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Abstract
In order to improve assembly quality and efficiency, reduce reliance on operators’ experience and skills, and satisfy diversified
assembly requirements, an automated reconfigurable and flexible assembly fixture for aerospace pipelines prior to welding is
designed and implemented. The developed novel fixture is composed of three systems, namely a configuration system, a control
system, and a mechanical system. The mechanical system is the fundamental of the fixture and mainly contains a 3-DOF gantry-
hoisting platform and a number of 4-DOF locators, which is served to precisely locate and clamp all the tube joints of a pipeline
and then to assemble the pipeline together with corresponding tubes. The configuration system is the core of the fixture and is
used for configuring the specific fixture based on the 3D model of a pipeline. Using One-Master Multi-Slave control mode, the
control system is able to precisely control the mechanical system in accordance with the configuration information, which covers
the location and orientation data of all the locators for positioning and clamping tube joints of a pipeline, automatically generated
by the configuration system. At last the experimental and shop-floor validation show that the proposed fixture system can
significantly improve the assembly quality and efficiency for a variety of pipelines. In addition to aerospace pipelines, this fixture
system is also suitable for pipeline assembly from other industries including shipping, vehicle, etc.
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1 Introduction

In the aerospace field, the pipeline as the transmission channel
of water, oil, or gas for aerospace products is commonly made
up of tubes, tube joints, and some other accessories.
Performance of such a pipeline directly affects operational
functions, reliability, and service life of aerospace products.
Additionally, with the variation of parts, complex interfaces,
and spatial layouts, as well as low stiffness and high precision,
manufacturing difficulties of the pipeline are raised signifi-
cantly in the small batch and customized production modes.
Figure 1 illustrates typical and complex pipelines of an aero-
space product.

Generally, the conventional manufacturing process of the
pipeline mainly includes four stages as follows [1,2]: route
design of pipelines, CNC bending and measurement of tubes,
and assembly and welding of pipeline parts, as well as inspec-
tion and detection of the whole pipeline. It should be notewor-
thy that tubes and tube joints should be adjusted to the target
pose and to be assembled a pipeline in an assembly fixture
after bending process [3]. The assembly process directly de-
termines the productivity, welding quality, and production
cost of the pipeline. However, most of researches regarding
design and manufacturing of the pipeline, so far, fewer inves-
tigations have been focused on assembly of the pipeline until
now, particularly on the assembly fixture for the pipeline.
Nevertheless, the traditional assembly of the pipeline is ac-
complished by dedicated or modular fixtures. However, there
are many limitations or problems for such assembly fixture as
follows:

1) The entire assembly process is accomplished manually
and heavily relies on operators’ experience and skills,
which leads the final assembly quality and consistency
of the pipeline to be controlled difficultly.
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2) Due to the complex geometric shape of the pipeline, so
many adjustment parameters of the assembly fixture,
mostly manually calculated and difficult to guarantee
their correctness, are needed.

3) Such the fixture is inappropriate for continuous assembly
of tubes. Only two tubes can be assembled at one time,
which results in low efficiency and high cost. Additionally,
the fixture would be readjusted or redesigned manually for
different pipelines. Hence, it is not well suitable for the
customized pipeline.

4) In order to guarantee assembly accuracy of the pipeline,
high-precision measurement instruments, like the laser
tracker or interferometer, are required for aiding measure-
ment during the entire assembly process, which inevitably
leads to increased costs and reduced efficiency of the
pipeline.

To address above problems, automated and reconfigurable
flexible fixture (ARFF) technology is a more appropriate so-
lution. The key characteristics of the ARFF distinguished
from the traditional fixture are automation, reconfigurability,
and flexibility, which are mainly reflected in the automated
positioning and clamping of a workpiece. Further, on the one
hand, the ARFF can be automatically adjusted through the
reasonable mechanical structure and internal control algo-
rithms with structure or shapes changed from the workpiece.
On the other hand, the reconfigurable and flexible clamping
for ARFF can be achieved through the precise adaptive con-
trol of the clamping force and through selecting appropriate
clamp terminals in terms of the key positioning feature of the
workpiece.

Therefore, an ARFF for aerospace pipelines (AP-ARFF) is
designed and implemented in the assembly process. It can
significantly improve the assembly quality and efficiency as
well as even adapt to different pipelines. In addition, com-
pared with the traditional assembly mode, tubes and joints
are assembled and welded one by one inside the spacecraft

cabinet (see Fig. 1) in the final assembly, such novel assembly
mode using the developed AP-ARFF is of great significance
for shortening the lead time of an aerospace product. This is
because a pipeline can be finished in advance in the fabrica-
tion shop floor, and then it is assembled as a whole during the
final assembly. Related works are reviewed in the following
section. The framework of the AP-ARFF is described in
Section 3. Afterwards, the design and realization methods
and procedures of the mechanical system, configuration sys-
tem, and control system of the novel AP-ARFF are presented
in Section 4, 5, 6, respectively. The case study of a pipeline in
an aero-engine is performed to validate the proposed fixture
(AP-ARFF) in Section 7. Finally, conclusions and outlooks
are provided in Section 8.

2 Related works

The core idea of the reconfigurable and flexible fixture (RFF)
is to make its components into the standard modular parts or
components to quickly respond to changes of the workpiece
[4–7], which can significantly reduce the design and
manufacturing cycle as well as the production cost of the
fixture. Numerous works have been carried out on the RFF,
which can be approximately classified into four categories
according to work principles and structure characteristics, as
follows: Modular reconfigurable flexible fixture (MRFF),
boxjoint-type reconfigurable flexible fixture (BJRFF),
column-type reconfigurable flexible fixture (CRFF), and
robotic-type reconfigurable flexible fixture (RRFF).

An MRFF consists of multiple standard modular-compo-
nents, which are developed from the modular fixture [8].
Although MRFF is used widely, it also has some limitations,
such as the unaffordable cost and the limited work perfor-
mance, so it can only be applied for some part families with
distinct sizes and shapes in the machining process [9].
Additionally, in the field of assembly, in order to overcome
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Fig. 1 Pipelines of the aerospace product [1]
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limitations of the dedicated welded fixture, such as disassem-
bly and reuse, long manufacturing cycle, high cost, and large
storage area, the BJRFF based on boxjoint was proposed by
Kihlman and it has been used in aircraft and automobile as-
sembly [10]. The overall structure of this fixture can be easily
adjusted and reconfigured, which can significantly improve
the resource utilization of the fixture [11]. Based on previous
researches, Delfoi et al. [12] proposed an improved BJRFF.
The research mainly focuses on the reconfiguration method of
the BJRFF to fit the changed workpiece. Wang, Y. [13] de-
signed a BJRFF for the assembly of a horizontal wing-box
component of aircraft. The major highlight of the study is that
the fixture is combined with Stewart platform to realize the
reconfigurable clamping and posture adjustment of the work-
piece. With the development of the BJRFF technology,
BJRFF has being played a major role in aerospace industry
[14], automotive industry [15], etc. Nevertheless, BJRFF also
has some limitations, such as complicated operability, uncer-
tain stability, and security. These problems can be focuses of
the future research.

