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A B S T R A C T

Welding plays an important role in a wide range of industries, including aviation, aerospace, automobile
manufacturing, and nuclear and chemical plants, all of which contain critical industrial assets. However,
confined spaces and complex structures in these environments severely restrict the accessibility and functionality
of in-situ welding tasks. Therefore, to enable welding operations in constrained spaces, a macro-mini collabo-
rative manipulator system with multiple Degrees of Freedom (multi-DoF) is proposed in this paper. The
collaborative system consists of a 6-DoF macro robotic arm and a novel 2-DoF slim mini manipulator. The macro
manipulator (i.e., the robotic arm) provides large-scale movement to position the slim mini manipulator within
confined environments. The slim mini manipulator, which features a novel serial mechanism, then adjusts and
controls the pose of the end-effector (welding torch) to perform welding tasks in spaces that the macro
manipulator cannot access. Given the novel design of the mini manipulator, kinematic and Jacobian modelling
have been developed to enable intimate and accurate control of the collaborative welding system. The collab-
oration between the macro and mini manipulators occurs not only for individual movements but also at the level
when compensatory movements are performed on each system to enable error compensation for the end-effector
(i.e., welding torch). Finally, validation experiments of the collaborative manipulator system have been con-
ducted in confined scenarios to verify its functionality and performance.

1. Introduction

Welding is a process of high use in various industries because of its
simplicity and well-defined quality of methods for machining, such as
repair and assembly [1]. Although welding is effortless to be performed
in easy-to-access workplaces by human operators, the welding quality of
the manual welding process highly relies on specialised and experienced
human welders [2]. In order to accomplish better consistency, higher
repeatability and faster welding efficiency in a welding process, auto-
matic welding (e.g., robot-assisted welding) presents a possibility [3].
With the recent progress in the fields of robotics, computer vision,
artificial intelligence, sensors and control theory [4,5], the transition
from human-based welding to automatic welding has been achieved [6].
Automatic welding allows robots to learn and imitate the welding be-
haviours performed by skilled human operators, which makes

robot-assisted welding widely adopted in industrial areas [7,8].
However, the situation becomes more demanding when machining

operation needs to be performed in narrow and constrained spaces [9].
While this is possible by human operators, this requires skills and
sometimes it requires the human operators to subject themselves to
harsh/hazardous environments [10]. For the case of accessing confined
spaces, conventional robots are also difficult to utilise because of their
large size and difficulty in avoiding collisions [11]. End-effectors or
additional manipulators that are mounted at the end of the conventional
robots might be a way forward [12].

Based on this idea, end-effectors/mini-manipulators mounted on
macro robots for the polishing, drilling and milling processes have been
reported [13]. However, most state-of-the-art end-effectors focus on the
machining process, such as position accuracy or force control, to achieve
a good machining quality [14]. However, for access to confined spaces,
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the aforementioned end-effectors haven’t been considered and paid
attention to. For example, Mohammad etc. designed a force-controlled
end-effector mounted on an industrial robot to achieve an automated
polishing process [13]. However, the diameter of the end-effector is
comparable to the size of the industrial robot, making it difficult to ac-
cess confined spaces.

For the implementation of robotic welding, a conventional approach
is to use a 6-DoFs robot arm with a welding torch mounted at the end-
effector, such as Tungsten Inert Gas (TIG) welding [15]. In [16], a
detailed configuration setup indicates a typical configuration for this
approach, where the robotic arm (e.g. ABB and KUKA, etc.) and the
welding torch are combined with a series of sensors (e.g., vision sensor
and arc seam tracking sensor, etc.), welding machine and wire feeder to
build a welding system. Therefore, due to confined spaces and complex
structures in some application scenarios (e.g., gas turbine engines and
pipelines, etc.), conventional robotic welding systems are not only
challenging to access repair positions, but also difficult to adjust their
pose within limited spaces, which makes the in-situ welding process
impossible to be achieved.

For the conventional robotic welding system generically depicted in
Fig. 1a), the robot provides speed and position control for the end-
effector (i.e., welding torch), which can achieve good welding quality
and highly efficient operation in open areas. However, the rigid welding
torch used in the robotic welding system severely affects its flexibility
when accessing confined spaces, as shown as a generic example in
Fig. 1b). During the welding process in constrained spaces, the con-
ventional welding torch may cause collision/ interference problems
within the surroundings and the workpiece. Although the collision
problem may be partially solved by changing welding heads with
different angles in some scenarios, it is difficult to achieve a continuous
welding path which affects the final welding quality. In the meantime,
frequent changes of the welding head are time-consuming for the
welding process.

To solve the problem, new concepts of mini manipulators with a slim
size (high length-to-width ratio) need to be proposed. As generically
shown in Fig. 1c), a novel concept of a slimmini manipulator is mounted
on the macro manipulator directly, which enables the welding head
more DoFs to move freely and overcome the geometrical constraints of
the workspace. The torch head can adjust its position and orientation
independently to achieve a continuous welding path and avoid collision
within confined spaces in real-time.

