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The fierce global competition and rapid technology devel-
opment faced by manufacturing industry have been forcing
enterprises to evolve at an unprecedented rate [1, 2]. In order
to survive and succeed in such a turbulent and dynamic
environment, enterprises are striving to improve their com-
petencies to meet the requirements for rapid response to
different market opportunities including massive customiza-
tion of products, high product quality, low product cost, and
rapid response services. Moreover, the sustainable concerns,
not only on economy, but also on environment and society,
also force enterprises to examine their strategies in the full
lifecycle of the products/services and to engage in a new
competitive climate.

Digital Manufacturing [3–5] is originated from the
numerical control technology and based on the concept of
“digital earth”. It enables the production in a digital space
and focuses on the digitized technologies, such as digital
modeling, digital machining, digital resource, digital service,
and digital maintenance, for supporting the overall manufac-
turing performance optimisation during the whole product
lifecycle. Cloud manufacturing [6–8] is originated from the
cloud computing technology and based on the concept of
“smart earth.” It is the developing trend of Digital Manu-
facturing. Besides the aforementioned digital characteristics,
Cloud Manufacturing mainly focuses on offering secure,
reliable, high-quality, low-cost, and on-demand services
during production process. The manufacturing resources
and capabilities are virtualized into service provision and
being traded on a “pay-per-use” basis, which lead to a more
competitive market by the sustainable incentives.

This special issue aims to collect basic theory, key technol-
ogy, and application articles on themost recent achievements
in such field, for the purpose to show the latest development
and provide guidelines of future research directions. Z. Wei
et al. present a cloud model sharing platform based on
separated data log for cloud manufacturing. Y. Wang and T.
Chen develop a fuzzy collaborative forecasting approach for
forecasting the productivity of a factory. Q. Ai et al. propose
an intelligent method of product scheme design based on
product gene. Q. Liu et al. investigate the fault diagnosis
of rolling bearing based on wavelet package transform and
ensemble empirical mode decomposition. H. Su et al. present
an adaptive approach for boundary effects reduction in
rotating machine signals analysis. X. Wang and Y. Chen
study the numerical analysis of the frictional characteristics
of a magnetic suspended flying vehicle. G. Zhang and Y. Liu
investigate the positional error analysis of PCB Rogowski
coil for high accuracy current measurement. J. Zhang et al.
study the dynamic characteristics of a steel/CFRP drive shaft.
J. Huang et al. develop a fiber Bragg grating pressure sensor to
pipeline leakage detection, and a fiber Bragg grating tension
sensor for anchor rope is also presented by J. Huang et al. Z.
Li et al. develop a high-speed FBG demodulation system for
distributed dynamicmonitoring ofmechanical equipment. Z.
Zhou et al. study the practical velocity tracking control of a
parallel robot based on fuzzy adaptive algorithm. J. Li et al.
present a virtual reality method of portal slewing crane based
on WPF.

We hope that this special issue will serve our readers to
gain an overall perspective on Digital Manufacturing and
Cloud Manufacturing.
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Recently, there has been growing interest in composition of cloud manufacturing resources (CMRs). Composition of CMRs is a
feasible innovation to fulfill the user request while single cloud manufacturing resource cannot satisfy the functionality required
by the user. In this paper, we propose a new case-based approach for the composition of CMRs. The basic idea of the present
approach is to provide a computational framework for the composition of CMRs by imitating the common design method of
reviewing past designs to obtain solution concepts for a new composite cloudmanufacturing resource (CCMR). A notion of virtual
cloud manufacturing resource generators (VCMRGs) is introduced to conceptualize and represent underlying CCMRs contained
in existing CCMRs. VCMRGs are derived from previous CCMRs and serve as new conceptual building blocks for the composition
of CMRs. Feasible composite CMRs are generated by combining VCMRGs using some adaptation rules.The reuse of prior CCMRs
is accomplished via VCMRGs within the framework of case-based reasoning. We demonstrate that the proposed approach yields
lower execution time for fulfilling user request and shows good scalability.

1. Introduction

Cloud manufacturing is nowadays emerging as a major
technology for larger-scale collaboration manufacturing. It
is a new service-oriented, high efficiency and low con-
sumption, knowledge-based, and intelligent networked agile
manufacturing model and technology [1, 2]. It enriches
and expands the range of resource sharing and service
model in cloud computing, promoted agile, service, green,
and intelligent-orientedmanufacturing development. Service
system and technical architecture of cloud manufacturing
are constructed by integrating cloud computing, Internet of
things, high performance calculation (HPC), service com-
puting, artificial intelligence (AI), and information-oriented
manufacturing.