The RFF with a number of parallel array-layout columns or
pillars to support or position workpiece is identified as CRFF.
There are some typical studies on this fixture, as follows. Lee
and Yien [16] designed a CRFF with some support columns
aiming at solving the assembly problem of the panel parts of
the aircraft. Each column has 3 DOF, in which one is used to
adjust the height of the workpiece, and the other two are used
to change the position of the workpiece. Sela et al. [17] devel-
oped a CRFF which contained a baseplate, a set of column-
type locators, and clamps with the objective to realize the
adaptive supporting, positioning, and clamping of thin-
walled workpieces. In addition, the CRFF based on modular
Pogo column units has been applied to the aircraft industry,
but it is primarily used for assembly of wall panels or align-
ment assembly of large components. To solve friction-stir
welding of fuselage panels, a CRFF with several height-
adjustable pillars, suctions, and load cells was proposed by
McKeown C. et al. [18]. In order to guarantee milling accura-
cy of thin-walled parts, Hu, F. et al. [19] proposed a CRFF that
can absorb and fixate the curved surface of the thin-wall part
through multi-point supports. In short, CRFF configurations
are difficult to alter, and most CRFFs are served to position
and clamp workpieces by changing the variables of the col-
umn unit that are the number, position, or shape. The major
difference among these CRFFs is the drive mode, such as
manual-, hydraulic-, pneumatic-, and electric-drive mode.
Therefore, this fixture is mainly applied to aircraft skin ma-
chining, assembly docking, and posture adjustment of large
components during the assembly process.

Some RFFs similar to a robot system can be called RRFF
that is generally composed of two or more small robots.
Researchers have carried out numerous studies on the RRFF.
Cleghorn et al. [20] developed an assembly RRFF for sheet

metal parts of the automotive body. This fixture is inspired by
the marine organism octopus, which has the automatic
reconfigurability with several suctions to position and clamp
the workpieces. Rainer Müller et al. [21, 22] developed a new
RRFF that is consisted of several distributed robot arms to
manipulate fuselage components. Since the positioning and
clamping points can be easily changed, this fixture can be
quickly reconfigured to adapt to different assembly require-
ments of the workpiece. Identical to solve assembly of the
sheet metal, Yu, H. et al. [23] designed an RRFF which has
the ability to apply the programmable parallel manipulator
with 4 DOF to continuously transform its configurations. In
addition, in order to address the automatic-positioning of large
thin-walled workpieces of automobile or aircraft in the
manufacturing process, an RRFF is proposed by Molfino, R.
et al. [24]. The fixture is composed of a swarm of robots able
to relocate themselves under the sheet cumulating the support
only in the current place of machining. More works are made
to improve the fixture for practicability [25, 26]. In brief, the
RRFF can satisfy versatility of the automated assembly and
perform different assembly tasks by redesigning or program-
ming the robotic system. However, two drawbacks of the
existing RRFFs have to be overcome. The first one is that
the robot unit is too bulky to be frequently changed or layout
in the workshop. The second one is that the robot units need to
be reprogrammed manually when the assembly task changed,
which resulted in increased workload and setup time.

From the related works above, it can be seen that RFFs
have been widely investigated and applied in various indus-
trial products, and many benefits offered by RFFs have been
obtained. However, there is little research available for auto-
mated assembly of the pipeline till to now. To the best of our
knowledge, this is the first paper to address automated assem-
bly for the pipeline before welding by using a RFF. Hence, the
AP-ARFF designed in this paper is of novelty ranging from
the mechanical structure, the control system to the intelligent
configuration, and real case study from the aerospace industry.

3 Framework of the AP-ARFF

The AP-ARFF is designed for assembly of various aerospace
pipelines before welding and it contains a configuration sys-
tem, a control system, and a mechanical system, as shown in
Fig. 2.

The configuration system is a core of the fixture and it is
used to the rapid configuration of the fixture for various pipe-
lines. In detail, the pipeline model is analyzed and processed,
and eventually, the 3D model and configuration parameters of
the corresponding fixture are automatically generated in this
system, and the control system receives and handles the con-
figuration parameters to monitor the mechanical system to
perform the configuration and posture adjustment of the
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fixture in real time. In brief, the overall functions of the fixture
are realized through the coordination of the three systems.

Additionally, the configuration system serves for engineers
in the design department, while the control system and the
mechanical system serve for assembly worker or operators
in the workshop. Both control and mechanical system can be
carried out in parallel with the configuration system to shorten
assembly cycle and improve assembly efficiency of the
pipeline.

4 Mechanical system

4.1 Structure of the mechanical system

Themechanical system is designed to be an electromechanical
system and is able to achieve automation, reconfigurability,
and flexibility for pipeline assembly, as shown in Fig. 3. It
contains a gantry-hoisting platform (GHP), a number of loca-
tors and changeable terminal clamps, and a fixed workbench.

The GHP and the locator can be worked autonomously and
supervised by the control system. Specifically, the GHP is

applied for hoisting, positioning, and placing of the locator.
An electric gripper is mounted on the end of the Z axis linear
prismatic module of the GHP for hoisting the locator. The
effective range of the X, Y, and Z axes of the GHP is 3500,
2500, and 500 mm, respectively, and their positioning accura-
cy can reach 0.05 mm.

The locator is mainly served for posture adjustment of the
tube joints with 4 active DOF, and a magnetic base is installed
at the bottom of the locator to generate electromagnetic force
to fix the locator on the workbench. The maximal effective
stroke of the Z axis of the locator is 550mm and its positioning
accuracy can reach 0.01 mm.U axis of the locator can achieve
180° pitching rotation, VandWaxes of the locator can achieve
360° positive and negative rotation, and the rotary-positioning
accuracy of the three revolute axes reaches 0.005°. In addition,
the locator is connected to the power supply and the controller
through a DC-controlled cable with a quick-swap air plug for
power and signal transmission, which can avoid cable wind-
ing and wear during the hoisting and positioning process of
the locator. In short, the locator enables miniaturization, light-
weight and integration to the diverse, and complex assembly
of the pipeline.
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Besides, there are various types of tube joints, such as
plunger-type welded thread and straight and three-pass joints,
for assembly and then weld if needed all the tubes of a pipe-
line. In order to improve the flexibility and adaptability of the
mechanical system, a variety of terminal clamps are developed
to fit the diversified assembly of the tube joint.

Each linear module and rotary module of the mechanical
system possesses high integration and good interchangeabili-
ty, and they are respectively designed to be a linear motion
guide and a worm gear turntable unit. Through application
verifications, the assembly accuracy of the pipeline can be
guaranteed within 0.05 mm in the fixture. Additionally, com-
pared with the conventional assembly of the pipeline, the me-
chanical system can realize continuous assembly of multiple
tubes at one time.

4.2 Working steps of the mechanical system

For various assembly tasks of the pipeline, the working pro-
cess of the mechanical system can be approximately divided
into the following six steps in line with the operation rhythm.

Step 1: The mechanical system is initialized, the GHP and
the locator are moved back to their initial positions
with all servo axes of the mechanical system initial-
ized to the initial reference position (Fig. 4a).