For the macro-mini collaborative manipulator system, an interesting
topic here is how the conventional robot will interact and collaborate
with the mini manipulator mounted at its end. If the mini manipulator
replicates the structure of a robot over a serial or parallel kinematic
structure, well-documented models for such configuration exist [17,18].
Therefore, the integration of the control is relatively straightforward
[19]. However, if a new configuration of the mini manipulator is
introduced, an interesting task would be how to integrate the two sys-
tems to work collaboratively. This collaboration is not only related to the
position but also interesting in how to make compensation.

Hence, the proposed collaborative system aims for machining oper-
ations in confined environments with the following contribution: (1) A
novel design of a slim mini manipulator for controlling and adjusting
end-effectors (e.g., welding torch) in confined spaces; (2) Modelling and
control of the proposed mini manipulator to accomplish position and
speed control; And (3) the feasibility demonstration of the macro-mini
welding system by achieving collaborative welding tests in a confined
environment.

2. Novel design of the macro-mini manipulator for accessing
confined spaces

In this section, the novel concept and design of the macro-mini
collaborative manipulator welding system for confined environments
are proposed and presented. Firstly, the general concept of the novel

manipulator system is introduced by presenting it in a confined work-
space scenario (e.g., part of a turbine engine). Secondly, the collabora-
tive mechanism is presented to ensure the welding functionality of the
macro-mini manipulator system. Finally, the mini manipulator is pre-
sented and explained in detail, which has 2-DoF movements driven by
two slider-crank mechanisms in series.

2.1. System concept

As shown in Fig. 2, the macro-mini collaborative manipulator system
is achieved when the slim mini manipulator of a novel design is attached
to a macro manipulator (off-the-shelf 6-DoF robot), which enables the
access of the end-effector (welding torch) into constraint spaces [20].
The macro manipulator provides large-scale movement and carries the
mini manipulator to reach inside the confined space, where the target
position is located. The novel mini manipulator employs two motors to

Fig. 1. Example of robotic welding system and its potential problem for access
to confined spaces. a) An example of the conventional robotic welding system
with a rigid welding torch is trying to access a confined space; b) The rigid
welding torch on the robotic arm makes it difficult to achieve a continuous
welding path without collision in confined spaces. c) One potential solution is
enabling the welding torch more DoFs to make it flexible to access confined
spaces and achieve the desired welding path.
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manipulate the welding torch to achieve 2-DoF movement. The extra
DoFs of the mini manipulator enable the end-effector (welding torch) to
achieve the desired poses in confined spaces without necessarily moving
the macro manipulator (the robot), which helps collision avoidance and
motion planning of the welding process. Furthermore, combined with
the compensation from the macro manipulator, the welding torch can
achieve enhanced manoeuvrability within space constraints.

2.2. Collaborative mechanism of macro-mini manipulator

One advantage of the collaborative manipulator system is that the
movement of the end-effector (i.e., welding torch) can be adjusted and
optimised in real-time to achieve the desired welding path while keeping
safe clearances within confined spaces.

The collaborative system has three operation modes, i.e., 1) the
macro manipulator actuates only; 2) the slim mini manipulator actuates
only; and 3) the collaborative movement with both the macro and the
mini manipulators.

1) For the movement from the external open space to the internal
confined space, a large-scale movement is required, as shown in
Fig. 3a). In this case, the macro manipulator plays a dominant role in
executing the desired movement.

2) However, when the collaborative manipulator system executes tasks
within the internal confined space, the small-scale movement
accomplished by the mini manipulator takes the dominant place, as
shown in Fig. 3b). The mini manipulator has two rotation joints
driven by two motors, which can achieve 2-DoF movement for the
welding torch, enabling the welding torch to adjust its orientation
and position in real-time. In this way, the potential collision between
the end-effector (welding torch) and the constraint space will be
avoided and a continuous welding movement can be achieved.

3) However, with the lack of freedom for linear movements, the mini
manipulator cannot achieve 6-DoF movements without compensa-
tions. Therefore, the macro manipulator is required to provide
compensations for the movement of the mini manipulator when
necessary, as shown in Fig. 3c). In this way, the essence of collabo-
ration between the macro manipulator and the mini manipulator is
revealed.

Fig. 2. A general concept of the collaborative manipulator which consists of a
macro manipulator and mini manipulator is proposed to access a confined
environment and accomplish machining tasks (e.g., welding). For the slim mini
manipulator, an extra 2-DoF is enabled to the end-effector (e.g., welding torch)
for access to confined spaces without collision. The macro manipulator not only
provides large-scale movement for the collaborative welding system but also
offers compensation for the movement of the slim mini manipulator.

Fig. 3. Collaborate movements of the macro-mini manipulator. a) Large-scale
movement of the macro-mini manipulator from the externally confined space
to the internally confined space; b) Small-scale movement of the collaborative
manipulator within the confined internal space. c) Compensation movement of
the macro-mini collaborative manipulator within the confined internal space to
adjust the welding torch.