The increasing demand of users for high quality and
timely information is putting product manufacturing under
the pressure of adjusting the cost, reliability of products,
and effectiveness of manufacturing. A strategy that composes
multiple cloud manufacturing resources (CMRs) is essential

and provides more benefits to users [3]. CMR composition
focuses on synthesizing individual CMRs to create a new
resource. It aims to provide more value added resource than
a single CMR. A composite cloud manufacturing resource
(CCMR) is a partially ordered collection of component
CMRs. By choosing appropriate CMRs offered by different
CMR providers, specifying their coordination plan, and
implementing the plan through an orchestration engine, the
CCMR can provide more valuable and complete resource
than a single CMR. It can also reuse individual CMR more
efficiently.

This paper presents a systematic approach to compose
CMRs for the users of cloud manufacturing platform. The
present approach employs case-based reasoning (CBR) to
provide an overall framework for the composition of CMRs.
The cases of existing CCMRs are represented in terms of
primitive cloud manufacturing resources (PCMRs) and their
relevant functions. The underlying CCMRs of them are then
conceptualized and identified as virtual cloudmanufacturing
resource generators (VCMRGs), which consist of respective
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functions and physical building block(s) achieving their
functions. These VCMRGs are then stored in a case base for
further composition. When a user’s request is given, relevant
VCMRGs are retrieved from the case base and combined
by some adaptation rules to fit the given requirements,
producing CCMRs of a desired request. With the notion of
VCMRGs, the present approach can effectively generate var-
ious new CCMRs, sometimes creative ones, by transferring
and/or combining prior CCMRs derived from other CCMRs.

The remainder of this paper is organized as follows. In
Section 2, a brief review of existing literature on composition
of CMRs in network manufacturing is given. Section 3
describes the representation of CMRs and the case memory
organization and indexing scheme is given in Section 4.
Section 5 gives a detailed explanation of the proposed compo-
sitionmethod. In Section 6, the performance of the proposed
method is evaluated and analyzed. Finally, the paper ends
with a summary given in Section 7.

2. Review of the Literature

Composition of CMRs primarily addresses the situation of
a user’s request that cannot be satisfied by any available
service, whereas a composite service obtained by combin-
ing available services might be used. This has triggered a
considerable number of research efforts and made CMRs
composition problem as an active research area. The concept
of cloud manufacturing is proposed recently; most of the
previous approaches have researched on composition of
cloud computing resources and composition of web ser-
vices.

An important issue related to web services composition
is concerned with computing automatic composition of Web
services. Zeng et al. [4] proposed an optimizing service
selection at a composite service based on a generic Quality of
Service (QoS) model using established linear programming
techniques. Later, Zeng et al. [5] presented a QoS-aware mid-
dleware platform, called AgFlow, supporting quality driven
web services composition. The AgFlow system consisted of
a service quality model and two alternative service selec-
tion approaches. Agarwal et al. [6] classified Web services
as their interfaces and built a composite service through
logical and physical composition. In the logical composition
step, they supported building a composite service, including
conditional branches, by applying contingency planning. In
Gekas and Fasli [7], all possible compositions among web
services were searched using multiply adjacency matrices N
times based on depth first search. Berardi et al., [8] developed
Colombo, which was a framework for automatic web services
composition. Colombo was not developed for web services
composition search but for real time transmission of output
values when web services were actually performed through
workflow by using messaging technique. Kona et al. [9] used
constraint logic programming to discover a Web service and
built a composite service. Their method checked whether
requested outputs and effects were reachable from the pro-
vided inputs and preconditions using available services.Then
they built an appropriate composite service based on the

reachability. Akkiraju et al. [10] used semantic matching,
which considered domain dependant information as well as
domain independent information and improved semantic
precision of generated composite services by considering
semantic ambiguity during the planning process. Li et al.
[11] proposed a model that enables a designer to clearly
understand the global matching relationship between the key
components.

