users. Visual feedback is widely used to realize
an immersive and accurate man-machine interface for the
users. In Ref. [1], a product design method using the virtual
reality (VR) technology for complex human-product
interactions is proposed. Mavrikios et al. [2] investigated
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the use of VR-based methods to support human-integrated
simulation for manual welding processes. The interface
enables the user to set up, execute and validate the results
of a welding process [2]. AR is an enhancement of VR. By
augmenting the physical environment with virtual objects,
AR further enhances information perception and situational
awareness, giving the users a live view of the manufac-
turing environment. AR has been applied in many areas in
manufacturing, including assembly and human-robot
interaction [3-5].

Haptic feedback is usually applied in robot teleoperation
systems because of the lack of situational awareness of the
remote environment where the robot operates. It is usually
employed for human telepresence reconstruction, i.e.,
imbuing remote users with the haptic sensation of the
physical properties of remote objects, such as the texture,
roughness, etc. [6—8]. Another application of haptic feed-
back is the provision of augmented information that can be
used to guide users in performing specific tasks. In
Rosenberg’s work [9], virtual fixtures are overlaid on a
workspace as guiding forces that are transmitted to a
remote operator via haptic feedback. This approach has
since been adopted in robotic surgery [10], micro-scale
teleoperation systems [11], maintenance [12] and assembly
[13]. Haptic feedback, as an additional perception channel
to visual feedback, can provide users with a better spatial
understanding of the surfaces and edges of a workpiece.
Wang et al. [14] proposed a haptic arc welding training
method based on VR and haptic guidance which provides
force feedback to a welder to show the proper force/posi-
tion relation within pre-defined trajectories for attaining
hand-mind-eye coordination skills in a virtual environment.
However, this system is only suitable for a pre-defined
welding environment where the welding path needs to be
preset.

In robotic welding, the objective is to define a path for
the end-effector so that it follows the topology of a surface
at a constant distance from the surface, known as the tip-to-
work distance, and with a specific end-effector orientation.
Nichol and Manic [15] developed a haptic interface for
teleoperating a remote arc welding robot, using force
sensors installed on the end-effector to transmit forces
encountered at the end-effector to the users of the haptic
interface. The limitation of this system is that it relies on
contact between the end-effector and the workpiece for
users to follow the surface with haptic feedback. Reddy and
Reddy [16] developed a visual and haptic interface for
teleoperating a remote welding robot, where a camera is
used to give users a view of the remote environment and an
ultrasonic sensor is used to determine the distance between
the workpiece and the end-effector. In this system, haptic
feedback is provided to users via vibration motors that are
embedded in a glove. Thus, a user has to maintain his hand
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steadily at a fixed offset from the welding surface. For
highly curved surfaces, this approach will not result in
smooth paths. For remote robot welding, it is a challenge to
program the motion and end-effector orientation of the
robot to carry out precise tasks such as welding. It is
important to have an accurate representation of the
geometry of the workpiece as it is not possible for the user
to have physical access to it. Thus, in contrast with the
reported works presented in this section, this research
proposes a system where the haptic perception channel is
combined with AR. With AR instead of VR, the user is
provided with a better situational awareness of the remote
environment, while the addition of the haptic channel
provides the user with a good spatial understanding of the
workpiece so that welding paths may be defined more
accurately. In addition, this research accounts for dynamic
remote environments by utilizing 3D point cloud data
obtained from a depth camera at the remote environment in
order to generate haptic guidance along the surface of the
workpiece without prior knowledge of the workpiece.

In this research, an AR interface has been developed
where a virtual robot simulates the motion of the real robot.
The virtual robot is overlaid on the real robot in the view of
the real robot workspace. Therefore, users are able to
validate the motion of the virtual robot to ensure that the
welding task can be executed safely and properly before
transferring the task to a real robot. Meanwhile, a haptic
interface based on the PHANToM device is used to control
the virtual robot and generate haptic feedback that is
applied as a guiding fixture for users to control a virtual
welding robot to define welding paths at a fixed distance
offset from a workpiece surface. The haptic force is cal-
culated based on an implicit surface simulation method.
Assisted with the proposed system, users can realize
welding robot programming remotely for an unknown
environment.

3 System overview

The proposed system consists of the users, the AR inter-
face, visual sensors including a PC camera and a Kinect
sensor. The AR interface is composed of two main modules
including the visual augmented reality interface and the
haptic interface. The visual augmented reality interface
provides an AR display for simulating the motion of the
real robot which consists of a virtual robot and the remote
video real time captured using a PC camera. Meanwhile,
users can control the virtual robot using the haptic inter-
face. When the virtual robot is near the workpiece, a rel-
ative distance is estimated based on the position
relationship between the virtual robot end-effector and the
point cloud from the Kinect sensor. Thus, the force

feedback can help users maintain a constant distance from
a workpiece surface.

The detailed dataflow is shown in Fig. 1. When the user
controls the virtual robot with the visual and haptic indi-
cations, if the position is a suitable welding candidate
point, the virtual robot end-effector position and orientation
are recorded on a text document by pressing the button on
the PHANToM device. Then the recorded welding candi-
date point will be fitted as a curve for programming the real
welding robot.