Fig. 4. Detailed description of the mini manipulator which manipulates the
welding torch to achieve 2-DoF movement in confined environments. ①
connector for adapting to the macro manipulator (e.g., UR, KUKA, ABB, etc.);
② LSC motor; ③ USC motor; ④ LSC slider; ⑤ USC slider; ⑥ LSC connecting
link rod;⑦ USC connecting link rod;⑧ LSC rotational crank;⑨ USC rotational
crank (torch holder); ⑩ welding torch; ⑪ wire feeder; ⑫ torch head.
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2.3. Design details of the mini manipulator

As shown in Fig. 4, the mini manipulator utilises two Direct Current
(DC) motors to drive two slider-crank linkages (i.e., Lower Slider-Crank
(LSC) linkage and Upper Slider-Crank (USC)) linkage separately, which
manipulate the welding torch to accomplish 2-DoF movements. For
conventional serial manipulators/robots, robot actuators are usually
embedded into the robot joints themselves. Although this is a straight-
forward and simple configuration, it makes robots and joints bulky and
difficult to access in constrained environments. Therefore, to make the
mini manipulator slim and flexible for confined spaces, the motors/ac-
tuators of the mini manipulator are extracted from joints and moved to
the manipulator’s bottom. With this configuration, two slider-crank
linkages are utilised to connect the actuators and joints to give proper
driven forces.

Hence, the mini manipulator consists of a universal connector (①),
two motors (② and③), two slider-crank linkages (including two sliders
④ and ⑤, two link rods ⑥ and ⑦, two rotational cranks ⑧ and ⑨), a
customised welding torch (⑩), a wire feeder (⑪) and a torch head (⑫).
The universal connector (①) is used to attach the mini manipulator to a
macro manipulator (e.g., a robotic arm). For the two slider-crank link-
ages, each contains three moving components with an offset configu-
ration as follows (taking the LSC as an example):

1) a linear slider (④) which is connected to the motor (②) directly
through a nut on a screw shaft to provide a linear driving force for the
slider-crank linkage.

2) a rotational crank (⑧) which works as an output crank to convert the
linear movement of the slider to rotation movement.

3) a connecting rigid link rod (⑥) which connects the slider and the
rotational crank/ torch holder.

The two slider-crank linkages are connected in series to manipulate
the welding torch for adjusting its pose in real-time.

2.4. Mini manipulator hardware integration and control system

2.4.1. Bespoke welding torch
To cater to the needs of operators to hold the welding torch ergo-

nomically, off-the-shelf welding torches are usually equipped with a
large and long handle, of which the size severely affects their flexibility
in confined environments. To enable the mini manipulator to operate
flexibly within constrained spaces, a miniaturised welding torch is
customised based on a standard handheld welding torch, so that it can be
mounted on the mini manipulator to access constraint spaces, as shown
in Fig. 5a).

2.4.2. Welding wire adjustment mechanism
For conventional robotic welding systems, they usually are equipped

with a fixed wire feeder, attached to a fixed welding torch. Thus, the
orientation of the wire feeder can be adjusted by the last joint of the
macro robot (i.e., UR robot) advance to make sure that wire is always fed
into the front of the welding direction while still keeping the TCP po-
sition of the welding torch. However, the extra 2-DoF for the welding
torch and attached wire feeder adds another layer of complexity to the
wire feeder control. When there is no tilt movement for the welding
torch (i.e., joint rotation angle θ1 = 0 and θ2 = 0), it is possible to use
the last joint of the macro robot to control the wire feeder, similar to the
conventional robotic welding system. However, it is impossible to do so
when there is tilt movement of the welding torch (i.e., θ1 ∕= 0 or θ2 ∕= 0)
while still keeping the TCP position. Furthermore, although the problem
can be solved if more joints of the UR robot are involved, it will increase
the possibility of robot collision with constrained surrounding in
confined environments.

Therefore, a novel rotation mechanism for the wire feeder is
designed and assembled to achieve a real-time wire feeder adjustment
according to the welding path. As shown in Fig. 5b), the rotation
mechanism consists of a stator and a rotator. The stator, installed on the
end-effector firmly, is hollow inside to enable the welding torch to pass
through. The rotator is seated on the stator through a ball bearing, with a
wire feeder tube and a motor positioned at two ends of the rotator,
oppositely. In order to drive the rotator, a set of gears is fixed on the
motor and stator, respectively. Thus, the rotation position and speed of
the wire feeder tube can be adjusted according to the pre-defined
welding path in real-time by controlling the motor. Because the rota-
tion mechanism is attached to the welding torch directly, the direction
adjustment of the wire feeder is independent and does not rely on the
movement of the macro or the mini manipulator, which increases the
flexibility of the system in confined spaces.

2.4.3. Control algorithm of the macro-mini collaborative manipulator
system

Due to the independent movement of the welding torch, a synchro-
nisation algorithm between the mini manipulator and the macro
manipulator is required to achieve a collaborative welding task. For the
control and synchronisation of the two motors, a National Instruments
(NI) Field Programmable Gate Array (FPGA) board is adopted and
connected to the two motors through two motor servo controllers,
respectively. NI LabVIEW is used as the human-machine interface to
send commands to both macro and mini manipulators synchronously
(Fig. 6). Based on the hardware specifications, a communication fre-
quency of 20 Hz is employed for the macro-mini manipulator system,
which satisfies the requirement for a welding speed of 1 mm/s.