Another issue of web services composition is the mod-
els and algorithms for selecting web services composition
available. Vacuĺın and Sycara [12] presented a matchmaking
algorithm for retrieval of the top-𝑘 collision-free services
combinations. The time complexity of the algorithm was
𝑂((𝑚 log𝑚) ⋅ 𝑛), where 𝑛 was the number of output of
a user request and 𝑚 was the maximum number of web
services able to produce some output of effect in the
request. The composition results avoided collision such as
unwanted sideeffects, effect duplications, and contradictory
effects. However, they returned only top-𝑘 results. Zhao
and Doshi [13] introduced the challenges of the RESTful
web services composition and proposed a formal model
for RESTful web services composition. McIlraith and Son
[14] proposed to use Golog, a high-level logic program-
ming language based on the situation calculus, for creating
composite web service. They mapped an OWL-S service
model to situation calculus. Gologwas responsible for finding
a goal-oriented composition plan and executing it as a
program on an open agent architecture which enabled the
program to communicate with outsourced services on the
Web. Bultan et al. [15] modeled constituent web services
as Mealy machines, the finite state machines with message
queues. The individual web services communicated through
asynchronous messages and each of them had a queue for
incoming messages. By analyzing the sequence of the con-
versation messages, they provided an approach for modeling
well-formed service composition. Traverso and Pistore [16]
treated the planning problem based on model checking.
They developed ASTRO tool set that was a platform for web
service design and execution with automated composition
and monitoring. The tool set took as input the OWL-S
service models of available outsourced web services and a
composition goal and converted them into state transition
systems. The model based planner synthesized the state
transition systems to satisfy the goal and automatically
generated the executable BPEL process of the new service.
Sirin et al. [17] treated web service composition as a goal-
oriented hierarchical task network (HTN) planning problem
and developed SHOP2 HTN system, which took as input an
OWL-S service model that reflected the client requirement
and executed the resulting plan over the Web. Berardi et al.
[18] expressed a client’s service requirement as a finite state
machine consisting of activities which can be implemented
by external web services. Associated with a state was a set
of possible activities the client chooses. The resulting state
was determined by the client’s action. The state followed by
activity was iterated until the final state (e.g., terminal state) is
reached.They proposed an automatic composition tool called
E-Service Composer that implemented the state machine via
BPEL.
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3. Representation of Cloud
Manufacturing Resources

3.1. Primitive Cloud Manufacturing Resources. PCMRs are
provided as basic building blocks for representing and
understanding existing CCMRs. In general, there are two
kinds of PCMRs:manufacturing resource andmanufacturing
capability [19]. Manufacturing resource consists of physical
building block to achieve its function. It is divided into
two kinds by its existence form. One is hard PCMR that
comprises manufacturing devices (e.g., CNCmachine tools),
computing devices, and materials, which are involved during
the whole lifetime of production. The other is soft PCMR,
including software, manufacturing information, and man-
ufacturing knowledge. Manufacturing capability consists of
design capability, simulation capability, experiment capa-
bility, management capability, and maintenance capability.
Manufacturing capability is a dynamic resource form and
bases on the manufacturing resource.

For the needs of our research on CMR composition, we
developed resource library as a means for modeling and
defining a PCMR. The resource library has all the relevant
information about PCMRs such as business parameters
of PCMRs, states, execution time, per cost, and function
(input/output data). The states of a PCMR are wrapped into
four perspectives. Table 1 shows an illustrative example of
a PCMR in the resource library of cloud manufacturing
platform.

(1)TheAvailability Perspective.Weassume that there is a cloud
manufacturing platform of 𝑁 PCMRs. Let 𝑠𝑤

𝑖
denote the

availability of PCMR 𝑅
𝑖
at the moment of composition:

𝑠𝑤
𝑖
= {

1, PCMR 𝑅
𝑖
is available,

0, otherwise.
(1)

In this paper, we assume that if 𝑅
𝑖
is composited then

there is enough execution time for it to finish the task.

(2) The Property Perspective. The property perspective illus-
trates six properties of resource are defined, which have
been emphasized on previous research works as the quality
evaluation criteria of Web service. Let 𝑡𝑒

𝑖
denote execution

time of PCMR 𝑅
𝑖
and 𝑐𝑝

𝑖
denote per cost of working time of

PCMR 𝑅
𝑖
. It is clear that

𝐶
𝑖
= 𝑡𝑒
𝑖
⋅ 𝑐𝑝
𝑖
. (2)

Per cost 𝑐𝑝
𝑖
is usually fixed but may be changed according

to the PCMR provider’s business policy.The execution cost is
registered by the PCMR provider. Execution time 𝑡𝑒

𝑖
is the

average time expected for executing a cloud manufacturing
task. Individual execution time upon the requests of users
varies because the server loads changes. Therefore, the aver-
age execution time should be updated continuously by the
resource provider.