4 Visual augmented reality interface

An AR interface has been developed for the simulation of
the motion of a welding robot during a welding process.
The virtual robot is controlled using a PHANToM device.
The pose of the end-effector of the virtual robot is set
according to the pose of the end-effector of the PHANToM
device (see Fig. 2a). In the AR scene which is a view of the
remote workspace, the virtual welding robot is overlaid on
the real robot (see Fig. 2b). This allows users to set the
angle of the welding torch with respect to the workpiece
visually, so as to ensure that the welding path is reachable
and collision-free.

The movement of the PHANToM device will be
reflected by the movement of the virtual robot. An inverse
kinematics solver [17] is used to compute a valid joint
configuration of the virtual robot based on the pose of the
PHANToM end-effector, so as to simulate the movement
of the virtual robot. The joint configuration is used to set
the joint angles of the virtual robot model, so that the
configuration of the virtual robot would be the same as the
configuration of the real robot as the real robot reaches a
point along a welding path. The joint angles of the virtual
robot are updated in real time as the user moves the
PHANToM device.

5 Haptic interface

The PHANToM device is used to move the virtual robot
along a surface of a workpiece without the need for a prior
CAD model of the workpiece. The position of the end-
effector of the PHANToM device is mapped to the robot
workspace as a haptic interaction point (HIP). Thus, the
virtual robot end-effector trails the HIP as the HIP is
moved by the PHANToM. A point cloud of the robot
workspace is acquired using a Kinect sensor, and the sur-
faces of objects near the HIP are reconstructed as implicit
surfaces from the local point cloud data [18]. When the
HIP is near a workpiece, the virtual robot end-effector is
prevented from penetrating an isosurface, which is a virtual
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Fig. 2 a Input and display device of the proposed system, and b the
augmented reality interface
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by limiting the position of the virtual robot end-effector to
a constant distance from the workpiece surface.

5.1 Implicit surface method

The method for creating implicit surfaces from point
clouds is based on Ref. [18]. An implicit surface near the
HIP is estimated based on the weighted contributions of the
points in the range of a R-radius sphere at the position of
the HIP. R is a pre-set radius that defines a sphere around
the position of the HIP. Equation (1) is the weighting
function applied in the proposed system, where d(p) rep-
resents the distance between the virtual robot end-effector
and the local points p that are obtained from the Kinect
sensor in a R-radius sphere region.

d(p) <R,

d(p) > R.

isosurface. This mechanism is used to implicitly guide a
user to maintain a constant distance from a workpiece
surface as the user defines a welding path on the workpiece
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With the weighted contribution of each point, the center
and normal vector of the implicit surface can be calculated.
The center of the point cloud points p in the range of the R-
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radius sphere is defined as ¢, and the normal vector is
defined as n, in Eqgs. (2) and (3) respectively. Thus, the
local implicit surface can be calculated using Egs. (2) and

3.
_ Zi W (pi)pi
‘- Zi W(Pt’) ’ (2)
n— > iWpi)(e—pi)
YiWpi)(e—pi)’

where p; is one of the points p, and e is the position of the
virtual robot end-effector.

With the estimated center and normal vector, the local
implicit surface is described as Eq. (4), where P is a point
on the surface.

S=n"(P—c). (4)

(3)

5.2 Haptic force feedback for surface offset

As shown in Fig. 3, the black point indicates the position of
the HIP and the other points are part of the point cloud
acquired by the Kinect sensor in the range of the R-radius
sphere. The position of the HIP is controlled by the user
through the PHANToM device. When the HIP is near a
point cloud, shown as purple points, the local implicit
surface of the point cloud near the HIP is estimated using
the implicit surface method (blue plane in Fig. 3), and the
relative isosurface is estimated (green plane in Fig. 3). The
virtual robot end-effector, shown as a yellow point in
Fig. 3, is constrained to be above the isosurface.

To guide users along a workpiece at an offset distance D
from a workpiece surface, an isosurface is defined D away
from the local implicit surface. This is achieved by setting
the value of S in Eq. (4) to the value of D. The haptic force
feedback that prevents the virtual robot end-effector from
penetrating the isosurface is applied using the spring-
damper model as

f=k(e—h)+bv. (5)

Virtual robot
end-effector

Fig. 3 Estimation of an isosurface based on point cloud data

In Eq. (5), k is the spring parameter; b is the damping
parameter; h is the position of the PHANToM end-effector;
e is the position of the virtual robot end-effector; v is the
velocity of the HIP, and f is the force vector to be applied
as haptic feedback.

Figure 4 illustrates a simulated relationship among the
haptic force feedback (red line), the distance between the
HIP and the workpiece surface (blue line), and the distance
between the virtual robot end-effector and the workpiece
surface (green line). In Fig. 4, the values of D and R are
0.02 m. When there are no points in the R-radius sphere, no
haptic force feedback is applied, which means that there
are no suitable points for defining a welding path. When
the HIP is brought closer to the workpiece surface such that
the distance is less than D, an isosurface is estimated based
on Eq. (4). The virtual robot end-effector is kept on the
isosurface and a haptic feedback is calculated based on
Eq. (5) to indicate that the desired offset from the surface
of the workpiece has been reached.