Step 2: All tube joints of a pipeline are positioned and
clamped in the corresponding joint clamp according

to the configuration plan automatically generated by
the configuration system (Fig. 4b).

Step 3: The locator is hoisted to the target position in line
with the configuration principle by the GHP, and
then the magnetic base would be generated the elec-
tromagnetic force to fixate the locator on the work-
bench. Finally, the positioning and spatial layout of
all locators is undertaken with the same way
(Fig. 4c).

Step 4: Each tube joint is adjusted to the target pose by the
locator under the corresponding control instruction
which is automatically generated based on configu-
ration parameters from the configuration system
(Fig. 4d).

Step 5: The tube and the accessory are assembled on the
corresponding tube joint to form a desired pipeline
(Fig. 4e).

Step 6: The interface of each tube of the pipeline is marked
by four short straight lines to determine their spatial
pose and relative positional relationship. Then, the
pipeline is disassembled and transported to the
welding station for welding (Fig. 4f).

4.3 Reconfigurability and flexibility of the mechanical
system

On the one hand, in terms of large adaptability, the mechanical
system is certified to possess a strong reconfigurability as the
following three aspects:

1) For different pipelines, since the locators needed can be
changed in terms of the number of the tube joint of a
pipeline, assembly schemes of different pipelines can be
configured, as shown in Fig. 5a, b.

2) For the same pipeline, the pipeline assembled in the me-
chanical system is similar to a parallel manipulator system
or a cooperative robot system; different configuration lay-
outs of the pipeline can be formed by adjusting the spatial
posture of the terminal clamps, as shown in Fig. 5c, d.

3) A variety of terminal clamps, as shown in Fig. 3, can
accommodate the assembly of multiple-type tube joints
including plunger-type, straight, three-pass, and cross-
pass joints.

On the other hand, the modular design method is adopted
for the locator and each module of the locator corresponds to a
specific function such as rotation and translation. Four DOF
including Z, U, V, and W can be still adjusted for each locator
besides it can be continuously placed in anywhere on the
workbench through changing the X and Y positions. Such
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Fig. 3 Composition of the mechanical system: (1) Z axis linear prismatic
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continuous position and posture is very important and is nec-
essary so that each tube joint of a pipeline may be located and
oriented in anywhere of pipeline envelope space. In terms of
small adaptability, therefore the designed locator has a strong
continuity and flexibility on the positioning, clamping, and
posture adjustment for the tube joints.

In short, if the assembly task changes, the pipeline assem-
bly can be smartly and adaptively achieved by the mechanical
system with enough configurability and flexibility.

5 Configuration system

The configuration system plays a core role of the AP-ARFF
and it is developed as an add-on application module integrated
into Pro/E system, it consists of five major functional mod-
ules, as shown in Fig. 6. In detail, product data management is
to manage all attribute information of the pipeline model that
includes material, type, number, dimension, and geometrical
information of the pipeline part. Fixture resource management
is to manage the fixture resource including the fixture part or
element library, the welding data database, and the fixture
instance database. Fixture performance analysis is mainly to
analyze the performance of the configured fixture, mainly

including the position error analysis and the workspace anal-
ysis of the mechanical system, and fixture information output
is mainly to store and output all configured information of the
mechanical system. Fixture configuration module, which is
the core of the configuration subsystem, is to read and analyze
the 3D model of a pipeline, and automatically transform the
design data of the pipeline model into the configuration data
of the mechanical system. As shown in Fig. 6, the key con-
figuration processes marked by gray boxes are depicted as
follows.

5.1 Annotate the pipeline model

When a pipeline model is imported into the configuration
system, it firstly needs to be annotated with distinct attribute
information (such as the name, the number, and the type)
based on the model-based definition (MBD) method [27].
The annotated 3D model will not only provide effective man-
agement for the pipeline model, but also provide the guidance
index for other configuration processes. Annotating rules of
3D pipeline model are described as follows.

1) The naming rule for annotating a tube joint is “TJ_
type_ diameter_ number_ the number of the adjacent

STEP 1 STEP 2a b STEP 3c

STEP 4dSTEP 6f STEP 5e

Fig. 4 Working steps of the mechanical system

Fig. 5 Reconfigurability of the mechanical system
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tube joint”. For instance, a tube joint is annotated as
TJ_Z_16_01_0200. Where, TJ stands for a tube
joint. Z means a straight tube joint. Besides, L means
an angle tube joint, and T means a three-pass tube
joint, etc. 16 stands for the diameter (unit mm) of the
tube

joint. 01 is the number of the annotated tube joint. 02 and
00 are the number of the adjacent tube joint of the annotated
tube joint.

2) The naming rule for annotating a tube is “TB_ di-
ameter_ number_ the number of the adjacent tube
joint for the annotated tube”. For example, a tube
is annotated as TB_16_01_0102. Where, TB stands
for a tube. 16 stands for the diameter of the tube
(unit mm). 01 is the tube number. 02 and 00 are
the number of the adjacent tube joint for the anno-
tated tube.

3) The naming rule for annotating a welding seam is “WS _
number TJ number_ the TB number_ the number of WS.

Import  the pipeline model

Annotate the pipeline model

Correct the pipeline model

Store the component information of 

the pipeline

Product data management

Fixture resource management

• Fixture instance database

• Welding data database

• Fixture component /part library

Obtain the pipeline part pose

Calculate the configuration 

parameters of the mechanical system

Generate the assembly model of the 

pipeline and the mechanical system

Spatial pose analysis and interference 

checking of the pipeline model

Fixture configuration

es
o

p
le

d
o

m
e

nil
e

pi
p

e
ht

mr
ofs

nar
T

No

Yes

1

2

Transform-
ation 

matrices

Fixture information output

Save and output the model instance of 

the mechanical system

Output the assembly model of the 

pipeline and the mechanical system

Output the configuration information 

of the mechanical system

Reach the maximum number 

of the pose transformation?

Workapace analysis of the 

mechanical system

Fixture Performance analysis

Position error analysis of the 

locators

4

3

5

Control system of the AP-ARFF

Configur-
ation 

parameters

Performance analysis result

Fig. 6 Main configuration processes of the configuration system

Int J Adv Manuf Technol (2018) 97:3791–3811 3797



www.manaraa.com

Taking the label “WS_05_04_08” as an example,
where WS stands for a welding seam. 05 is the number
of the tube joint that contains the annotated welding
seam. 04 is the tube number that contains the annotated
welding seam. 08 represents the 8th welding seam of
the pipeline.

4) The naming rule for annotating the measurement position
point is “MLT_ number of TJ _ number of MLT”. For
instance, MLT_05_02. Where, MLT stands for measure-
ment point. 05 is the number of the tube joint that contains
the measurement position point. 02 indicates the second
measurement point of the pipeline.

At last, the annotated pipeline model with the related attri-
bute information is all stored in the database and meanwhile in
the configuration system.

5.2 Correct the pipeline model

Since the pipeline part including the tube and the tube joint
have been fabricated with permissible errors and deforma-
tions, there is a definite deviation between the design mod-
el and the actual product of a pipeline. In order to more
accurately and realistically reflect the relative relationship
of the pipeline part, the pipeline model needs to be
corrected based on the historical or measurement data,
and the correcting method of the pipeline model includes
the measuring correction and the welding- deformation
correction.