The reputation of each PCMR 𝑅
𝑖
is rep

𝑖
that is the

average reputation score of resource evaluated by users. The
individual reputation scores are likely to be subjective, but the

Table 1: Example of a design outsourcing PCMR.

PCMR Design outsourcing
Type Design resource

Availability 𝑠𝑤
𝑖
=
{

{

{

1, 8 am–6 pm,
0, otherwise.

Property 𝐶
𝑖
= 300RMB/h, rep = 0.89.

Function

𝑖𝑑
𝑖
= (𝑖𝑝
1
,CAD drawings) ,

𝑜𝑑
𝑖
=

[
[
[
[

[

(𝑜𝑝
1
, Stress analysis)

𝑖

(𝑜𝑝
2
, Structure analysis)

𝑖

(𝑜𝑝
3
,Process analysis)

𝑖

. . .

]
]
]
]

]

.

Business 𝑏
𝑖
=
[
[

[

(𝑏𝑝
1
,Company 1)

𝑖

(𝑏𝑝
2
,Company 2)

𝑖

. . .

]
]

]

.

average score becomes trustable as the total number of the
usages increases. The reputation score is measured by

rep
𝑖
=
∑
𝑚

𝑗=1
rep
𝑖,𝑗

𝑚
, (3)

where rep
𝑖,𝑗

is the individual reputation scores of 𝑗th usage
and𝑚 is the total number of usages.

(3)The Function Perspective. The function perspective identi-
fies the data that are exchanged between the PCMRs. Let 𝑖𝑑

𝑖

denote the input of PCMR 𝑅
𝑖
and 𝑜𝑑

𝑖
denote the output of

PCMR 𝑅
𝑖
:

𝑖𝑑
𝑖
= [(𝑖𝑝

1
, 𝑖V
1
)
𝑖
, (𝑖𝑝
2
, 𝑖V
2
)
𝑖
, . . . , (𝑖𝑝

𝑙
, 𝑖V
𝑙
)
𝑖
] ,

𝑜𝑑
𝑖
= [(𝑜𝑝

1
, 𝑜V
1
)
𝑖
, (𝑜𝑝
2
, 𝑜V
2
)
𝑖
, . . . , (𝑜𝑝

𝑘
, 𝑜V
𝑘
)
𝑖
] ,

(4)

where 𝑖𝑝
𝑙
is the name of 𝑙th input, 𝑖V

𝑙
is the value of 𝑙th input,

𝑜𝑝
𝑘
is the name of 𝑘th output, and 𝑜V

𝑘
is the value of 𝑘th

output.

(4) The Business Perspective. The business parameter 𝑏
𝑖
iden-

tifies the organizations (i.e., providers) that offer the resource

𝑏
𝑖
= [(𝑏𝑝

1
, 𝑏V
1
)
𝑖
, (𝑏𝑝
2
, 𝑏V
2
)
𝑖
, . . . , (𝑏𝑝

ℎ
, 𝑏V
ℎ
)
𝑖
] , (5)

where 𝑏𝑝
ℎ
is the name of ℎth business parameter and 𝑏V

ℎ
is

the value of ℎth business parameter.

3.2. Composite Cloud Manufacturing Resources. CCMRs can
be conceptualized and understood by using PCMRs as
constructive building blocks. For example, consider the flow
diagram of a cam outsourcing shown in Figure 1(a). The
user submits an input request of cam outsourcing (RO) into
two output actions of material purchase (MP) and structure
analysis of the cam (SA) and transmits the two output actions,
respectively, to the output action cam manufacturing. This
can be regarded as composed conceptually of four PCMRs.
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CAD 

Request of a
cam outsourcing

BOM

Structure
analysis

Material
purchase

Process
analysis

Machine tool

Manufacture
drawings

CAD 
drawings

(a) Flow diagram

SA

RO

PA MM-T

MP

CAD-D 

CAD-D 

BOM

(b) Abstract graph representation

Figure 1: A cam outsourcing CCMR.

Table 2: Case representation of a cam outsourcing resource.

Resource name Cam outsourcing resource

Overall function
RO → M
↘ MP

Type SI2O
Number of
constituent
PCMRs

4

Graph structure

SA

RO

PA MM-T

MP

CAD-D 

CAD-D 

BOM

Cloud manufacturing platform transforms the input data
into a material purchase resource. On the other hand, the
platform transforms the input data into a structure analysis
resource, which is then transformed into process analysis
resource (PA) by CAD drawings (CAD-D) and then finally
into a manufacture resource (M) by a CNCmachine tool (M-
T). In this way, by understanding a CCMR in terms of its
constituent PCMRs and their relevant functions, we could
easily conceptualize how the overall function of the CCMR
has been accomplished.