6 Validation of the haptic and visual augmented
reality interfaces

To validate the proposed approach, a prototype of the
system has been developed (see Fig. 5). The robot work-
space is captured using a PC camera to compose the AR
scene, while a Kinect sensor is used to capture the 3D point
cloud data of the workpiece. A coordinate registration must
be obtained between the PC camera, Kinect sensor, and
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Fig. 4 Haptic force feedback profile as the desired offset distance
from the surface D
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Fig. 5 Prototype implementation of the remote robot workspace

real robot in order to overlay the virtual robot on the real
robot and represent the point cloud data of workpieces with
respect to the coordinate system of the real robot. This is
achieved by placing a fiducial marker in the physical
workspace of the real robot. The coordinate transformation
between the real robot and the fiducial marker can be
obtained by moving the real robot end-effector to the
corners of the marker so as to obtain the coordinates of the
corners of the marker with respect to the real robot; thus,
the transformation matrix between the robot and the marker
can be obtained. The PC camera and Kinect sensor can be
registered to the fiducial marker using a marker tracking
algorithm [19] to obtain their respective transformation
matrices from the fiducial marker in real time.

The system prototype was tested by ten users with no
background in welding or robot programming. Before the
test, the users were allowed to be familiarized with the
visual AR and haptic interfaces and the haptic sensations
through several trials. During the test, the users were asked
to carry out two robotic welding programming tasks,
namely, one straight path and one curved path, as shown in
Fig. 5. The users would need to record the welding can-
didate points.

For each task, the users were asked to use the PHAN-
ToM device to define the candidate welding points. In
order to evaluate the proposed haptic and visual interaction
interface, two experiments were carried out. Experiment A
was designed to define the welding path with the assistance
of haptic force feedback, while experiment B was designed
without the haptic force feedback. In experiment A, the
distance D was set to 10 mm. In the experiments, users
click a button on the PHANToM device to choose the
candidate welding points as they move the virtual robot.
During the tests, the candidate welding points defined by
the users are recorded. The use of the system is shown in
Fig. 6.

The candidate welding points are plotted in 3D using
Matlab and overlaid on the point cloud data. The candidate
points in experiment B are drawn, as shown in Fig. 7, and it
can be observed that tasks are fulfilled pretty well.
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Fig. 6 Visual AR and haptic interface during the user study
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Fig. 7 Candidate points in experiment B

For detailed analysis of the accuracy of path definition
in the two experiments, Fig. 8 shows the average deviation
of the paths defined by the users from the actual welding
path. The actual welding paths were obtained accurately by
moving the real robot end-effector to points on the path and
recording the point coordinates from the robot controller. It
can be observed that welding paths can be defined more
accurately with haptic feedback. With haptic feedback, the
error in the user-defined welding paths from the actual
paths in each coordinate axis is within £15 mm.

A subjective evaluation of the interface was conducted
through collecting user feedback after the tests. Most users
reported that the system is easy and user-friendly and felt
confident in their ability to define welding paths using the
system. This is because the AR interface allows the users to
visualize the robot in the remote environment, and to
visually validate that the welding task is reachable and can
be executed safely without collisions. Without haptic
feedback, users reported a loss of confidence in having to
locate the workpiece surface, and record the welding path
points accurately. A few users suggested developing visual
aids to assist in gauging the angle between the welding
torch and the workpiece surface.

The test and validation of the system was conducted
with ten users, which is a relatively small sample size.
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Fig. 8 Average deviation of user-defined paths from the actual
welding paths

However, the experimental results show that the haptic and
visual interface greatly improves the welding path defini-
tion accuracy compared to a purely visual interface. Fur-
thermore, the subjective evaluation shows that the haptic
and visual aspects of the system enhances the user expe-
rience in remote robot welding path definition, even for
lay-users who have no background in robot programming.
Therefore, the system shows promising potential in its
application in intuitive remote robot welding programming.

7 Conclusions and future work

A novel method that integrates a haptic input device with
an AR interface for programming robot welding tasks in
unstructured and dynamic welding environment where the
3D models of workpieces are not known has been devel-
oped and implemented in this research. In the prototype
system, haptic feedback is used to guide a user in con-
trolling a PHANToM haptic input device to follow the
surface of a workpiece; a virtual robot is overlaid on a view
of the real robot workcell to allow users to visualize and
adjust the pose of the end-effector of the virtual robot. This
proposed approach aids a user to follow the topology of a
surface of a workpiece at a specific welding torch orien-
tation with respect to the workpiece when he performs
robotic welding programming.

A pilot study shows that the approach is user-friendly,
and the deviations of user-defined paths from the actual
welding path are within £15 mm. As seam tracking sen-
sors can typically scan within an area of £15 mm or
420 mm, the study indicates that the user-defined paths are
suitable for further processing using seam tracking sensors
to achieve actual welding paths. The authors aim to
improve the accuracy by investigating alternative point
cloud acquisition methods and using more precise methods
to calibrate the registration between the depth sensor and
the real robot.
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