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ABSTRACT Industrial robotics is a continuously developing area of in-depth robotics research, as industrial
robots have demonstrated to possess advantages in the robotic automation solutions in the industrial
automation applications. In this paper, a novel automatic seam bead grinding robot manipulator with the
integration of machining and measuring is proposed and an experimentation platform is developed for the
robotic removal of the seam weld beads at welded pipe ends. Also, a robotic grinding motion planning
methodology, which consists of a robotic operation process motion planning approach and a robotic seam
bead grinding method, is presented for the appropriate motion planning and applications of the operational
processes. Furthermore, the effectiveness of the robotic grinding motion planning methodology and the
superiorly operational manipulation performance of the proposed robot manipulator are verified through
a robotic grinding experiment for the removal of external seam weld beads at a helical welded pipe end.

INDEX TERMS Industrial robotics, grinding robot manipulator, motion planning, seam bead grinding,
welded pipe end.

I. INTRODUCTION
Industrial robotics is an area of in-depth robotics research
with advanced technology for the variety of industrial
automation applications that attracts considerable attention
in recent years [1]–[6]. Although the development and appli-
cation of industrial robots are confined, to a certain extent,
to the field of advanced manufacturing due to the lack
of stiffness and only withstanding relatively low cutting
force of an industrial robot compared to a numerical con-
trol machine, the industrial robot, as a commonly avail-
able and cost-effective choice, exhibits its own advantages
and potentials especially in some applications that require
high dexterity adjustment and manipulation performance,
large working space, large-sized complex shaped parts and/or
operational machining in a wide range. Therefore, industrial
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robots are extensively invented and introduced into factories
for robotic grinding and machining and other applications
such as materials handling, spot welding, spray automation
and parts assembly. Such robotic automation frees human
operators from tedious and tiring labor and such industries
rapidly retool their manufacturing lines into robot-integrated
systems. Also, these industries make a wide range of manu-
facturing processes simpler, more functional, intelligent and
programmable by offering a real gain of flexibility, scala-
bility, portability, modularity, and access for machining on
production lines, and they are feasible alternative solutions
for high productivity, quality, and adaptability at minimal
cost. Consequently, industrial robotics has exerted an evolu-
tionary impact on the design and operation of manufacturing
processes [7]–[15].

In the welded steel line pipe manufacturing, the removal of
seamweld beads at helical or longitudinal welded pipe ends is
an important process in the industrial welded pipe fabrication,
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whose grinding accuracy and quality conformity may exert a
crucial influence on the finish requirements of pipe ends and
the pressure performance of line pipe couplings. The fabri-
cated welded line pipe aims at the dependable transmission
of oil, gas, water and other liquefied media to any type of
collection and distribution point.

Currently, the seam weld beads at welded line pipe ends
is often removed manually with safety and health risks,
or by a belt grinder directly equipped with an industrial
robot arm without any other operational motion parts. As a
result, the removal quality and accuracy will be unavoid-
ably suffered from adverse effects, due to a low level of
the factual accuracy and consistency of the manual removal
or the defective nature of the industrial robot arm, such as
the weakened structural rigidity of the cantilever-beam-like
extended industrial robot arm when it is reaching a far end
of the working space, and the small safety margins between
industrial robot arm and line pipe resulting from its diffi-
culties in both obstacle avoidance adjustment and grinding
orientation adjustment.

However, only a few robot manipulators or robotic
machine tools are purposely designed for the removal of seam
weld beads of helical welded line pipe ends with automatic
processing for the last several years. As a result, the line
pipe products manufacturing quality and pipe fabrication
efficiency are subject to various constraints and restrictions.
Overtime, the demand for robot manipulators dedicated to
above mentioned applications has been growing.

Motivated by above reason, a novel automatic seam bead
grinding robot manipulator with the integration of machin-
ing and measuring, and a robotic grinding motion plan-
ning methodology consisting of a robotic operation process
motion planning approach and a robotic seam bead grinding
method, are proposed for the removal of seam weld beads at
pipe ends. Also, an experimentation platform is developed.
The main contributions of this paper are given as follows:

(1) The structure design of the robot manipulator and the
developed experimentation platform are proposed for the
automatic removal of seam weld beads at pipe ends and the
weld seam profile measurement.

(2) A robotic operation process motion planning approach
is proposed for the operational processes of the automatic
removal of seam weld beads at pipe ends.

(3) A robotic seam bead grinding method is proposed for
the complete removal of the helical seam weld beads at pipe
ends with the proposed robot manipulator.

(4) A seamweld beads removal experiment is conducted on
the developed experimentation platform, that demonstrates
the grinding performance of the proposed robot manipula-
tor and the effectiveness of the proposed robotic operation
process motion planning approach and the proposed robotic
seam bead grinding method.

The rest of this paper is organized as follows. Related
works are introduced in Section II. The structure and the
experimentation platform of the proposed robot manipulator
is described in Section III. Forward and inverse kinematics

are solved in Section IV. The designed control system of
the proposed robot manipulator is presented in Section V.
A robotic seam bead grinding method and a robotic oper-
ation process motion planning approach are proposed for
robotic weld beads removal in Sections VI and VII, respec-
tively. A robotic grinding experiment for the external seam
weld beads of a helical welded line pipe is conducted in
Section VII. Finally, the conclusion and some future work are
given in Section IX.

II. RELATED WORKS
In this section, some related works on robot manipulators or
robotic machine tools for robotic grinding applications and
the related motion planning are introduced.

Several recent studies were concentrated on robot manip-
ulators or robotic machine tools for robotic grinding appli-
cations. A wheel-type in-pipe grinding robot, consisting of
a moving structure, a positioning structure, and a grind-
ing structure, was designed to grind girth weld beads for
the circular boiler header on the inner walls of pipes [16].
An automatic portable three-axis orbital milling system was
designed for removal of degraded dissimilar metal welds in
piping systems of the nuclear power plants and preparation
of the weld grooves of prescribed geometry for the repair
welding [17]. A multi-sensor belt grinding experimentation
setup was developed for the automatic endpoint detection
and process parameters analysis of the weld seam removal
in a robotic abrasive belt grinding process with the help
of a vision system [18]–[21]. A rail-grinding car with an
open-structured abrasive belt [22] and a other rail grinding
device with a closed abrasive belt [23], both including four
individual grinding units, were designed for the rail corruga-
tion grinding of high-speed railways. A self-developed belt
grinding machine was presented for the robotic abrasive belt
grinding of aero-engine blades in the finishing process [24].
An abrasive belt grinding apparatus for the rail grinding was
designed, and also the wear mechanisms of abrasive belts in
the steel grinding process [25], the influencing mechanism of
the rubber wheel on contact pressure andmetal removal of the
corrugated rail [26] and the effects of the contact pressure and
the grinding performance [27] were investigated. An exper-
imentation setup of robotic abrasive belt grinding was pre-
sented and a robotic abrasive belt grinding of titanium alloy
test workpiece considering the effects of cut-in and cut-off
was conducted [28]. A robotic belt grinding experimentation
platform was proposed, and a plane grinding experiment and
a spline curve contour workpiece surface grinding experiment
were carried out [29]. A robotic belt grinding system and a
sound-based grinding belt condition monitoring method were
presented, and the robotic belt grinding experiments were
conducted [30].