For measuring correction, a multi-camera vision measure-
ment system is set up by reasonably arranging the location and
orientation of the industrial camera based on the 3D-
measurement principle, and it is applied to sequentially mea-
sure the pipeline parts to obtain the measured data, including
the thickness, the bending radius, the bending angle of the
tube, and the external diameter of the tube or the tube joint,
and then, the design model of the pipeline is corrected based
on the measured data in accordance with the annotated num-
ber of the pipeline part [28].

Additionally, since welding-deformation seriously af-
fected performance and quality of the pipeline, and in order
to reduce the welding-deformation of the pipeline, it is an
effective method to compensate the design model of the
pipeline based on the historical welding-deformation data.
The welding-deformation database of the pipeline part has
been set up according to the historical production experi-
ence and the welding condition. The corresponding
welding-deformation data of each pipeline part is selected
from the database to modify the pipeline model sequential-
ly. Afterwards, the corrected pipeline model is stored in the
configuration system to provide the input for the following
configuration process.

5.3 Obtain the pose of the pipeline part

A corrected pipeline model is read and automatically proc-
essed to obtain pose information of each part of the pipeline.
The pose information can be expressed by a pose matrix Ppipel

(Eq. 1), which serves to solve the configuration parameters of
the mechanical system.

Ppipel ¼ e1 e2 e3 ppipel
0 0 0 1

� �
¼

e11 e12 e13 x0
e21 e22 e23 y0
e31 e32 e33 z0
0 0 0 1

2
664

3
775ð1Þ

Where, e1, e2, and e3 are the directional vectors of the
coordinate axes of the coordinate system of a pipeline part
relative to the assembly coordinate system (ACS). And ppipel
is the original position vector of the coordinate system of a
pipeline part in the ACS. As shown in Fig. 7, Ot-XtYtZt rep-
resents the coordinate system of a tube joint, Otu-XtuYtuZtu
represents the coordinate system of the key support-position
of a tube, and O0-X0Y0Z0 represents the global coordinate
system (GCS0) that is the only constant throughout the entire
configuration process of the mechanical system and it is set up
at fixed position of the workbench.

In order to determine the configuration parameter of the
locator, it is necessary to transform the poses of the tube joint
into the GCS0, and the transformation matrix of the ACS to

the GCS0 is expressed as G
AT .

G
AT¼ G

A R G
AP

0 1

" #
ð2Þ

where, GAR is the rotation transformation matrix and G
AP is the

translation transformation matrix.

Zt2

Xt2

Yt2

Ot2

Xt3

Yt1

Xt4

Yt3

Yt4

Xt1

Zt4

Zt1

Ot3

Zt3

Ot4

Ot1

Xam

Yam

Zam

Oam

ACS

GCS0

X0

Y0

Z0

O0

Xtu1

Ytu1

Ztu1

Otu1

Otu2

Xtu2

Ytu2

Ztu2

Fig. 7 Relationship between the Ot-XtYtZt or Otu-XtuYtuZtu and the ACS
or the GCS0
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As a result, the pose of a pipeline part in the GCS0 can be
expressed as:

M ¼ G
AT ⋅Ppipel ¼ u v w p

0 0 0 1

� �
¼

ux vx wx px
uy vy wy py
uz vz wy pz
0 0 0 1

2
664

3
775
ð3Þ

Where, u, v, and w are three mutually-perpendicular-unit
vectors to describe the orientation of the pipeline part in the
GCS0. p represents the position of the pipeline part in the
GCS0.

5.4 Calculate the configuration parameter
of the mechanical system

The configuration parameter of the mechanical system is the
control parameter/variable for driving the mechanical system
to adjust the tube joint to the target pose so as to assemble a
desired pipeline. In essence, it is an inverse kinematics prob-
lem (IKP) to calculate the configuration parameter of the lo-
cator. The target pose of a tube joint can be obtained in Section
5.3, and the configuration parameter of the locator, (x, y, z, θ1,
θ2, θ3), can be solved through the inverse kinematics method
(IKM). The solving step is summarized as follows:

1) Firstly, the kinematic structure model of the locator is set
up according to the kinematic principle (Fig. 8).

2) Then, the local coordinate system is respectively set up
on the corresponding kinematic component of the locator
through the D-H modeling method.

3) The transformationmatrix between two coordinate systems
is determined based on the coordinate-transformation theory.

4) The kinematics equation of the locator is established based
on the kinematic relationship between the locator components.

5) Finally, the configuration parameter of the locator is
calculated by the IKM.

In Fig. 8, the local coordinate system (LCS) of the compo-
nent of a locator is denoted as Oi-XiYiZi (i = 1, 2, 3, 4), where-
in, O1-X1Y1Z1 represents the coordinate system of the base of
a locator, and O5-X5Y5Z5 represents the coordinate system of
the clamp, where point O5 is the central clamping position of
the tube joint, the direction of the axis Z5 is close to the
clamping direction of the tube joint, and the direction of the
axis Y5 is the opposite direction of the clamp terminal, the
direction of the X5 axis is the normal direction of the plane
determined by the Y axis and the Z axis. Besides, l1 is the
relative distance between the LCS1 and the LCS2; l2 is the
relative distance between the LCS3 and the LCS4; l3 is the
relative distance between the LCS4 and the LCS5.

For a locator, its kinematic equation can be expressed in

Eq. 4. 05T is the posematrix of the terminal clamp in the GCS0.

0
5T ¼ 0

1T � 1
2T � 2

3T � 3
4T � 4

5T ð4Þ

Where, i−1i T is the transformation matrix between the Oi-1-
Xi-1Yi-1Zi-1 and the Oi-XiYiZi (i = 1, 2, 3, 4, 5), which can be
expressed as Eq. 5.

0
1T¼

1 0 0 x
0 1 0 y
0 0 1 0
0 0 0 1

2
664

3
775;

1
2T ¼

cosθ1 −sinθ1 0 0
sinθ1 cosθ1 0 0
0 0 1 l1
0 0 0 1

2
664

3
775;

2
3T ¼

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

2
664

3
775;

3
4T ¼

0 1 0 0
cosθ3 −sinθ3 0 0
sinθ3 cosθ3 0 l2
0 0 0 1

2
664

3
775;

4
5T ¼

1 0 0 0
0 0 1 l3
0 ‐1 0 0
0 0 0 1

2
664

3
775

ð5Þ

Hence, the matrix 0
5T that can be calculated via Eq. 5 and

can be expressed as Eq. 6.
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z

l2 l3

1
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Fig. 8 Kinematic structure model of the locator
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0
5T ¼

cosθ1sinθ3 þ cosθ3sinθ1sinθ2 cosθ2sinθ1 cosθ1cosθ3−sinθ1sinθ2sinθ3 xþ l3 cosθ1cosθ3−sinθ1sinθ2sinθ3ð Þ þ l2cosθ1
sinθ1sinθ3−cosθ1cosθ3sinθ2 −cosθ1cosθ2 cosθ3sθ1 þ cosθ1sinθ2sinθ3 yþ l3 cosθ3sinθ1 þ cosθ1sinθ2sinθ3ð Þ þ l2sinθ1
cosθ2cosθ3 −sinθ2 −cosθ2sinθ3 l1 þ z−l3cosθ2sinθ3
0 0 0 1