The synchronisation between the macro manipulator and the mini
manipulator can be implemented by running an optimisation problem of
an 8-DoF redundant robot with constraints on the joint movement limits
(e.g., range and speed, etc.) and geometrical constraints of the working
space while the objective function of the optimisation problem will
include deviation from the desired path and robot energy, etc. The
optimisation approaches of redundant robots have already been
explained and explored in the current literature [21,22,23]. Thus, the
paper focuses on the novelty of the mini manipulator design and kine-
matic modelling.

3. Modelling of the mini manipulator

For the collaboration between the mini manipulator and the off-the-
shelf robot (macro manipulator) to perform non-time-dependent pro-
cesses (e.g., drilling machining), the main concern is to control the Tool
Centre Point (TCP) position accurately [24]. However, an additional
challenge emerges when utilising the mini manipulator for
time-dependent processes where any variation in speed will influence
the final machining quality [25]. Therefore, in this case, two factors take

Fig. 5. Redesign of bespoke welding torch for the mini manipulator. a) Welding
torch redesign based on the off-the-shelf handheld welding torch by truncating
the handle and handle bushing; b) Rotation mechanism for the wire feeder to
adjust the wire feeding direction in real-time.
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the main responsibility for accomplishing a successful TIG welding task,
i.e., welding torch TCP position as well as its speed [26]. Therefore, two
parts of modelling are included in this section to fulfil the accuracy re-
quirements of both position and speed of welding torch TCP based on the
proposed design, i.e., kinematic modelling and Jacobian modelling. The
kinematic modelling is required to achieve the predefined welding path
(i.e., welding torch head TCP) by calculating the motor commands for
the mini manipulator. Jacobian modelling is required to adjust the
motor commands to achieve the desired TCP speed for the mini
manipulator.

3.1. Kinematic modelling based on the design of the novel mini
manipulator

To achieve a predefined welding path (i.e., welding torch head TCP),
the motor commands should be calculated based on inverse kinematics.
Therefore, kinematic modelling introduced in this section reveals the
relationship between motor commands and welding torch TCP, which
can be achieved by finding the following two relationships:

1) The relationship between the welding torch TCP and rotation angles
of the two rotational cranks.

2) The relationship between rotation angles of the two rotational cranks
and motor commands of the two motors.

3.1.1. Welding torch TCP and rotational cranks angles relationship
As shown in Fig. 7a), according to the kinematic chains of the mini

manipulator, three coordinate frames, i.e., OwXwYwZw(world frame),
OLXLYLZL (LSC local frame) and OUXUYUZU (USC local frame), are
established on the manipulator base, LSC and USC pivot axes, respec-
tively. The pivot axes of LSC mechanism and USC mechanism are
perpendicular to each other, with an offset distance of h, as shown in
Fig. 7b). Therefore, the transformation matrix TUL of USC local frame
relative to the world frame is as follows:

TU
L =TL⋅Toffset⋅TU

=

⎛

⎜
⎜
⎜
⎝

cosθ1 0 sinθ1 0
0 1 0 0

− sinθ1 0 cosθ1 0
0 0 0 1

⎞

⎟
⎟
⎟
⎠

⋅

⎛

⎜
⎜
⎜
⎝

1 0 0 0
0 1 0 0
0 0 1 h
0 0 0 1

⎞

⎟
⎟
⎟
⎠

⋅

⎛

⎜
⎜
⎜
⎝

1 0 0 0
0 cosθ2 − sinθ2 0
0 sinθ2 cosθ2 0
0 0 0 1

⎞

⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎝

cosθ1 sinθ1sinθ2 sinθ1cosθ2 hsinθ1

0 cosθ2 − sinθ2 0
− sinθ1 cosθ1sinθ2 cosθ1cosθ2 hcosθ1

0 0 0 1

⎞

⎟
⎟
⎟
⎠

(1)

where TL and TU are homogeneous transformation matrices of the local
frame OL and OU by rotating their circular crank with rotation angles of
θ1 and θ2 along with local axis YL and axis XU, respectively; Toffset is the
homogeneous transformation matrix of the offset between the local
frames OL and OU.

Assuming that the length of the welding torch in the local frame OU is

p and the welding torch TCP coordinates in the local frame OU is Ptip =

[0 0 p 1 ]T, it’s coordinate Pw = [ x y z 1 ]T in the world frame
Ow can be generated by the kinematic chain of the mini manipulator as:

Pw = TU
L ⋅Ptip (2)

By simplifying (Eq. (2)), the relationship between the welding torch
TCP and rotation angles of the two circular cranks in the world coor-
dinate frame is as follows:
⎧
⎪⎪⎨

⎪⎪⎩

x = p⋅sinθ1cosθ2 + h⋅sinθ1

y = − p⋅sinθ2

z = p⋅cosθ1cosθ2 + h⋅cosθ1

(3)

Based on the practical configuration of the mini manipulator, the

rotational angles of θ1 and θ2 are in the range of
[
− π

18,
π
18

]
. Therefore,

the inverse kinematics between the rotation angles of the two rotational
cranks and the welding torch TCP position can be calculated based on

Fig. 6. Control architecture for the macro-mini collaborative manipulator.