Also, several works were concentrated on computer
numerical control (CNC) or numerical control (NC) grind-
ing machine tools for grinding tasks. A seven-axes and
six-linkage adaptive abrasive belt grinding machine tool
was developed and belt grinding experiments of the pure
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industrial iron specimens were carried out [31], and also,
the physical model for the blisk-blade abrasive belt grind-
ing was built and the grinding vibration mechanism and
process parameter optimization for the blisk-blade abrasive
belt grinding were investigated [32]. A grinding machine
tool was designed and the abrasive belt grinding experiment
for blisk specimens was conducted in a thirteen axes com-
puter numerical control abrasive belt grinding machine [33].
A belt grinding mechanism was proposed and several grind-
ing experiments for an aero-engine fan blade were carried out
on a five-axis belt grinding machine with flexible grinding
mechanism [34]. A five-axis belt grinding machine with inte-
grated functions of measuring and machining was developed,
whichwasmainly composed of gantry structure, belt grinding
equipment, measuring devices, rotary table and fixtures, and
some belt grinding examples were carried out [35]. A kind
of six-axis belt grinding machine tools used for grinding the
surface of aero engine blades was presented [36].

There are certain constraints of these reported research
works in terms of the robot manipulator or the machine tool
for the robotic grinding application. Some of the motion
planning of these robot manipulators or robotic machine
tools for the workpiece grinding via the robotic abrasive belt
grinding depends mainly on the used industrial robot arm,
due to the belt grinder equipped only with the end-effector
of the industrial robot arm [18]–[21], or the end-effector
of the industrial robot arm directly griped the workpiece to
take grinding [24], [28]–[30]. Also, the grinding device is
designed for the rail corrugation grinding along the longitu-
dinal rail top and it is only suitable for the grinding without
operational orientation adjustment [22], [23]. The grinding
apparatus is presented only for the experimentation investi-
gation of the influencing mechanism and the grinding perfor-
mance of the rail material [25]–[27]. The grinding robot is
only suitable for grinding girth weld beads on the inner walls
of pipes [16], [17]. Moreover, a relatively small accessible
workspace of the machine tool can be reached to accomplish
grinding tasks [31]–[36].

The motion planning of robotic grinding, detecting seam
weld beads or robotic welding were investigated by several
recent works. The grinding motion for the robotic grind-
ing and measuring was discussed for the automatic manu-
facturing process of blade edges [37]. A motion planning
algorithmwas proposed for the collision-free robot belt grind-
ing through adjusting the machining frame on the belt to
implement axial translation along the belt and tangent rota-
tion [38]. The motion planning for dual robots is investi-
gated for the autonomous robotic grinding of intersecting
curves [39]. A task-constrained motion planning method was
presented for an aerial manipulator to perform non-trivial
physical interaction tasks, and detecting and mapping the
seam weld beads of the longitudinal welded pipe were
demonstrated [40]. An offline motion planning algorithm
by considering welding angular redundancy was proposed,
which implemented a collision-free motion for the robot
welding process by sampling the redundant angular space

and considering the position constraints [41]. A motion plan-
ning method was proposed to deal with the problem of
completing fillet seam welding while turning around the
right angle seam simultaneously and provide a reliable the-
oretical basis for complex all-position welding operations
for an all position autonomous welding mobile robot [42].
And a motion planning approach was presented to optimize
the obstacle-crossing and the welding model for this robot
vehicle and several experiments explained the feasibility
of the obstacle-crossing and the continuity of the welding
seam [43]. Also, a broken line motion planning was dis-
cussed to achieve optimal co-ordination between the respec-
tive movement of this robot vehicle and the torch, and optimal
control of the mechanical joints and spatial position for bro-
ken line welding seams [44].

Only a few robot manipulators or robotic machine tools
and their corresponding motion planning were intentionally
developed for the automatic seam weld bead grinding at
welded steel line pipe ends, which is the main concern of our
work. For this purpose, a novel automatic seam bead grinding
robot manipulator and a robotic grinding motion planning
methodology are specifically investigated, which aim at the
removal of seam weld beads of helical welded line pipe ends
in automatic processing.

FIGURE 1. Proposed automatic seam bead grinding robot manipulator.

III. STRUCTURE DESCRIPTION AND
EXPERIMENTATION PLATFORM
In this section, an automatic seam bead grinding robot manip-
ulator, which integrates machining and measuring, is pro-
posed for the removal of the external and internal seam weld
beads (helical or longitudinal welded pipe) at submerged arc
welded (SAW) steel line pipe ends. This robot manipulator
is an eight-degree-of-freedom (eight-DOF) redundant robot
manipulator, and its configuration is 2T6R (here, abbreviated
T and R represent the translational motion type and the
rotational motion type, respectively; and their joint config-
urations are the helical joint type (i.e., a ball screw assem-
bly which converts rotary motion to linear motion) and
the revolute joint type, respectively). The overall structure
of this novel robot manipulator is showed in Fig. 1. The
robot manipulator consists of a two-degree-of-freedom (two-
DOF) linear motion component (2T) (as shown in Fig. 2)
and a six-degree-of-freedom (six-DOF) industrial robot (6R).
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FIGURE 2. Two-DOF linear motion component of proposed robot
manipulator.

FIGURE 3. Experimentation platform. (a) Overall platform. (b) and
(c) two-DOF linear motion component.

The experimentation platform of the robot manipulator is
showed in Fig. 3.

The proposed robot manipulator can perform three nec-
essary motions in a decoupled way in the removal pro-
cess of seam weld beads, i.e., the axial linear motion (J1),
the normal linearmotion (J2), and the circumferential rotation
motion (J3), as shown in Fig. 1 and Fig. 2. The directions of
these decoupled motions are defined as the axial direction J1
(parallel to the longitudinal axis of the pipe), the normal direc-
tion J2 (orthogonal to the axial direction and perpendicular
to the surface of the pipe) and the circumferential direction
J3 (along the transverse axis of the pipe), respectively. The
motion J1 and J2 of this two-DOF linear motion component

are decoupled from each other. The six-DOF industrial robot
is used to execute the circumferential rotation motion J3
and adjust the orientation. It is later called the one-degree-
of-freedom (one-DOF) rotation motion component in the rest
of the paper.