As illustrated in Figure 1(b), a CCMR can be represented
as a directed acyclic graph, inwhich each arc is labeledwith an
associated PCMR and each node with appropriate resource

type.The root and leaf nodes represent, respectively, the input
and output(s) and the interior nodes denote the connection
(common resource type) between two concatenated PCMRs.
The direction of an arc indicates the flow of motion from
input to output.With the arc label and two types of nodes, we
can identify the associated PCMR and its relevant function
(one of its multiple functions).

Existing CCMRs are represented in directed acyclic
graphs as mentioned above and stored in the case base of the
cloud manufacturing platform. They serve as fundamental
cloud manufacturing cases, from which VCMRGs will be
extracted. Table 2 illustrates the case representation of a cam
outsourcing shown in Figure 1.
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Figure 2: VCMRGs of a cam outsourcing CCMR.

Table 3: Examples of virtual cloud manufacturing resource generators (VCMRGs).

Type S-type C-type G-type
Name S0 C0 G2

Overall function RO → MP RO → PA
RO → M
↘ MP

Number of PCMRs 1 2 4

Graph structure
RO

MP

BOM
PASA

RO
CAD-D 

CAD-D 

SA

RO

PA MM-T

MP

CAD-D 

CAD-D 

BOM

3.3. Virtual Cloud Manufacturing Resource Generators. The
notion of VCMRGs is introduced to conceptualize and rep-
resent underlying composition concepts of existing CCMRs.
VCMRGs are virtual entities that are derived fromportions of
or the whole of CCMRs.They consist of one or more CCMRs
and perform a specific function of user’s request from input
to output(s). The notion of VCMRGs allows combining
conventional building blocks of individual PCMRs with new
higher-level conceptual building blocks consisting of several
PCMRs. In the present approach, VCMRGs are the actual
constructive building blocks that are used to compose desired
CMRs.

VCMRGs can be obtained by extracting all the subgraphs
from the graph representations of existing CCMRs. For
example, from the graph structure of the cam outsourcing
CMR in Figure 1(b), we can extract a total of ten sub-graphs,
as depicted in Table 1. Three types of VCMRGs are defined
according to the graph structure of extracted sub-graphs, as
indicated in Figure 2. An S-type VCMRG is derived from
a part of existing CCMRs consisting of a single PCMR. A
chain of concatenated PCMRs constitutes a C-type VCMRG.
A graph structure with multiple outputs forms a G-type
VCMRG. Table 3 illustrates each type of VCMRGs that are
created and stored in the cloud manufacturing platform.

S-type and C-type VCMRGs have a single input and a single
output. G-type VCMRGs involve a single input and multiple
outputs. The physical realization of a VCMRG is captured by
its graph structure, through which its constituent PCMR(s)
and relevant function(s) can be identified. The reference
CMRs are a list of existing CCMRs, from which respective
VCMRGs are derived. Since a VCMRG can be used in
several different CCMRs, a number of existing CCMRs can
be listed as reference CMRs. The derivation type denotes
that a VCMRG is derived either in part (partial) or in whole
(complete) from its reference CMR.

4. Case Memory Organization and
Indexing Scheme

The obtained VCMRGs, together with PCMRs and existing
CCMRs, need to be stored into a case memory for efficient
retrieval. Figure 3 illustrates an example of the case memory
provided in the present framework. The case memory is
organized in a multilayered structure with different levels of
abstraction.The first functional index layer serves as a system
index, which consists of pointers for locating the VCMRGs
stored in the next virtual case layer. VCMRGs are indexed by
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Figure 3: Example of the case memory.

their functions (i.e., data types of input and output(s)).Hence,
all the VCMRGs with the same function are clustered under
the same index and thus can be retrieved in a group at the
same time. S-type and C-type VCMRGs, which have a single
input and a single output (SISO), are indexed into the primary
index. On the other hand, G-type VCMRGs are indexed
into the auxiliary index, classified according to the number
of outputs: SI2O (single input/two outputs), SI3O, and so
forth. In this layer, CCMRs are dealt with from the functional
point of view without considering physical realizations. The
second is the virtual case layer, wherein obtained VCMRGs
are stored as virtual cases. As shown in Figure 3, VCMRGs
are stored separately according to their types. Since VCMRGs
are defined with their own physical realizations (constituent
PCMRs) to accomplish their overall functions, it finds that
this layer represents an abstraction level of CCMRs in terms
of functions and physical artifacts (e.g., function-structure
mapping).The third physical layer is comprised of the device
library of PCMRs and the case base of CCMRs. This layer
stores physical building blocks and artifacts.