Fig. 7. The coordinate frames and the kinematic chain of the mini manipulator.
a) three coordinate frames are established, i.e., world frame OwXwYwZw on the
manipulator base, a local frame OLXLYLZL on the LSC pivot axis and a local
frame OUXUYUZU on the USC pivot axis; b) The configuration of LSC and USC
pivot axes is in perpendicularity with an offset distance of h.
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(Eq. (3)) as:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

θ1 = sin− 1

(
x

h+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p2 − y2

√

)

θ2 = − sin− 1
(
y
p

) (4)

3.1.2. Rotational cranks angles and motors commands relationship
According to the mini manipulator configuration, the rotation angles

of the two circular cranks (i.e., θ1 and θ2) are driven by two motors via
LSC and USC linkages. The 3D model of the LSC linkage is shown in
Fig. 8a) and its kinematic diagram is shown in Fig. 8b) to describe the
movement relationship of the slider-crank linkage, where the trans-
lational movement of the slider driven by the motor is transformed into
the rotational movement of the rotational crank through the slider and
the link rod. As shown in Fig. 8c), a simplified version of the kinematic
diagram is used to show the relationship between the rotation angle θ1
of the circular crank and the displacement L1 of the slider. For the right
triangle ΔA1C1B1, its two catheti A1C1 and B1C1, can be represented as:
{
A1C1 = L1 − l12sinθ1
B1C1 = l12cosθ1 − l10

(5)

where l12 denotes the distance between the crank joint and the pivot; l10
denotes the offset distance of the slider to the Z-axis.

Therefore, by solving the right triangle ΔACB based on (Eq. (5)), the
relationship between the rotation angle θ1 of the circular crank and the
displacement L1 of the slider can be achieved as:

L1 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l211 − (l12cosθ1 − l10)2
√

+ l12sinθ1 (6)

where l11 denotes the length of the link rod.

For the USC linkage, the rotation pivot is moving in real-time caused
by the rotation of the LSC crank, which makes the kinematics much
more complicated, as shown in Fig. 9a). Therefore, the slider displace-
ment is not only related to the USC rotation angle but also related to the
LSC rotation angle. To solve the kinematics of the USC linkage, the co-
ordinate of the linkage endpoint A2 = (0, l22, 0, 1)T in the world frame
needs to be calculated based on the transformation matrix TUL in (Eq.
(1)).

Therefore, the endpoint A2 in the world frame is as:
(
A2x, A2y, A2z, 1

)T
= TU

L ⋅A2 (7)

(Eq. (7)) can be simplified as:
⎧
⎪⎪⎨

⎪⎪⎩

A2x = l22sinθ1sinθ2 + hsinθ1

A2y = l22cosθ2

A2z = l22cosθ1sinθ2 + hcosθ1

(8)

According to Fig. 9b and c), the USC linkage is projected to YOZ
plane and XOZ plane, respectively. Therefore, the relationship between
the slider displacement and the endpoint A2 is as:
(
A2y − l20

)2
+ (A2z + L2)2 = l221 − A2

2x (9)

By solving (Eq. (9)), the relationship between the slider displacement
and crank rotation angles θ1 and θ2 can be represented as:

Therefore, by combining (Eqs. (4), (6) and (10)), the inverse kine-
matics of the mini manipulator is achieved as (Eq. (11)), and the motor
commands can be calculated in real-time based on the welding torch
TCP in the world coordinate.

Fig. 8. Kinematic model of LSC linkage in the mini manipulator. a) a 3D model of the slider-crank linkage; b) a kinematic diagram of the LSC linkage which
transforms the translational movement of the slider carried by the motor to the rotational movement of the circular crank; c) A simplified kinematic diagram of the
LSC linkage to show the relationship between the rotation angle θ1 of the circular crank and the displacement L1 of the slider.

L2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l221 − (l22sinθ1sinθ2 + hsinθ1)
2
− (l22cosθ2 − l20)2

√

− (l22cosθ1sinθ2 + hcosθ1) (10)
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Fig. 9. Kinematic model of the USC linkage. a) 3D model of the slider-crank linkage; b) A simplified kinematic diagram of the USC linkage to show the relationship
between the rotation angle θ1, θ2 and the displacement L2 in the YOZ plane; c) A simplified kinematic diagram of the USC linkage to show the relationship between
the rotation angle and the slider displacement L2 in the XOZ plane.

Fig. 10. Validation of kinematic and Jacobian modelling of the mini manipulator in MATLAB Simulink.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l211 − (l12cosθ1 − l10)2
√

+ l12sinθ1

L2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l221 − (l22sinθ1sinθ2 + hsinθ1)
2
− (l22cosθ2 − l20)2

√

− (l22cosθ1sinθ2 + hcosθ1)

θ1 = sin− 1

(
x

h+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p2 − y2

√

)

θ2 = − sin− 1
(
y
p

)

(11)
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3.2. Jacobian modelling of the mini manipulator

For the welding process, both the TCP position and velocity play
important roles in the final welding quality. Controllable TCP velocity
can help the welding torch achieve a better and smoother welding path.
Hence, the Jacobian matrix is achieved by differentiating (Eq. (3)),
which reveals the velocity relationship between the welding torch TCPV
= ( ẋ ẏ ż )T and the two rotational cranks.
⎛

⎜
⎜
⎝

ẋ

ẏ

ż

⎞

⎟
⎟
⎠ =

⎡

⎢
⎢
⎣

pcosθ1cosθ2 + hcosθ1 − psinθ1sinθ2

0 − pcosθ2

− psinθ1cosθ2 − hsinθ1 − pcosθ1sinθ2

⎤

⎥
⎥
⎦

(
θ̇1

θ̇2

)

(12)

where J1 =

⎡

⎣
pcosθ1cosθ2 + hcosθ1 − psinθ1sinθ2

0 − pcosθ2
− psinθ1cosθ2 − hsinθ1 − pcosθ1sinθ2

⎤

⎦ is the Jacobian

matrix between the TCP velocities of the welding torch and the rotation
velocities of the two rotational cranks.