The proposed robot manipulator is dually driven by the
two-DOF linear motion component and the one-DOF rota-
tion motion component. The two-DOF linear motion com-
ponent consists of two sets of ball screws and two pairs
of guideway-slider subsystem respectively connected to the
rotary DC servo motor M1 and M2 that produce the motion
J1 and J2. The one-DOF rotation motion component is driven
by a commercially available six-DOF industrial robot that
performs the motion J3 and adjusts the orientation.

The two-DOF linear motion component is sensor-
equipped, including a high-precision three-dimensional
(3D) laser-line profile scanner and a grinding unit con-
nected the normal guideway-slider subsystem, which are used
as the visual device offering 3D precision measurement and
the operational tool making robotic abrasive belt grinding,
respectively. Also, the two-DOF linear motion component
includes a grating sensor and a magnetic scale sensor, which
are used to implement the motion position feedback in axial
and normal direction, respectively. The grinding unit includes
a high-speed triangular belt (the abrasive grit is 36 mesh)
actuated by an alternating-current (AC) servomotorMt and a
cylinder to achieve the weld beads removal with a controlled
constant pressure.

The required motions of proposed robot manipulator,
i.e., J1, J2 and J3, can be planned separately in a decou-
pled way. That is, the one-DOF rotation motion component
achieves the requirements of large workspace and orienta-
tion adjustments, and the two-DOF linear motion component
realizes the final fine-tuning of the positioning to achieve the
high-precision removal of seam weld bead. In addition, the
decoupling of the motion planning allows the manipulator to
automatically adapt to the out-of-roundness of pipe and the
different pipe diameters.

Benefited from the effective dual drive and motion-
decoupled mechanical design, the proposed robot manipu-
lator overcomes the limitations of conventional positioning
system, and satisfies the requirements of large travel range,
high speed and high accuracy at the same time. Moreover,
the weld beads at pipe ends can be removed completely with-
out causing mechanical damage to the steel pipe substrate.
The amount of removal can be adjusted in real time according
to the obtained actual seam weld bead profiles. Also, the
removal height and residual height of weld beads are provided
automatically by the visual precision measurement.

The other main mechanical structure features of the
proposed robot manipulator includes: (a) adoption of a
high-precision 3D profile scanner (which uses the laser line
triangulation principle) offering 3D precision measurement
to automatically track and detect spatial seam weld bead
positions, search for weld bead feature points, conduct 3D
reconstruction and carry out the residual height measurement
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after the removal of seam weld beads (helical or longitu-
dinal welded pipe) at SAW steel pipe ends; (b) a grinding
unit including a high-speed triangular belt and a cylinder
is mounted to automatically perform robotic abrasive belt
grinding for weld beads removal with a controlled constant
pressure; (c) an axial ball–screw-based linear drive with a
grating sensor, and a normal ball–screw-based linear drive
with a magnetic scale sensor, are used to achieve the position
servo closed-loop motion control in both the axial and nor-
mal direction motions; (d) a commercially available six-DOF
industrial robot (i.e., the so-called one-DOF rotation motion
component) is adopted for the uniform motion control in J3;
(e) a long straight rail component with gantry mechanism
characteristic features is applied in the axial and normal
motions, respectively, which enhances the rigidity of the
grinding unit and transfers the majority of the gravity and
the grinding force from the grinding unit to the base frame-
work of the two-DOF linear motion component; (f) the robot
manipulator has the automatic adjustment adaptability for
the roundness differences between the steel pipes, moreover,
it has the applicability for the automatic removal of weld
beads for different SAW steel pipe ends with manufacturer
outer diameter ranging from 508mm to 1620mm. As a result,
the proposed robot manipulator offers good performance in
removal and measurement of the external and internal seam
weld beads at SAW steel pipe ends (especially the helical
welded pipe ends).

Compared with a general serial 6R industrial robot directly
installing a high-speed triangular belt grinding device with
only a rotary motion of the abrasive belt, the proposed
robot manipulator offers the following particular advantages:
(a) the proposed robot manipulator is an eight-DOF redun-
dant robot manipulator with redundant kinematic degrees of
freedom of the decoupled two-DOF linear motion compo-
nent; and this kinematic redundancy not only provides the
greater convenience for the motion planning and decoupling
control of the removal operation (i.e., the used six-DOF
industrial robot only performs the circumferential rotation
motion (J3), and the two-DOF linear motion component pro-
duces the rest of the two required linear motions (J1 and J2)
in a decoupled way), but also increases the level of dex-
terity that may be used to avoid workspace obstacles, joint
limits and singularities; whereas a general serial 6R indus-
trial robot cannot exhibit this kind of superiority; (b) the
required three motions (i.e., J1, J2 and J3) are separately
driven by different parts of the proposed robot manipulator,
the decoupling of motion planning and motion control of
seam weld beads removal can be easily achieved; in the
case of a general serial 6R industrial robot, the position
and orientation adjustments are completely determined by
the industrial robot during the removal operation of seam
weld beads and its motion planning and motion control are
relatively complicated; and (c) only a very single and small
arc segment of the required circumferential rotation motion
J3 is produced by the used six-DOF industrial robot, and
its position and orientation changes are relatively smooth,

continuous, and without uneven variation; also, the grinding
force of the removal operation of seam weld beads is first
withstood and vibrations are reduced both by the base frame-
work of the two-DOF linear motion component, and then they
are transmitted to the used industrial robot; thus, the effects
of the undesirable characteristics of the cantilever-beam-like
structure and the structural deflects of the used industrial
robot are reduced to some extent; whereas a general serial 6R
industrial robot possesses the defective nature for the removal
operation of seam weld beads, e.g., the weakened structural
rigidity of the extended industrial robot when it is reaching
far grinding position with a cantilever-beam-like structure,
the grinding force to bear directly, and the poor accessibility
and small safety margins between industrial robot and steel
pipe resulting from its difficulties in both obstacle avoidance
adjustment and grinding orientation adjustment.

IV. FORWARD AND INVERSE KINEMATICS
In this section, the forward kinematics and the inverse kine-
matics for the proposed robot manipulator are described
based on the Denavit–Hartenberg method.

TABLE 1. Geometry parameters of robot manipulator.