2
664

3
775 ð6Þ

As be known, the positioning of the tube joint can be
achieved in the terminal clamp when the coordinate system
of the tube joint is overlapped with the LCS5, namely the

matrix 0
5T is equal to the pose matrix M. That is,

0
5T ¼ M ð7Þ

After solving the Eq. 7, the configuration parameter of a
locator can be expressed as Eq. 8.

x ¼ px−l3 cosθ1cosθ3−sinθ1sinθ2sinθ3ð Þ−l2cosθ1
y ¼ py−l3 cosθ3sinθ1 þ cosθ1sinθ2sinθ3ð Þ−l2sinθ1
z ¼ pz−l1 þ l3cosθ2sinθ3
θ1 ¼ arctan −vx=vy

� �þ kπ; k ¼ 0;�1ð Þ
θ2 ¼ arctan cosθ1vz=vy

� �þ kπ; k ¼ 0;�1ð Þ
θ3 ¼ arctan −wz=uxð Þ þ kπ; k ¼ 0;�1ð Þ

8>>>>>><
>>>>>>:

ð8Þ

Moreover, the 3D assembly model of the pipeline and
mechanical system can be generated automatically in terms
of the configuration parameter, which can provide model
support for the pose analysis and interference check of the
pipeline model.

5.5 Pose analysis and interference check
of the pipeline model

Due to the complex geometry of the pipeline, limited
workspace, and certain envelope volume of each part/
component of the mechanical system, the interference would
occur among them if the assembly layout of the pipeline is
unreasonable. Hence, it is required for the pipeline model to
carry out the pose analysis and interference check to achieve
two objectives as follows:

Objective 1: The minimize number of interferential locators
(NLC), tube joints (NTJ), and tubes (NTB) re-
spectively in different poses.

Objective 2: The minimize total-position error of all tube
joints (ΔTTJ) for the pipeline model in differ-
ent poses.

Objective 1 is regarded as the primary criterion, and
objective 2 will be performed after objective 1. At last,
the result of the objective 1 and 2 will be assessed to get
the optimal pose and assembly scheme of the pipeline
model. As shown in Fig. 10, the process of pose analysis
and interference check can be divided into two stages,

namely, the initial pose analysis and interference check
and the pose optimization and interference check. For
the first stage, the working steps are described as
follows:

Step 1: When the pipeline model is imported, the initial
pose parameter of each pipeline part is read and
extracted according to the method provided in
subsection 5.3.

Step 2: The initial configuration parameter of the mechanical
system is calculated through the IKM under the ini-
tial pose parameter as the target value (subsection
5.4).

Step 3: Initial assembly model of the pipeline and the me-
chanical system is automatically generated in terms
of the initial configuration parameters.

Step 4: Interference check is applied to the initial assembly
model, and the result will be obtained in this step,
such as the number NLC, NTJ, and NTB.

Step 5: Total position error ΔTTJ of all tube joints is calcu-
lated by Eq. 15 for the current pose of the pipeline.

Step 6: Finally, the data generated by the above processes is
stored in the database.

In order to resolve the interference problem, interferen-
tial part of the pipeline model is isolated and combined with
their adjacent pipeline parts (such as the tube or the tube
joint) to reform a new pipeline model. Then, the pose opti-
mization and interference check are performed for the new
pipeline model according to the workflow in Fig. 9. When
the number of the pose transformation reaches the maxi-
mum number imax, the analysis process is finished, and the
result of the optimal analysis, like the optimal pose of the
pipeline model and the optimal configuration parameter of
the mechanical system, will be obtained by comparing all
the analyzing results.

In detail, the method of static interference check is adopted
for the assembly model of a pipeline and mechanical system
based on the algorithm of interference check of the bounding
box. And as shown in Fig. 9, the interference check can be
divided into two stages, namely the general interference check
and the interference check for interference pairs. The former is
mainly to shrink the scope of check and to generate a set of
interference pairs, and an interference pair includes an inter-
ferential locator and a pipeline part. During the general inter-
ference check, the locator is treated as a whole to create its

3800 Int J Adv Manuf Technol (2018) 97:3791–3811
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bounding box and even to form a bounding-box set of all the
locators (LC), namely LC = {L1, L2, …, Lk, …, Lm}. Where
Lk (1 ≤ k ≤m) represents the bounding box of the kth locator.
In addition, the set of the pipeline part (PL) is established in
line with the relative assembly relationship of the pipeline
parts, namely PL = {W1, W2, …, Wj, …, Wn}. Where Wj

(1 ≤ j ≤ n) represents a pipeline part. Finally, the model inter-
section of LC and PL is processed to form a set of the inter-
ference pair, and detailed steps of the interference check are
presented as follows:

Step 1: The interference sets are initialized to generate LC
and PL, and the interference check is carried out on
the internal elements of LC to get the number NLC.
Moreover, the assembly relationship of the pipe-
line parts is so fixed that the interference will not
occur, so the interference check is not needed for
PL.

Step 2: For∀Wj ∈ PL, (1 ≤ j ≤ n), Wj and LC are judged
whether there is an intersection. If yes, the Wj and
the intersecting element (Linf) in LC are extracted
and treated as an interference pair (Wj, Linf).

Step 3: Interference check for the interference pair (Wj,
Linf). Firstly, the bounding-box set of the locator
component (Linf) is established, namely Linf = {l1,
l2, …, lp, …, lq}, and lp (1 ≤ p ≤ q) represents a
component of the locator. For∀lp ∈ Linf, lp and Wj

are judged whether there is an intersection. If yes,
the part information of Wj is saved into the data-
base. At the same time, the number NTJ and the
number NTB can be obtained.

In summary, the interference of the assembly of the pipe-
line model can be avoided through the above steps.
Ultimately, the optimal assembly layout of the pipeline and
the optimal configuration parameter of the mechanical system
can be gained.

5.6 Position error analysis of the locator

The position error of a locator is a crucial factor to affect
assembly accuracy of the pipeline, and it is mainly caused
by geometry error, assembly error, etc. However, the men-
tioned error calculated separately would become particularly

Fig. 9 Process flow for pose analysis and interference check of pipeline model
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complicated; the appropriate method is that the error is trans-
formed into the linear displacement error in each direction of
the coordinate system of a locator, respectively.

As shown in Fig. 10, the position error model of a locator
can be set up in the form of space dimension chain. Point Q
is the central clamping position of a tube joint in the termi-
nal clamp. So, the position error of the locator is equivalent
to the position error of the point Q, and it can be expressed
as the linear displacement error (Δx0Q, Δy0Q, Δz0Q) in the
GCS0.

In Fig. 10, the position of pointQ in the GCS0 can be given
by the space dimension chain in Eq. 9.

O0Q ¼ O1O2 þ O2O3 þ O3O4 þ O4Q ð9Þ

Where, O0Q is closed-loop of the space dimension chain.
OiOi + 1(i = 0,1,2,3)andO4Q are composing loops of the space
dimension chain.