(Eq. (12)) can be abbreviated as:

V = J1⋅θ̇ (13)

Similarly, the Jacobian matrix J2 is achieved by differentiating (Eqs.
(6) and (10)), which reveals the relationship between the translational
velocities of the two sliders L̇ = ( L̇1 L̇2 )

T and the rotation velocities
θ̇ = ( θ̇1 θ̇2 )

T of the two rotational cranks.

L̇ = J2⋅θ̇ (14)

Therefore, the relationship between the TCP velocities of the welding
torch and the translational velocities of the two sliders can be deter-
mined by combining (Eqs. (13) and (14)) as:

V = J1⋅
(
JT2 ⋅J2

)− 1⋅
(
JT2 ⋅L̇

)
(15)

3.3. Kinematic and Jacobian model validation via MATLAB simulation
with CAD model

The verification of kinematic and Jacobian models is conducted in
MATLAB Simulink, which is created by importing the CAD (Computer
Aided Design) model of the mini manipulator into MATLAB. Thus, the
Simulink environment can present all the design dimensions and joints
of the mini manipulator. In the simulation, the mini manipulator is given
a pre-defined circle path with a diameter of 15 mm. For the verification

Fig. 11. Accuracy tests of the mini manipulator with VICON motion capture system. a) Experiment setup with the motion capture system consisting of four VICON
cameras; b) detail view of the mini manipulator with torch head installed (during the test process, the torch head is replaced with a marker rig); c) detail view of the
marker rig which consists of 5 retroreflective markers.
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of the kinematic model, the displacements L1 and L2 of both sliders are
calculated based on (Eq. (11)). Then the calculated slider displacements
are sent to the Simulink model to generate the simulated TCP position,
as shown in Fig. 10. The results of the simulated TCP position and
desired TCP position are coincident with each other, which verifies the
correctness of the kinematic model. For verification of the Jacobian
model, the desired TCP velocities calculated by (Eq. (15)) are compared
with the simulated velocities from MATLAB Simulink. As shown in
Fig. 10, the results from simulated TCP velocities and desired TCP ve-
locities are coincident with each other as well.

4. Experimental validation of the macro-mini collaborative
manipulator

4.1. Accuracy tests by using a motion capture system

Although the simulation process has demonstrated the kinematic and
Jacobian model of the mini manipulator, movement accuracy should
also be explored considering that there are manufacturing and assembly
errors, e.g. joint clearance. Therefore, a motion capture system (VICON
camera system) is adopted to explore the movement accuracy of the
mini manipulator after manufacturing and assembly, as shown Fig. 11.
As shown in Fig. 11a), four Vicon motion capture cameras are strate-
gically positioned to face the mini manipulator, ensuring that the

movements of the mini manipulator’s end-effector remain within the
field of view of the four cameras. As detailed in Fig. 11b), the prototype
of the mini manipulator is manufactured and assembled. The size of the
mini manipulator prototype is 58 mm in diameter and 315 mm in length
(with the welding torch head installed). It’s worth noting that the
dimension of the mini manipulator can be optimised and reduced based
on the target application (e.g., using linear compact motors, frame-less
motors or structure optimisation, etc.). However, during the accuracy
test process, the welding torch are replaced with a marker rig, which is
installed directly on the end-effector to eliminate the installation error.
As shown in Fig. 11c), the marker rig comprises five hemispherical facial
markers designed to reflect light emitted by Vicon cameras, with the
reflected light subsequently captured by these cameras. During the
movement of the mini manipulator, the Vicon cameras continuously
monitor the marker rig in real-time at a frequency of 30 Hz. Conse-
quently, the three-dimensional position and orientation of the mini
manipulator’s end-effector are estimated based on the detected positions
of the markers by the Vicon cameras.

Two different desired paths are designed to test the accuracy of the
mini manipulator (i.e., circle shape path and infinity shape path). The
mini manipulator is first commanded to follow a circle path with a
diameter of 10 mm. For the kinematic accuracy test, the marker is
attached to the end-effector directly to eliminate installation errors, as
shown in Fig. 11c). Thus, the position of the measurement point is 30.5
mm relative to the USC (Upper Slider-Crank linkage) coordinate frame.
Although the working ranges in the task space at the measurement point
are x, y ∈ [− 5, 5] mm, the working ranges of the joint space cover the

full joint limitations (θ1,θ2 ∈
[
− π

18,
π
18

]
), according to the kinematics of

the mini manipulator.
The test is repeated two times to validate the repeatability of the mini