A. FORWARD KINEMATICS
The Denavit–Hartenberg method is used to conduct the
kinematics modeling of the proposed robot manipulator
(i.e., the used six-DOF industrial robot and the two-DOF
linear motion component). The reference frames are assigned
as shown in Fig. 4. The rotation angle about each revolute
joint of the used six-DOF industrial robot are expressed by
θ1, θ2, θ3, θ4, θ5 and θ6, respectively. The translational stroke
along the screw axis of each ball screw assembly of the
two-DOF linear motion component in the axial direction and
the normal direction are expressed by Sa and Sn, respectively.
The geometric parameters of the robot manipulator are listed
in Table 1. These variables can be expressed by

Sa = (saϕa)/(2π) (1)

Sn = (snϕn)/(2π) (2)

where the constants sa, sn, ϕa and ϕn represent the pitch
and the rotation angle of ball screws in axial and normal
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FIGURE 4. Schematic diagram of robot manipulator and assigned
reference frames.

directions, respectively. The relationship between transla-
tional strokes of ball screws and corresponding geomet-
ric parameters of the robot manipulator (Table 1) can be
given as

Sa = d7 (3)

Sn = d8 (4)

According to the assigned reference frames and the actual
physical constraints of the used six-DOF industrial robot and
the two-DOF linear motion component, the reachable joint
ranges are θ1 ∈ [−π, π], θ2 ∈ [−3π/4, 7π/18], θ3 ∈
[−7π/6, 4π/9], θ4 ∈ [−π, π], θ5 ∈ [−11π/18, 11π/18]
and θ6 ∈ [−π, π], and the reachable translational stroke
ranges of ball screws are Sa ∈ [Sa_min, Sa_max] and
Sn ∈ [Sn_min, Sn_max].

It should be noted that the initial angles are θ2,0 = −π/2
and θ5,0 = π/2, and other ones are θi,0 = 0 (i = 1, 3, 4, 6),
based on the assigned reference frames. Thus, the relationship
of the actual angle θi,a and the calculated angle θi,c (i.e., for-
ward and inverse kinematic solutions) of each joint θi should
be θi,a = θi,c + θi,0.

According to the assigned reference frames and the geom-
etry parameters, the homogeneous transformation matrix
i−1Ti is conducted to represent reference frame i relative to
frame i-1, and it is defined by

i−1Ti=


cos θi − cosαi · sin θi sinαi · sin θi ai cos θi
sin θi cosαi · cos θi − sinαi · cos θi ai sin θi
0 sinαi cosαi di
0 0 0 1


(5)

where i = 1, 2, . . . , 8, i ∈ N .
In the rest of this paper, several abbreviations are used

as ci := cos θi, si := sin θi, cij := cos
(
θi + θj

)
and

sij := sin
(
θi + θj

)
.

The equivalent homogeneous transformation matrix 0T8,
which relates the spatial displacement of the end-effector ref-
erence frame to the base reference frame, can be obtained by

successive multiplications of these transformation matrices

0T8 = 0T11T22T33T44T55T66T77T8

=


nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

 (6)

where

p =
[
px , py, pz

]T (7)

px = (c1c23c4c5 − c1s23s5 + s1s4c5) [c6 (a6 + a7)

+s6 (a8 + d7)]− (c1c23s4 − s1c4) [s6 (a6 + a7)

−c6 (a8 + d7)]− (c1c23c4s5 + c1s23c5 + s1s4s5) (d6
+d8)− c1 (s23d4 − a3c23 − a2c2 − a1) (8)

py = (s1c23c4c5 − s1s23s5 − c1s4c5)

× [c6 (a6 + a7)+ s6 (a8 + d7)]

− (s1c23s4 + c1c4) [s6 (a6 + a7)− c6 (a8 + d7)]

− (s1c23c4s5 + s1s23c5 − c1s4s5) (d6 + d8)

− s1 (s23d4 − a3c23 − a2c2 − a1) (9)

pz = − (s23c4c5 + c23s5) [c6 (a6 + a7)+ s6 (a8 + d7)]

+ s23s4 [s6 (a6 + a7)− c6 (a8 + d7)]+ (s23c4s5
−c23c5) (d6 + d8)− c23d4 − a3s23 − a2s2 + d1 (10)

a =
[
ax , ay, az

]T (11)

ax = −c1c23c4s5 − c1s23c5 − s1s4s5 (12)

ay = −s1c23c4s5 − s1s23c5 + c1s4s5 (13)

az = s23c4s5 − c23c5 (14)

o =
[
ox , oy, oz

]T (15)

ox = c1c23c4c5c6 − c1s23s5c6 + s1s4c5c6 − c1c23s4s6
+ s1c4s6 (16)

oy = s1c23c4c5c6 − s1s23s5c6 − c1s4c5c6 − s1c23s4s6
− c1c4s6 (17)

oz = −s23c4c5c6 − c23s5c6 + s23s4s6 (18)

n =
[
nx , ny, nz

]T (19)

nx = c1c23c4c5s6 − c1s23s5s6 + s1s4c5s6 + c1c23s4c6
− s1c4c6 (20)

ny = s1c23c4c5s6 − s1s23s5s6 − c1s4c5s6 + s1c23s4c6
+ c1c4c6 (21)

nz = −s23c4c5s6 − c23s5s6 − s23s4c6 (22)

B. INVERSE KINEMATICS
As mentioned above, the required three motions (i.e., J1,
J2 and J3) in the manufacturing process of the seam weld
beads removal are achieved by the completely decoupled
motion control of the proposed robot manipulator, i.e., the
used six-DOF industrial robot only performs a short arc
segment of the circumferential rotation motion (J3), and the
two-DOF linear motion component produces the rest of the
two required linear motions J1 and J2 in a decoupled way.
Thus, the two-DOF linear motion component only needs to
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adjust translational strokes of ball screws (i.e., Sa and Sn)
based on the set of locations and heights of the seam
weld beads. At the same time, the used six-DOF industrial
robot only needs to program a very single and short arc
segment of the required circumferential rotation motion J3
through the rotation angles θ1, θ2, θ3, θ4, θ5 and θ6, with
the relatively smooth and continuous position and orientation
adjustments.

Owing to this decoupled motion adjustments of the pro-
posed robot manipulator, the inverse kinematics consists of
two separate parts; one deals with the solutions of transla-
tional strokes of ball screws of the two-DOF linear motion
component (i.e., Sa and Sn, that is d7 and d8, respectively),
and the other deals with the solutions of the rotation angles
of the used six-DOF industrial robot (i.e., θ1, θ2, θ3, θ4,
θ5 and θ6).