In addition, Eq. 9 can also be expressed as four simple
space dimension chains in Eq. 10.

OiQ ¼ OiOiþ1 þ Oiþ1Q i ¼ 0; 1; 2; 3ð Þ ð10Þ

The Eq. 10 can be expressed as a vector-matrix equation
below.

xi;Q
yi;Q
zi;Q

2
4

3
5 ¼ iþ1

i R
xiþ1;Q

yiþ1;Q
ziþ1;Q

2
4

3
5þ

x0;iþ1

y0;iþ1
z0;iþ1

2
4

3
5 i ¼ 0; 1; 2; 3ð Þ

ð11Þ

Wherein, [xi,Q, yi,Q, zi,Q]
Tare the coordinate values of the

point Q in the LCSi. [x0,i + 1, y0,i + 1,z0,i + 1]
T are the origin

coordinate values of the LCSi + 1 in the LCSi. And
iþ1
i R is

the rotation transformation matrix of the LCSi + 1 relative to
LCSi, (i = 0, 1, 2, 3, 4).

According to Eq. 9–11, the vector matrix equation of O0Q
can be obtained as follows.

x0Q
y0Q
z0Q

2
4

3
5 ¼ 4

0R
x4Q
y4Q
z4Q

2
4

3
5þ 3

0R
x04
y04
z04

2
4

3
5þ 2

0R
x03
y03
z03

2
4

3
5

þ 1
0R

x02
y02
z02

2
4

3
5þ

x01
y01
z01

2
4

3
5 ð12Þ

Wherein, 40R¼1
0R

2
1R

3
2R

4
3R,

3
0R¼1

0R
2
1R

3
2R,

2
0R¼1

0R
2
1R.

The position error of point Q can be represented as the
linear displacement error, namely [Δx0Q, Δy0Q, Δz0Q]T that
can be obtained through differential processing on both sides
of Eq. 12, that is,

Δx0Q
Δy0Q
Δz0Q

2
4

3
5 ¼ Δ4

0R
x4Q
y4Q
z4Q

2
4

3
5þ 4

0R
Δx4Q
Δy4Q
Δz4Q

2
4

3
5

8<
:

9=
;

þ Δ3
0R

x04
y04
z04

2
4

3
5

8<
: þ 3

0R
Δx04
Δy04
Δz04

2
4

3
5
9=
;

þ Δ2
0R

x03
y03
z03

2
4

3
5þ 2

0R
Δx03
Δy03
Δz03

2
4

3
5

8<
:

9=
;

þ Δ1
0R

x02
y02
z02

2
4

3
5

8<
: þ 1

0R
Δx02
Δy02
Δz02

2
4

3
5
9=
;

þ
Δx01
Δy01
Δz01

2
4

3
5 ð13Þ

Wherein, the parameters on the right side of Eq. 13 can be
obtained by calculation or measurement. So, the position error
ΔQ of the locator can be calculated via Eq. 14.

ΔQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx0Q
� �2 þ Δy0Q

� �2
þ Δz0Q
� �2r

ð14Þ

Therefore, the position error of each locator for the fixture
system can be calculated by the above steps, and the total
positioning error ΔTTJ of the entire fixture system can be
obtained via Eq. 15 (n is the number of the locators of the
fixture), so as to provide evaluation criteria for the pose anal-
ysis and interference check of the pipeline model (step 5 in
Subsection 5.5).
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Fig. 10 Model of space dimension chain of the locator
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ΔTTJ ¼ Σ
n

i¼1
ΔQi ¼ Σ

n

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx0Qi

� �2 þ Δy0Qi

� �2
þ Δz0Qi

� �2r
ð15Þ

In fact, after the pose analysis and interference check of the
pipeline model, the position error of the locator can be saved
in an XML file that can be transmitted to the control system to
generate corresponding control instructions to compensate the
position error of the locator.

6 Control system

In order to achieve requirements of high real-time, flexible to-
pology, and precise synchronization-control, the control system
is designed as a control mode of one-master multi-slave based
on the EtherCAT (Ethernet for Control Automation Technology)
that is an industrial Ethernet-fieldbus technology and a real-time
Ethernet system developed by Beckoff. As be seen, the general
architecture of this control system is shown in Fig. 11.

6.1 Architecture of the control system

In Fig. 11, an IPC controller with MAC interface is used as a
master control station (MCS) that controls the slave control

station (SCS), and it is responsible for overall tasks of the
control system, such as communication, transformation of
the coordinate data, automated generation of the trajectory,
and processing of the configuration information. And the
SCS consists of a communication controller and a drive con-
troller, which mainly implement functions of the communica-
tion and the kinematic control. An ESC (EtherCAT slave con-
troller) control chip ET1100 is selected as the communication
controller, which is mainly used to connect the EtherCAT
network for data exchange with theMCS. Besides all the drive
controllers are integrated with the ET1100 and they have
EtherCAT interface that is connected with MCS via a coupler
EK1100 for data exchange. The driver controller is mainly
applied to the kinematic control of the motor and accept the
feedback signal from the encoder. In terms of system control
and communication, the MCS periodically sends the down-
link message with the control data to traverse each SCS
through the EtherCAT bus, and each SCS sends the feedback
signal to the MCS in every communication cycle, so the
closed-loop communication of the control system is realized.

In view of the power problem of the locator, if the live
cable connection was used for the locator, the winding and
abrasion of the cable easily occur at work. Besides, a com-
plicated path planning algorithm will be also needed, which
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Fig. 11 Architecture of the control system
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will seriously affect the positioning accuracy, stability, and
efficiency of the locator. Therefore, the multiple control
cables on the locator are designed as a DC-controlled cable
with a quick-swap air plug interface for power transmis-
sion. In the aspect of signal transmission, a wireless trans-
ceiver module is installed on each servo axis of the locator
to send and receive the data so as to realize the wireless
control of the servo axis.

6.2 Functions of the control software

The TwinCAT (The Windows Control and Automation
Technology) software plays a core role in the control software
and it is a platform of program development, which integrated
the functions of PLC, NC, and CNC, etc. Based on this, the
cooperative control mode of the host-computer software and
the lower-computer software is adopted for this control
software.

In Fig. 12, the host-computer software is developed by
using the C/S architecture, and its functions mainly contain
visualization of the control software, processing of the con-
figuration information, path planning and programming of
the locator, generation of the coordinate data and the con-
trol instruction, system monitoring, etc. And the lower-
computer software is developed in the PLC module and
its main functions include receiving of the coordinate data,
logic control of the I/O terminals, acquisition of the process
data, motion control and trajectory interpolation of the ser-
vo axis, reading of the feedback information from the en-
coder, collecting movement-state data of the GHP and the
locator, etc. Additionally, the host-computer software com-
municates with the lower-computer software each other

Host-computer software Lower-computer software
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Fig. 12 Internal architecture and functions of the control software

1. Initialization of the mechanical system
• All servo axes are back to their initial position.

• Tube joints are clamped on the corresponding locators.