manipulator. As shown in Fig. 12a), the maximum error of the mini
manipulator is around 0.5 mm. Similarly, the mini-manipulator then
follows an infinite shape path with an X-span of 10 mm and a Y-span of
3.6 mm. As shown in Fig. 12b), the maximum error of the mini
manipulator by following the infinity path is 0.3 mm. In the real weld-
ing, the welding tip position will increase to 100 mm with the welding
torch head installed. Thus, the errors measured at the Vicon markers
point will be amplified by a factor 100/30.5 = 3.28 at the welding tip
point during real welding tests. For the error sources of the mini
manipulator, besides the errors from the manufacturing and assembly
process, it is worth noting that there exists clearance in the ball joint
used in the LSC linkage. The clearance of the ball joint introduces the
kinematic errors for the movements of the mini manipulator, especially
when the movement of the pusher changes its direction. However, for
different trials in both circle path and infinity path tests, although there
exists clearance for the ball joint, the mini manipulator still has high
repeatability accuracy, which validates that the clearance has little
impact on the repeatability accuracy. Furthermore, it is worth noting
that the dimension of the welding footprint is larger than the position
errors, which, to some degree, attenuates the impact of the position
errors on the final welding profile. In the future, a high-precise ball joint
will be customised andmanufactured to eliminate errors from clearance.
In addition, it should be also noted that the current control algorithm of
the mini manipulator is an open-loop control based on motor encoders.
Hence, the accuracy can be improved by integrating a closed-loop
control strategy in the future. It worth noting that, the size and
complexity of the mini manipulator will be increased if extra sensors or
transducers are needed for the integration of the close-loop control,
which will sacrifice its flexibility in constrained spaces. Thus, close-loop
control may be suitable for space-insensitive environments compared
with open-loop control system in the future.

Fig. 12. Accuracy tests with different desired path. a) Circle path with a TCP
speed of 1 mm/s; b) Infinity path with a TCP speed of 1 mm/s.
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4.2. Validation of a collaborative system for welding in confined
environments

To demonstrate the feasibility of the macro-mini collaborative sys-
tem, real welding tests are conducted with different pre-defined welding
paths in confined spaces.

4.2.1. Welding a circle path on a horizontal surface
Firstly, the mini manipulator is commanded to follow a circle

welding path with a diameter of 30 mm in a confined transparent pipe
environment (this is for the convenience of observing the welding pro-
cess). For this experiment setup, the macro manipulator carries the mini
manipulator to access the confined pipe environment and arrive at the
target workpiece to start the arc, as shown in Fig. 13. Because the mini
manipulator itself can achieve a constant arc length by following a circle
path on a horizontal surface, the macro manipulator keeps static during

Fig. 13. Welding tests in confined pipe environments by using the proposed
macro-mini manipulator system to follow a circle path on a horizontal surface.

Fig. 14. Welding accuracy and quality analysis for the collaborative macro-mini manipulator system to follow a circle shape path. a) The final welding results for
following a circle path; b) Contour of welding path shows the position accuracy of the collaborative welding system; c) Topography layer of the welding path shows
the deposition height over the welding trace.

Fig. 15. Experiment setup of the collaborative macro-mini manipulator system
to follow an S-shape path on an inclined surface.
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the welding process without providing compensation for the mini
manipulator.

As mentioned before, when welding a circle path on a horizontal
surface, there is no need for compensation from the macro manipulator.
However, the macro manipulator is still required to carry the mini
manipulator to access the confined environment and arrive at the target
workpiece. As shown in Figs. 13 and 15, when arriving at the welding
workpiece, the macro manipulator keeps static and the mini manipu-
lator carries the welding torch to follow a circle path with a diameter of
30 mm and TCP velocity of 1 mm/s, following the commands sent by the
LabVIEW and FPGA. During the welding process, the feeding direction
of the wire feeder is adjusted by the rotation mechanism in real-time,
which contributes to the success of the circle welding path. Three tri-
als are repeated to show the repeatability performance of the mini
manipulator.

To evaluate the welding quality of the macro-mini collaborative
manipulator, a 3D Optical Profilometer (Bruker Alicona) is adopted to
scan the welding paths to get the contour of the traces, as shown in
Fig. 14a). For the contour of the welding profile depicted in Fig. 14b),
the outer trace of the welding path is achieved by enclosing two circles
(pink solid circles) and the diameter of the outer mean trace (pink dash
circle) is calculated by averaging the diameters of the two circles (dOM =

31.9 mm). Similarly, the diameter of the inner mean trace (brown dash
circle line) is calculated by averaging the diameters of circles (brown
solid circle line) enclosing the inner trace (dIM = 24.9 mm). Finally, the
mean diameter of the whole welding path can be calculated by aver-
aging the outer mean trace and inner mean trace, according to (Eq.
(16)).

dM =
dOM + dIM

2
(16)

where dM denotes the mean diameter of the whole welding path; dOM
denotes the diameter of the outer mean trace; dIM denotes the diameter
of the inner mean trace.

In this case, the mean diameter of the welding path is 28.4 mm with
the pre-defined welding path diameter of 30mm. Thus, the relative error
of the real welding trial is 5.3%, which is comparable with the relative
error of 5.0% by using the VICON camera system. Furthermore, the
highest deposition height of the welding path is around 0.9 mm and the
width of the welding trace is around 3.5 mm, as shown in Fig. 14c).