1) SOLVING d7 AND d8 (THAT IS, Sa AND Sn)
Given any point of the operation task, its representations
relative to the base frame (i.e., the frameO0) can be expressed
in terms of the equivalent homogeneous transformation
matrix 0T8, i.e., the known position 0p8 and orientation 0R8
are expressed as

0p8 =
[
px , py, pz

]T (23)

0R8 = [n, o, a] =

 nx ox ax
ny oy ay
nz oz az

 (24)

The arc segment trajectory of the used six-DOF industrial
robot relative to the base frame (i.e., the frame O0) can be
planned independently in advance. Thus, combined with the
assigned reference frame O6, the known position parc and
orientation Rarc of any point on this planned arc segment can
be expressed as

0p6 = parc = [pa, pb, pc]T (25)

0R6 = Rarc = [narc, oarc, aarc] =

 na oa aa
nb ob ab
nc oc ac

 (26)

Based on the assigned reference framesO6,O7 andO8, and
the homogeneous transformation matrix 6T7 and 7T8, giving

Sa = d7 = pc − px − a8 (27)

Sn = d8 = pb − pz (28)

narc = o (29)

oarc = a (30)

aarc = n (31)

2) SOLVING θ1, θ2, θ3, θ4, θ5 AND θ6
Based on the homogeneous transformation matrix i−1Ti
(i = 1, 2, . . . , 6, i ∈ N ), yielding

θ1 = arctan 2
(
wy/(a3c23 + a2c2 + a1 − s23d4),

wx/(a3c23 + a2c2 + a1 − s23d4)) (32)

where

wx = pa − naa6 − oad6 (33)

wy = pb − nba6 − obd6 (34)

where the arctan 2 function is the four quadrant arctangent
function, e.g., arctan 2 (Y ,X) = arg (X + jY ) ∈ (−π, π],
j =
√
−1, i.e., it returns the argument of the complex number

with real part X and imaginary part Y .
Also, other rotation angles can be obtained as

θ2 = arctan 2 (l3, l4)+ arctan 2 (l2, l1) (35)

or

θ2 = arctan 2 (l3,−l4)+ arctan 2 (l2, l1) (36)

θ3 = arctan 2 (l1 + a2s2, l2 − a2c2)

− arctan 2 (d4, a3)− θ2 (37)

where

l1 = d1 − (pc − nca6 − ocd6) (38)

l2 = wxc1 + wys1 − a1 (39)

l3 =
(
d24 + a

2
3 − a

2
2 − l

2
1 − l

2
2

)
/

(
2a2

√
l21 + l

2
2

)
(40)

l4 =
√
1− l23 (41)

Case 1: θ5 6= 0.
If c4 (oac1c23 + obs1c23 − ocs23) > 0 or

s4 (oas1 − obc1) > 0, then

θ5 = arccos (−oac1s23 − obs1s23 − occ23) (42)

and if c4 (oac1c23 + obs1c23 − ocs23) < 0 or
s4 (oas1 − obc1) < 0, then

θ5 = −arccos (−oac1s23 − obs1s23 − occ23) (43)

and

θ4 = arctan 2 ((obc1 − oas1)/s5,

(ocs23 − oac1c23 − obs1c23)/s5) (44)

θ6 = arctan 2 ((−aac1s23 − abs1s23 − acc23)/s5,

(−nac1s23 − nbs1s23 − ncc23)/s5) (45)

Case 2:θ5 = 0.
In this case, θ4 takes its last solution, and

θ6 = arctan 2 (aac1c23 + abs1c23 − acs23,

nac1c23 + nbs1c23 − ncs23)− θ4 (46)

It should be noted that there may be multiple inverse kine-
matic solutions of the used six-DOF industrial robot, which
need to be determined according to the reachable range, and
the continuity of the solutions must be ensured.
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V. CONTROL SYSTEM
A specially designed control system is essential for the per-
formance and compliance of a robotic system. In this section,
the hardware and software architecture of the control system
for the two-DOF linear motion component of the proposed
robot manipulator is presented.

The robot communication softwareMOTOCOM32 (which
is manufactured by the robot manufacturer YASKAWA) is
used to achieve the communication transmission between the
two control systems (i.e., the designed control system of the
two-DOF linear motion component, and the industrial robot
controller of the used six-DOF industrial robot).

The designed control system for the two-DOF linear
motion component is built based onNI PXI-7358motion con-
troller and Laboratory Virtual Instrument Engineering Work-
bench (LabVIEW). The former is a programmable multi-axis
motion control card with the peripheral component intercon-
nect (PCI) extensions for instrumentation bus (i.e., PXI bus).
The latter provides a system-design platform and an appli-
cation development environment with interactive graphics
features to develop a control system and create motion control
applications.

The hardware of the designed control system con-
sists of two parts; one deals with the motion control
and motion trajectory generation through the motion con-
troller (NI PXI-7358), the PXI express embedded controller
(NI PXIe-8821), the PXI express-compatible chassis (NI
PXIe-1071) and the motion interface (NI UMI-7774), here,
combining the PXIe-8821 embedded controller with the
PXIe-1071 PXI express-compatible chassis, results in a fully
PC-compatible computer in a compact and rugged package;
and the other deals with the seam weld beads identification
and detection, the position feedback, the seam weld beads
removal operation, etc. by the 3D profile scanner, the DC
servo driver, the grating sensor, the magnetic scale sensor and
the AC servo amplifier.

FIGURE 5. Physical NI motion controller architecture (NI PXI-7358).

Among them, the core hardware component of the con-
trol system is the NI PXI-7358 motion controller. Together
with the NI PXIe-8821 PXI express embedded controller,
both are installed inside the express chassis (NI PXIe-1071)
and connected with the motion interface (NI UMI-7774).
The physical architecture of the NI PXI-7358 motion con-
troller hardware is illustrated in Fig. 5. The typical functional

architecture components of the NI PXI-7358 motion con-
troller are shown in Fig. 6.

FIGURE 6. Typical NI motion controller functional architecture (NI
PXI-7358).

The main functions of the other hardware components of
the designed control system are described briefly below. The
3D profile scanner acquires data for graphing and tracking
purposes, i.e., it performs the automatic motion tracking and
detection, and the residual height measurement for seam
weld beads at SAW steel pipe ends. The DC servo driver,
the grating sensor and the magnetic scale sensor handle the
position closed-loop feedback control of DC servo motors for
the axial motion and normal motion of the proposed robot
manipulator. The AC servo amplifier controls the AC servo
motor driving for the grinding unit to automatically perform
robotic abrasive belt grinding for weld beads removal.