2. Calculation of kinematic parameters and motion 
cut-off conditions for the mechanical system.

5. Avoidance treatment of the GHP.

6. Post-processing of the mechanical system.

3. Positioning and layout of the locators
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Fig. 13 Workflow of the control system
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through the ADS protocol (an automated equipment
specification).

6.3 Workflow of the control system

According to the workflow of the mechanical system, the
workflow of the control system can be divided into 6 steps
(Fig. 13).

Step 1: Initialized control instructions are sent to all servo
axes of the fixture to be back their initial position,
and the tube joint is respectively clamped on the
corresponding locator at the same time.

Step 2: Based on the configuration information, the kinemat-
ic parameter (including the angular velocity, the
speed, and acceleration) and motion cut-off condi-
tion of the mechanical system are determined by
the MCS and are sent to the SCS to generate the
corresponding control instruction to perform the fol-
lowing step 3 to 6.

Step 3: With the control instruction, the locator is respective-
ly hoisted and placed to the target position on the
workbench by the GHP.

Step 4: The tube joint is adjusted to the target pose by the
locator. In order to ensure the positioning accura-
cy, the actual pose of the tube joint is measured
by the laser tracker and is compared with its theo-
retical pose to get the pose error that is saved an
XML file and transferred to the MCS to generate
the corresponding instruction to correct pose of the
tube joint.

Step 5: In order to avoid the interference between the GHP
and the locator or the pipeline part when the tubes
assembled, the avoidance control instruction is gen-
erated in the MCS to drive the GHP to its initial
position.

Step 6: At last, the control system sends post-processing
commands to hoist and place all the locators to their
initial position when the pipeline welding is
accomplished.

7 Case study

As shown in Fig. 14, a typical pipeline in an aero-engine is
taken as a validation object, and it is composed of 6 tubes and

Fig. 14 3D model of a typical pipeline in an aero-engine

Fig. 15 Initialized information of the tube joints
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7 tube joints. There are three types of tube joints, including 1
angle joint, 3 straight joints, and 3 three-pass joints. The di-
ameter of all pipeline parts is 18 mm and the material is the
aluminum alloy. Besides, the pipeline geometry is rather
intricate.

7.1 Initialization of the pipeline model

According to the configuration process, the pipeline model is
loaded into the configuration system and initialized, including
annotating, correction and analysis. For the pipeline model, its
parts are annotated based on the annotation rules (in subsec-
tion 5.1), which can be provided the indexing guidance for the
subsequent configuration processes. The correction of the
pipeline model includes the measurement correction and the

welding-deformation correction is executed on the basis of the
actual measurement data and the welding-deformation data.
And through the analysis of the pipelinemodel, the initial pose
of the tube joints would be gained. Finally, the attribute infor-
mation of the pipeline part, such as the name, the number, and
the material, will be saved as an EXCEL file, as shown in
Figs. 15 and 16. Additionally, the above configuration pro-
cesses are accomplished in the product data management
module of the configuration system (Fig. 6).

7.2 Configuration of the mechanical system

In the configuration system, the initial configuration parame-
ter of the mechanical system (see Table 1) is calculated based
on the initial pose parameter of the tube joint (Fig. 15) through

Fig. 16 Initialized information of the tubes

Table 1 Initial configuration
parameters of the mechanical
system

Name of the tube joint clamped by the locator Initial configuration parameters

x (mm) y (mm) z (mm) θ1 (°) θ2 (°) θ3 (°)

TJ _Z_18_01_0200 2574.92 1982.14 849.32 152.20 26.52 76.75

TJ _T_18_02_010300 1659.66 2113.10 783.53 − 1.49 − 2.70 − 60.61
TJ _L_18_03_0609 2222.03 1891.52 793.50 143.99 0 5.11

TJ_T_18_04_020506 1630.17 1357.14 820.47 − 7.85 3.10 21.58

TJ _Z_18_05_0400 1985.08 523.81 696.25 − 2.87 0.40 95.86

TJ _T_18_06_040708 1894.58 1157.14 768.06 − 2.87 − 1.49 152.20

TJ _Z_18_07_0600 1839.66 788.10 778.42 2.99 4.13 36.15

(a) Initial assembly model of the pipeline and the mechanical system (b) Optimal assembly model of the pipeline and the mechanical system

Fig. 17 Configuration result of
the mechanical system
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the KIM, and the corresponding part/component model select-
ed to create the initial assembly model of the pipeline and the
mechanical system based on the parameters in Table 1, which
is then subjected to interference check following the working
step of Section 5.5. As shown in Fig. 17a, the result of the
interference check shows the interference was occurred be-
tween the tube TB_18_03_0405 and the locator clamped the
tube joint TJ_T_18_04_020506, as well as the tube
TB_18_05_0406 and the locator clamped the tube joint TJ
_T_18_06_040708. Next, the above interferential parts of
the pipeline are isolated and combined with their adjacent
parts of the pipeline to regenerate a new pipeline model, and
then the pose optimization and interference check for the new

pipeline model is similarly performed according to the
workflow of Fig. 9. Finally, the optimal configuration param-
eter of the mechanical system is obtained and shown in
Table 2, which is served as the drive-data to generate the
optimal assembly model of the pipeline and the mechanical
system that was no interference occurred, as shown in
Fig. 17b.

7.3 Working process of the mechanical system

After the model of the mechanical system configured, the
configuration result is transmitted to the control system. And
then, the configuration information is analyzed and processed

Table 2 Optimal configuration
parameters of the mechanical
system

Name of the tube joint clamped by the locator Optimal configuration parameters

x (mm) y (mm) z (mm) θ1 (°) θ2 (°) θ3 (°)

TJ _Z_18_01_0200 2574.92 1982.14 849.32 152.20 26.52 76.75

TJ _T_18_02_010300 1659.66 2113.10 783.53 − 1.49 − 2.70 − 60.61
TJ _L_18_03_0609 2222.03 1891.52 793.50 143.99 0 5.11

TJ_T_18_04_020506 1677.97 1779.76 688.84 180.23 0 0

TJ _Z_18_05_0400 1985.08 523.81 696.25 − 2.87 0.40 95.86

TJ _T_18_06_040708 2143.73 1073.81 706.61 84.09 0 3.92

TJ _Z_18_07_0600 1839.66 788.10 778.42 2.99 4.13 36.15

Fig. 18 Actual working process of the mechanical system

(1)                          (2)                  (3)                                                               (4)

Fig. 19 Trajectory of the end of the terminal clamp clamped the tube joint TJ _Z_18_05_0400. (1) The locator is initialized and clamped the tube joint.
(2) The locator is hoisted and positioned. (3) The pose of tube joint is adjusted by the locator. (4) The locator is in a stationary state
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to generate corresponding control instructions to drive the
mechanical system to carry out the automated assembly of
the pipeline, as shown in Fig. 18. In a word, the application
of the AP-ARFF has transformed the assembly of the pipeline
from the traditional analog mode into an automated digital
mode, which makes the assembly quality and efficiency in-
creased guaranteed greatly.