4.2.2. Welding an S-shape path on an inclined surface
To further validate the collaborative mechanism with both macro

and mini manipulators moving for the collaborative welding system, an
S-shape path on an inclined surface is designed and tested, as shown in
Fig. 15. For this experiment setup, the macro manipulator not only
carries the mini manipulator to access the confined pipe space, but also
provides compensation for the mini manipulator during the welding
process. Based on the kinematics of the mini manipulator, although it
can follow the S-shape path, the constant arc length cannot be ensured
during the welding process. Therefore, the macro manipulator is
required to provide compensation for the mini manipulator to achieve a
constant arc length.

As shown in Fig. 16a), thanks to the compensation from the macro
manipulator, the mini manipulator can ensure a constant arc length
during the whole welding process without collision with the workpiece
surface. This also validates the movement synchronisation between the
macro manipulator and mini manipulator by the system control strat-
egy. As shown in Fig. 16a), the rotation mechanism ensures that the wire
feeder is always in the front of the welding feed direction, which is one
of the factors that affect the success of TIG welding and final welding
quality. As shown in Fig. 16b), the S-shape welding path on the inclined
surface is successfully fulfilled by the collaboration of the macro
manipulator and mini manipulator. Moreover, the synchronisation of
the rotation mechanism with the collaborative manipulator system also
contributes to the success of the S-shape welding path.

5. Conclusions

In this paper, a novel macro-mini collaborative welding system is
proposed to achieve welding tasks in confined environments, which
consists of a macromanipulator (universal robotic arm) and a novel mini
manipulator. With the slim mini manipulator installed on the robot arm,
the macro-mini collaborative manipulator system can achieve a (6 + 2)-
DoF movement, which enables accessibility to confined environments
with complex structures. In order to synchronise the macro manipulator
and the mini manipulator, a control algorithm based on LabVIEW and
FPGA is proposed and integrated into the welding system.

Furthermore, to fulfil a real-time wire feeder adjustment according
to the welding direction, a rotation mechanism for the wire feeder is
designed and attached to the welding torch. The width of the current
wire feeder rotation mechanism is 63.5 mm, which is slightly larger than
the body of the mini manipulator (58 mm). One reason is that an off-the-
shelf stepper motor and a pair of 3D-printed gear sets are used to drive
the wire feeder, which increases the size of the rotation mechanism. The
other reason is that the welding wire is rigid so it needs a smooth bend
tube rather than a sharp bend tube to achieve a successful wire delivery.
For the first problem, the integration of a frameless motor to drive the
system can reduce the size of the rotation mechanism. For the second
problem, the integration of a localised heating system to soften the wire
and help the wire pass a sharp bend tube will reduce the size of the
rotation mechanism further. Both solutions will help decrease the size of
the wire feeder rotation system in the future.

The proposedmini-manipulator is designed to fulfil 2-DoFmotion for
the end-effector in confined environments, which is actuated and ach-
ieved by two DCmotors. Tomake the mini manipulator slim in the radial
direction, the motors are moved to the bottom of the mini manipulator
and two slider-crank linkages (i.e., LSC and USC) are used to connect the
motors and the end-effector (i.e., welding torch) to accomplish 2-DoFs
movements. Based on the novel concept and design of the mini manip-
ulator, kinematic modelling including forward kinematics (FK) and in-
verse kinematics (IK) has been established. Furthermore, Jacobian
modelling of the mini manipulator based on the Jacobian matrix has
been achieved to explore the velocity relationship between the welding
torch TCP and motor commands. What is more, a MATLAB Simulink
simulation environment is created which validates the correctness of the
kinematic and Jacobian modelling.

To further test the movement accuracy of the mini manipulator, a
Vicon capture system is used to capture the end-effector movement of

Fig. 16. Details and results for the collaborative macro-mini manipulator sys-
tem to follow an S-shape path on an inclined surface. a) Detailed view of the
end-effector and rotation wire feeder mechanism; b) The final welding results
for following an S-shape path.
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the mini manipulator by following two pre-designed paths, i.e., circle
path and infinity path. During the tests, the mini manipulator has a
maximum error of 0.5 mm and 0.3 mm by following the circle path and
the infinity path, respectively. For the error sources of the mini
manipulator, besides the errors from the manufacturing and assembly
process, it is worth noting that the current control algorithm of the mini
manipulator is an open-loop control based on motor encoders. Hence,
the accuracy can be improved by integrating a high-precise ball joint
and a closed-loop control strategy in the future.

Finally, real welding tests are conducted with different welding paths
in confined spaces, which demonstrate the feasibility of the macro-mini
collaborative manipulator system. Firstly, welding a circle path on a
horizontal surface in a confined pipe environment without compensa-
tion from the macro manipulator is used to demonstrate the welding
ability of the mini manipulator. Then welding an S-shape on an inclined
surface is adopted to demonstrate the compensation and collaboration
ability of the macro-mini manipulator in confined spaces. The relative
position error of the real welding trial is 5.3%, which demonstrates the
advantage and practicability of the macro-mini collaborative manipu-
lator system for welding in confined environments.
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