The software of the designed control system is built
directly on the LabVIEW, which offers a system-design plat-
form and application development environment and uses a
graphical programming language named G featuring inter-
active graphics, so that the required control flow can be
programmed using a graphic interface. The LabVIEW also
provides an integrated development environment (IDE),
including debugging, automated multithreading, applica-
tion user interface, hardware management and interface for
system design. In order to provide easy communication
and programming of the NI PXI-7358 motion controller,
the NI-Motion driver software is utilized to provide a set of
powerful high-level software commands through the compre-
hensive application programming interface (API).

FIGURE 7. Motion control interaction between hardware and software.

In this paper, the motion control interaction between the
hardware and the software of the designed control system for
the two-DOF linearmotion component is shown in Fig. 7. The
generic steps are required to design a motion application and
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FIGURE 8. Generic steps for designing a motion application.

the steps for creating an application with NI-Motion using the
NI 7358 controller are described in Fig. 8.

VI. ROBOTIC SEAM BEAD GRINDING METHOD
In this section, a robotic seam bead grinding method for the
helical seam weld beads at SAW steel pipe ends is proposed.
This proposed method offers a complete removal process of
the helical seamweld beads at welded pipe ends. The detailed
description of this method is presented in the following steps.

Step 1. Initialize the system and do self-checking for the
proposed robot manipulator.

Step 2. Bring the robot manipulator to the home position
and identify the pipe arriving at the specified position (the
home position is also regarded as the zero position in an
absolute position frame of reference).

Step 3. Determine the outer diameter of the steel pipe to
be removed in the operator interface, find the center position
and the highest position of the pipe cross section in the used
industrial robot frame of reference through the 3D profile
scanner acquiring data from two different points on the pipe
surface (which is achieved by the used industrial robot mov-
ing from a certain location to other location), and then carry
out the trajectory planning of the used industrial robot for the
appropriate uniform motion J3 based on the outer diameter
and this found highest position of the pipe cross section.

Step 4. Find the accurate pipe end face and locate the exact
position of the pipe end through the visual detection of the
3D profile scanner (which is achieved by the used industrial
robot moving along the longitudinal axis of the pipe).

Step 5. Determine the starting point of the helical seam
bead grinding (it is also the initial position of the helical
seam weld beads to be detected and subsequently removed)
by executing two sequential procedures: one reaches a certain
position with the specified distance from the pipe end face to
this identified position along the longitudinal axis of the pipe;
the other deals with the positioning and graphing purposes to
be consistent between the marker point of the helical seam
weld bead and the visual center of the 3D profile scanner

by rotating the pipe around the central axis of the pipe. This
identified position on the helical seam weld beads is taken as
the starting point of the helical seam bead grinding, and the
whole helical seam weld beads to be detected and removed
is a spatial curve segment between the starting point and the
end point of the helical seam weld beads at the pipe end.

Step 6. Acquire data for graphing and tracking purposes
from 3D profile scanner, which is achieved by the coordinated
motions J3 and J1 in a decoupled way between the used
industrial robot and the two-DOF linear motion component;
and proceed to the weld beads identification, features identi-
fication and the tracking of the helical seam weld beads to be
removed along the spatial curve segment. Here, the data saved
during the feature identification process include the highest
point, the marker point, and the left and right weld toe points
of the seam weld beads. Also, the real-time positions of the
axial direction of the two-DOF linear motion component are
recorded.

Step 7. Make spatial curve fitting, 3D reconstruction and
removal planning for the tracked helical seam weld beads.

Step 8. Remove the helical seam weld beads by applying
a constant grinding pressure on the grinding unit and do
the real-time adjustments of the removal control based on
the previous removal planning, which is achieved by the
coordinated motions J1, J2 and J3 in a decoupled way.

Step 9. Measure the residual height of the removed helical
seam weld beads through the 3D profile scanner (similar to
the Step 6).

Step 10. Judge whether the residual height meets the
removal requirements. If the residual height meets the given
removal requirements, go to Step 11. Otherwise, repeat
Step 7-9.

Step 11. Accomplish the removal of the helical seam weld
beads at the operational pipe end, and reset the robot manip-
ulator to the home position.

Step 12. Either wait for the arrival of the next pipe end and
continue (go back to Step 2), or finish the work on the current
helical seam weld beads and stop the robot manipulator.

FIGURE 9. State-action-state transition patterns.

The above entire process of the proposed robotic seam bead
grinding method can be mainly segmented into a sequence
of state-action-state transition patterns based on finite-state
machines, as shown in Fig. 9. The feature identification points
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FIGURE 10. Feature identification points of seam weld bead profile.

of the seam weld bead profile in the section along the axial
direction of the steel pipe are illustrated in Fig. 10.

Note that the proposed robotic seam bead grinding method
is especially suitable for the removal of the helical seam weld
beads at welded pipe ends, as well as for the simpler scenario
of removing the longitudinal seam weld beads.

VII. ROBOTIC OPERATION PROCESS MOTION
PLANNING APPROACH
The helical seam weld beads to be removed is a spatial curve
segment on the SAW steel line pipe end and correspond-
ing specifications vary greatly. The manufacturer-designated
outer diameter of steel pipe ranges from 508mm to 1620mm.
The helical angle of the weld seam (which is the constant
angle between the tangent to the helical weld seam and a
line perpendicular to the axis of the pipe) ranges from 45◦

(degrees) to 70◦. The maximum weld bead width is 25 mm,
and the maximum weld bead height is 3.5 mm. The wall
thickness of steel pipe ranges from 6 mm to 25.4 mm. The
maximum radial offset of strip/plate edges of SAW pipe is
2.5 mm. The maximum steel grade of steel pipe is X100.

Based on the line pipe specification, the following require-
ments need to be applied to the removal of external weld
beads at pipe ends: (a) for a distance of at least 150 mm
(6.0 in.) from each pipe end, the external weld bead shall
be removed by grinding so that it does not extend above
the adjacent pipe surface by more than 0.5 mm (0.020 in.),
and (b) the external weld bead shall blend in smoothly with
the adjacent pipe surface. Here, the term ‘‘shall’’ denotes a
minimum requirement in order to conform to the applicable
standard.

Taking into account these different product specifications
and irregular weld bead characteristics, the motion planning
in various processes, including the processes of positioning
and tracking, removal of weld beads, residual height measur-
ing, and repeated removal, is an important part of achieving
automatic and effective removal operation for the proposed
robot manipulator. In this section, a robotic operation pro-
cess motion planning approach is proposed to achieve the
effectiveness of the removal and measurement operations in
these four major processes in a completely decoupled motion
planning way, which is presented in subsequent parts.