7.4 Analysis of assembly efficiency and quality
of the pipeline

In order to analyze assembly efficiency of the pipeline, the
marked point is set up respectively at the end of the electric
gripper of the GHP and the terminal clamp to track their tra-
jectories during the working process of the mechanical sys-
tem. Additionally, the terminal clamp clamped the tube joint
TJ _Z_18_05_0400 is seen as a validation object. Therefore,
Figs. 19 and 20 respectively show the trajectory of the clamp
and the end of the electric gripper of the GHP. According to

statistical analysis, the total time of the entire configuration
process is approximately 2 min from start of the assembly task
to completion of the pose adjustment of the tube joint.
However, it would approximately take 5 to 8 min for the
traditional assembly mode to complete the same work with
the aid of high-precision measuring instruments [1, 2]. So, this
new assembly mode is much shorter than the traditional man-
ual way, which makes the assembly efficiency increased by 60
to 75% in terms of assembly of a tube joint. Roughly, the
assembly time of the entire pipeline is increased by about 45
to 50% compared with the conventional mode.

Additionally, the linear displacement error on the X, Y, and
Z axes of each tube joint wasmeasured by a laser tracker based
on arranged measurement points to gain the assembly accura-
cy of the pipeline. And the assembly error of each tube joint
can be obtained by comparing the actual measurement coor-
dinate value with the theoretical coordinate value of the mea-
surement point, as shown in Fig. 21a, and the theoretical co-
ordinate value can be gained from the corrected pipeline

(1) (2)

Fig. 20 Trajectory of the end of the electric gripper of the GHP. (1) The GHP is located in the initial position at this time. (2) The locators are hoisted to
the target position on the workbench to be positioned and layout, and the GHP is back to the initial position

(a) Assembly error of each tube joint of the pipeline in case 1 (b) Assembly error of each tube joint of the pipeline in case 2

Fig. 21 Assembly error of each tube joint of the pipeline
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model. And it is found the assembly accuracy of each tube
joint of the pipeline can be up to 0.1 mm, which can be well fit
the assembly requirement of the pipeline. However, due to
uncertain human factors, the assembly accuracy of the same
pipeline for the traditional manual mode is difficult to control
and achieve the 0.1 mm.

In checking to make sure the utility and applicability of the
AP-ARFF, a diverse pipeline is used as the verification object.

It has 1 angle joint, 2 three-pass joints, 3 straight joints, and 5
tubes, as shown in Fig. 22. The diameter and the material of all
the parts are equivalent to the former. And pipeline geometry
is also more complicated. According to the configuration pro-
cess, the initial configuration parameter and the optimal con-
figuration parameter of the mechanical system are respective-
ly obtained and presented in Tables 3 and 4. Depending upon
the same method, the assembly quality and efficiency of the
pipeline are also analyzed. For assembly efficiency, the assem-
bly time of the entire pipeline is roughly reduced by about 40
to 50% compared with the conventional mode. For assembly
quality, assembly error of each tube joint of the pipeline is also
measured under the same method and the result appears in
Fig. 21b. It is found assembly error in each axis direction
and total assembly error of each tube joint are all less than
0.05mm so that assembly requirements for the pipeline can be
well met. In short, the two cases also demonstrate the correct-
ness of the configuration result generated by the configuration
system and the high precision of the control system and the
mechanical system.

8 Conclusion

The modular fixture is broadly applied to the traditional as-
sembly of the aerospace pipeline, but it is heavily dependent
on human operation experience, resulting in lower assembly

Table 3 Initial configuration
parameters of the mechanical
system

Name of the tube joint clamped by the
locator

Initial configuration parameters

x
(mm)

y
(mm)

z
(mm)

θ1 (°) θ2 (°) θ3 (°)

TJ_Z_18_01_0200 380.30 45.32 369.41 13.28 − 21.46 70.55

TJ_T_18_02_010304 373.18 379.26 515.10 35.26 − 43.35 31.41

TJ_Z_18_03_0200 125.22 252.78 707.91 96.99 − 117.28 − 40.09
TJ_T_18_04_020506 214.82 359.82 635.50 113.78 − 114.06 − 32.33
TJ_Z_18_05_0400 45.73 281.72 785.29 −7.90 − 66.11 123.53

TJ_L_18_06_0500 319.67 299.11 492.60 −75.50 − 74.51 − 127.19

Table 4 Optimal configuration
parameters of the mechanical
system

Name of the tube joint clamped by the
locator

Optimal configuration parameters

x
(mm)

y
(mm)

z
(mm)

θ1 (°) θ2 (°) θ3 (°)

TJ_Z_18_01_0200 534.30 188.26 296.83 140.01 − 20.20 − 170.37
TJ_T_18_02_010304 664.52 448.70 407.97 34.77 − 65.65 − 132.03
TJ_Z_18_03_0200 64.61 132.69 744.10 − 74.71 − 141.16 158.12

TJ_T_18_04_020506 496.44 496.43 564.01 − 50.65 − 41.64 − 117.73
TJ_Z_18_05_0400 134.48 154.05 281.90 576.26 − 1.49 64.58

TJ_L_18_06_0500 354.94 117.90 283.84 73.70 − 34.37 − 155.55

Fig. 22 3D model of the verified pipeline
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efficiency and quality and higher production cost. So the nov-
el AP-ARFF is designed and implemented in order to address
this disadvantage, which contains a configuration system, a
control system and a mechanical system. Through the coordi-
nation of the systems, reconfigurability, flexibility, automa-
tion, and high precision of the assembly of the pipeline can
be achieved.

& For the configuration system, it can be realized the rapid
and automatic configuration of the fixture for different
pipelines, such as annotating the pipeline model with ma-
jor attribute information based on the MBD method,
correcting the pipelinemodel based on the actual measure-
ment data and the historical reference welding data,
obtaining the pose of the pipeline part, calculating the
configuration parameter of the mechanical system through
the inverse kinematics method, pose analysis and interfer-
ence check of the pipeline model, etc.

& For the control system, it is designed as a control mode of
One-Master Multi-Slave based on the EtherCAT. The
MCS controls the SCS, and it is responsible for overall
tasks of the control system, such as communication, trans-
formation of the coordinate data, automated generation of
the trajectory, etc. And the SCS is mainly served to com-
municate with the MCS and kinematic control of the me-
chanical system.

& For the mechanical system, its components are modu-
larized so that it possesses high reconfigurability. For
different pipelines, the assembly scheme can be quickly
configured by adjusting the number, layout and posture
of the locator. Even for the same pipeline, different as-
sembly schemes can be obtained by adjusting the layout
and posture of the locator. Besides, the mechanical sys-
tem also has higher flexibility, which is reflected in
various terminal clamps for clamping different tube
joints and the locator can be continuously automated
repositioned.

& Additionally, automation of the fixture is embodied the
entire configuration process from the pipeline model
imported to the posture adjustment of the tube joint by
the mechanical system. This also reflects the fixture has
a certain intelligence. Finally, the fixture can complete
assembly of the pipeline with high quality and efficiency
through case verification, which has transformed the as-
sembly of the pipeline from the traditional analog mode
into an automated digital mode.

However, it is worth pointing out that the AP-ARFF can
only carry out the assembly and marking for the pipeline prior
to welding, the integration of assembly and welding has not
been achieved yet, but it will serve as our future research
content. Application of AP-ARFF to offer non-aerospace
pipelines is also our future work.
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