A. ROBOTIC OPERATION OF POSITIONING
AND TRACKING
In the process of the positioning and tracking, the main
purpose is to position and track the helical seam weld beads,
and record the axial motion positions and feature data of weld
beads. The motion planning of the two-DOF linear motion
component and the one-DOF rotation motion component of
the proposed robot manipulator (i.e., the axial, normal and
circumferential directionmotions J1, J2 and J3) are proceeded
as follows: (a) the rotation motion component adopts the uni-
form motion at a specified speed according to a pre-planned
arc trajectory (which is planned based on the specified outer
diameter of the steel pipe to be removed and the center posi-
tion and highest position of the pipe cross section calculated
from the 3D profile scanner acquired data) in J3; (b) the axial
linear motion component utilizes position closed-loop-based
straight-line move in a given time period in J1 (which is
achieved by the periodic linear motion adjustment to keep
coincident between the marker point of the weld bead profile
and the scanning center point of the 3D profile scanner);
the axial linear motion positions are recorded in a specified
time period; and also the data of the weld beads feature
identification process are saved in the same specified time
period, including the highest point, the marker point, and the
left and right weld toe points; (c) the normal linear motion
component is located at the specified scanning position and
stays stationary in J2.

B. ROBOTIC REMOVAL OPERATION
During the removal process, the main target is to make the
weld beads remove completely by the grinding unit through
the coordinated motion of the proposed robot manipulator.
The motion planning of the two-DOF linear motion compo-
nent and the one-DOF rotation motion component are imple-
mented as follows: (a) the rotation motion component also
uses the uniform motion at the same specified speed on the
basis of the same pre-planned arc trajectory in J3; (b) the axial
linear motion component also utilizes the position closed-
loop-based straight-line move in a given time period in J1,
which uses the recorded axial linear motion positions in the
process of the positioning and tracking; (c) the normal linear
motion component also makes use of the position closed-
loop-based straight-line move in the same given time period
in J2 (which uses the calculated weld bead height from
the saved feature data in the process of the positioning and
tracking).

C. ROBOTIC OPERATION OF RESIDUAL HEIGHT
MEASURING
In the process of the residual height measuring, the main
goal is to make the residual height measurement after the
removal. The motion planning of the two-DOF linear motion
component and the one-DOF rotation motion component that
both are presented the same manner as the process of the
positioning and tracking.
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D. ROBOTIC REPEATED REMOVAL OPERATION
The repeated removal operation is needed if the results of the
residual height measuring cannot satisfy the specified weld
beads removal requirements. In the process of the repeated
removal operation, the motion planning of the two-DOF
linear motion component and the one-DOF rotation motion
component that both are performed the same manner as the
removal process.

VIII. ROBOTIC GRINDING EXPERIMENT
The robotic grinding experiment for the external seam weld
beads at a helical welded pipe end is conducted on the
experimentation platform of the proposed robot manipulator
in this section to show the effectiveness of the proposed
robotic operation process motion planning approach and the
proposed robotic seam bead grinding method, and also to
demonstrate the superiority of the operational manipulation
performance and the grinding ability of the proposed robot
manipulator.

In the robotic grinding experiment, the following specified
requirements for the removal of external weld beads at the
line pipe end that need to be satisfied: (a) for a distance of at
least 150mm from each pipe end, the external weld bead shall
be removed by grinding such that it does not extend above
the adjacent pipe surface by more than 0.3 mm, and (b) the
external weld bead after removal shall blend in smoothly
with the adjacent pipe surface. Note that the requirement of
the removed weld bead at pipe end does not extend above
the adjacent pipe surface by more than 0.5 mm according
to the line pipe specification, and the specified requirement
is 0.3 mm in this robotic grinding experiment.

FIGURE 11. Actual outward appearance of spatial helical seam weld
beads at steel pipe end.

The manufacturer-designated outer diameter of the exper-
imental helical welded pipe is 508 mm. The actual outward
appearance of the helical seam weld beads at the pipe end
is showed in Fig. 11. This helical seam weld beads to be
removed is a spatial curve segment on the cylindrical surface
of the welded steel pipe at the pipe end, as shown in Fig. 12
(here, the Z axis is parallel to the axis of the steel pipe).
In the robotic grinding experiment, the end point of the helical
seam weld beads segment at the pipe end, and the starting
point is located on the pipe surface with a specified distance
(180 mm), as shown in Fig. 12.

The experimental arc trajectory of the used six-DOF indus-
trial robot for the appropriate uniform motion J3 of the
proposed robot manipulator is planned as shown in Fig. 13,

FIGURE 12. Helical seam weld beads on cylindrical surface of welded
steel pipe end. (a) Seam weld beads to be removed and welded steel
pipe. (b) Seam weld beads to be removed.

FIGURE 13. Planned circumferential motion trajectory of used six-DOF
industrial robot.

based on the outer diameter (508 mm) of the experimental
steel pipe and the calculated center- and highest-position
of the pipe cross section in the industrial robot frame of
reference. This planned trajectory is a plane arc segment in
the x–y-plane, and it is along the circumferential direction
J3 (that is, the red arc segment is showed in Fig. 13), which
is utilized in above mentioned four major processes. Here,
the center- and highest-position are obtained by calculat-
ing the outer diameter value and two different point posi-
tions on the surface of the experimental steel pipe (these
two different point positions are obtained from the visual
detection of the 3D profile scanner).

The experimental positioning, tracking and 3D measure-
ment for the whole spatial curve segment of the helical seam
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FIGURE 14. Experimental weld beads tracking and features identification.

weld beads at pipe end through the 3D profile scanner is
conducted as shown in Fig. 14, which is achieved by mov-
ing along J1 and by moving along the pre-planned uniform
motion J3. The line speed of the used six-DOF industrial
robot is 4 mm/s. Here, the projected laser line of the 3D
profile scanner is along J2.

FIGURE 15. Experimental measurement data of helical seam weld beads
to be removed at steel pipe end. (a) 3D weld bead profiles. (b) 3D weld
bead surface.

The 3D measurement data for the helical seam weld beads
by the 3D profile scanner are showed in Fig. 15. A certain
sampled profile for the equidistant arrangement of the 3D
profile scanner x-z data and the obtained feature identifica-
tion points, including the highest point, the marker point, and
the left and right weld toe points of the seam weld beads,
are showed in Fig. 16. The experimental profile height of the
helical seam weld beads to be removed is showed in Fig. 17,
which corresponds to the maximum removal height of each
group along the helical seam weld beads for the sampled 3D
measurement data.

Through calculation, the maximum profile height, the
minimum profile height, the mean profile height, the stan-
dard deviation of the profile height and the variance profile

FIGURE 16. Feature identification points of a certain sampled seam weld
bead profile.

FIGURE 17. Experimental profile height of helical seam weld beads to be
removed at steel pipe end.

height are obtained as 1.9800 mm, 1.3120 mm, 1.5591 mm,
0.1210 mm and 0.0146 mm2, respectively. As shown
in Fig. 17, the area with the relatively larger height is located
at the end of the helical seam weld beads. This is because the
deformation effect on the end of the helical seam weld beads
caused by the segmented steel pipe cutting at the steel pipe
end face. In general, there is no noticeable difference among
the profile height of the helical seam weld beads between
adjacent locations.

The spatial curve fitting, 3D reconstruction and removal
planning for the helical seam weld beads to be removed at
pipe end are conducted simultaneously based on the sampled
3D measurement data. Among them, the removal planning
mainly includes: (a) the removal control adjustment planning,
which uses the obtained feature identification points and the
calculated experimental profile heights; (b) the circumferen-
tial, axial, and normal directions (i.e., J3, J1 and J2) motion
planning, which uses the pre-planned trajectory of the used
six-DOF industrial robot, the sampled recorded positions in
the axial direction, and the obtained feature identification
points during the feature identification process, respectively;
(c) the controlled constant grinding pressure and the con-
trolled constant rotational speed of the robotic abrasive belt
grinding unit.

Subsequently, the complete removal of the helical seam
weld beads at pipe end is performed according to the previous
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FIGURE 18. Robotic grinding of helical seam weld beads at steel pipe end.

removal planning, as shown in Fig. 18. Here, the used con-
trolled constant grinding pressure is 0.55 MPa; the used
controlled constant rotational speed of the robotic abrasive
belt grinding unit is 3000 revolutions per minute (rpm), and
the linear velocity of the abrasive belt is 15.708 m/s; the
used adjustment time period is 100 millisecond (ms) for the
real-time implementations of the removal control adjustments
and motion control in the axial, normal, and circumferential
motions; the used line speed of the uniform motion in the cir-
cumferential direction is 4 mm/s. The actual robotic grinding
result of the helical seam weld beads at pipe end is showed
in Fig. 19.

FIGURE 19. Robotic grinding result of helical seam weld beads at steel
pipe end.

In order to check the weld beads removal quality and
provide measurement data of the residual seam weld beads
for future removal process, the residual height measuring for
the removed seam weld beads is carried out in a manner
that is similar to the process of the experimental positioning,
tracking and 3D measurement, as shown in Fig. 20. The
3D measurement data of the profile scanner for the residual
seam weld beads after the removal is showed in Fig. 21. The
residual profile height of the helical seam weld beads after
the removal is showed in Fig. 22, which corresponds to the
maximum residual height of each group along the removed
seam weld beads for the sampled 3D measurement data.

The residual height measuring results should be given
dedicated attention in computational analysis. Through cal-
culation, the maximum residual height, the minimum residual
height, the mean residual height, the standard deviation of the
residual height and the variance residual height are obtained
as 0.2590 mm, 0.0870 mm, 0.1847 mm, 0.0436 mm and
0.0019 mm2, respectively. It shows that all residual heights
of the removed seam weld beads meet the requirement of

FIGURE 20. Measuring residual height of removed helical seam weld
beads at steel pipe end.

FIGURE 21. Experimental measurement data of residual height after
removal of helical seam weld beads at steel pipe end. (a) 3D weld bead
profiles. (b) 3D weld bead surface.

the height value between the removed seam weld bead and
its adjacent pipe surface (i.e., the aforementioned specified
height value is no more than 0.3 mm). Also, the removed
seam weld beads are, to a large extent, blended in smoothly
with the adjacent pipe surface, without cutting into the parent
pipe, as shown in Fig. 19, Fig. 21 and Fig. 22.

Moreover, the actual removal distance between the starting
point and the end point along the longitudinal axis of the
welded pipe is 180 mm, and this removal distance fulfills the
specified distance requirement (i.e., the aforementioned spec-
ified distance to be removed by grinding is at least 150 mm).

These residual height measuring results indicates that the
removed seam weld beads satisfy the specified requirements
for the removal of external weld beads at pipe end. Hence,
there is no need for further actions.

It takes 48.29 seconds in each process of the experimental
positioning, tracking and 3D measurement, the experimental
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FIGURE 22. Experimental profile height of residual height after removal
of helical seam weld beads at steel pipe end.

complete removal, and the residual height measuring. And
it takes a total of 218.35 seconds in the entire process of
the robotic grinding experiment, including the time cost of
initializing system and self-checking of the proposed robot
manipulator, finding the accurate pipe end face and locating
the exact position of the steel pipe, determining the starting
point of the helical seam weld beads to be removed, and
homing to the zero position of the robot manipulator.

The above experimental results demonstrate that the exper-
imental removed helical seam weld beads can be able to
meet all the requirements and specifications for the removal
of weld beads at pipe end as mentioned previously. Also,
the effectiveness and the applicability of the proposed robotic
operation process motion planning approach and the pro-
posed robotic seam bead grinding method are verified exper-
imentally and they can be able to satisfy the needs of the
robotic grinding for the removal of the seam weld beads of
the helical welded pipe at pipe end. Moreover, the superiorly
operational manipulation performance and the grinding abil-
ity of the proposed robot manipulator, which are benefited
from the particularly mechanical structure features, are fully
demonstrated in the robotic grinding experiment.

IX. CONCLUSION
A novel automatic seam bead grinding robot manipulator
with the integration of machining and measuring was pro-
posed and an experimentation platform was developed for
the removal of seam weld beads at steel line pipe ends.
Also, a robotic grinding motion planning methodology,
consisting of a proposed robotic operation process motion
planning approach and a proposed robotic seam bead grind-
ing method, was presented for the motion operations and
the complete removal processes. Furthermore, the effective-
ness of the proposed robotic operation process motion plan-
ning approach and the proposed robotic seam bead grinding
method was verified through a robotic grinding experiment
on the developed experimentation platform. The superiorly
operational manipulation performance and the grinding abil-
ity of the proposed robot manipulator were also demonstrated

in the grinding experiment. The forward and inverse kine-
matics and the designed control system of the proposed robot
manipulator were also presented.

In future work, several meaningful attempts need to be
carried out, such as influencing mechanism of the removal of
seam weld beads removal, robotic grinding condition mon-
itoring, and further structural improvement of the proposed
robot manipulator. The two proposed methods are expected
to provide some insight into the foundational aspects of oper-
ation process motion planning and seam bead grinding.
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