Let us explain the procedure of storing and indexing
VCMRGs with the example shown in Figure 2 and the case
memory illustrated in Figure 3. The four S-type VCMRGs
derived from the CCMR in Figures 2(a)–2(d) are first stored,
respectively, as S0–S3 in the S-type virtual case base. Their
constituent PCMRs and reference CMRs are also given in
the second and third columns. The details of them can be
identified by consulting the device library and the case base,
respectively. Next, they are indexed in the primary index
(SISO) according to their functions (e.g., S3 is under the
index PA → M). Similarly, the three C-type VCMRGs from
the CCMR in Figures 2(e)–2(g) are stored as C0–C2 in the
C-type virtual case base and indexed, respectively, by their
overall functions in the primary index (SISO). The three G-
type VCMRGs obtained from the CCMR in Figures 2(h)–
2(j) are stored in the G-type virtual case base and indexed
appropriately in the SI2O auxiliary index.

In the case memory of Figure 3 are also presented some
VCMRGs obtained from other CCMRs. VCMRG S4 is
derived from a product design resource (Software 1 : RO
→ SA), and VCMRGs S5, C3, C4, and C5 are from PM3.
Notice here that VCMRG S4 involves the same PCMR (PM0:

structure analysis resource) as VCMRG S1, but they are
treated as distinct VCMRGs because their relevant functions
are different (S1 : SA → PA, S4 : RO → SA). It should also
be noted that when adding a newly derived VCMRG to the
case memory, we have to search the case memory first to
see if there already exists the same VCMRG. If the same
one is found, only the information on reference CMRs and
derivation types of the existing VCMRG will be updated
appropriately. For example, consider the VCMRG (tool 1 : PA
→ M) derived from the above cam outsourcing resource.
Since the sameVCMRG S3 already exists in the S-type virtual
case base, only the new reference CMR (and derivation type
not shown in the figure) is added to the existing one (see CA2
of S3 in Figure 3).

5. Composition of Cloud Manufacturing
Resources: Retrieval and Adaptation

5.1. Composition of Cloud Manufacturing Resources with a
Single Output. The composition of CMRs with a single input
and a single output begins with the design specification
that consists of the desired motion transformation from
input to output. Given a specified function of input data
transformation𝑀

𝑖
→ 𝑀

𝑜
, partial cases (VCMRGs)matched

with the specified input or output motion are retrieved
from the case memory. A set 𝑃

𝑖
of input-matched cases is

retrieved from the case memory using the functional index
𝑀
𝑖
→ ∗, where ∗ denotes an arbitrary output. Similarly,

output-matched cases are retrieved as a set of 𝑃
𝑜
using the

index ∗ → 𝑀
𝑜
. Among the retrieved sets 𝑃

𝑖
and 𝑃

𝑜
, exactly

matched cases, which satisfy both the input and output data,
can be obtained by 𝑃

𝑖
∩ 𝑃
𝑜
since exact matches exist in both

𝑃
𝑖
and 𝑃

𝑜
. Such VCMRGs will fulfill the specified function

without any adaptation and thus can be potential solution
concepts for the given user’s request.

After removing exact matches from the sets 𝑃
𝑖
and 𝑃

𝑜
,

we now have only partial matches in both 𝑃
𝑖
and 𝑃

𝑜
. From

these partial cases, new design solutions can be generated
by combining two VCMRGs, 𝑃

𝑖
and 𝑃

𝑜
(𝑝
𝑖
∈ 𝑃
𝑖
and 𝑝

𝑜
∈

𝑃
𝑜
), if such a pair satisfies a compatibility condition that

the output of 𝑃
𝑖
should be the same as the input of 𝑃

𝑜
. We
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Figure 4: Heuristic adaptation rules.

apply the following heuristic adaptation rules to compose
new CMRs, preventing duplication or redundancy (overlap)
of existing CCMRs.

(1) If two compatible VCMRGs have no common refer-
ence CMRs, they can be combined at the common
node (the output node 𝑃

𝑖
and input node 𝑃

𝑜
, both of

which have a common type) to compose a new CMR,
which is illustrated in Figure 4(a). This composition
of twoVCMRGs that is derived fromdifferent existing
CCMRs can generate a new VCMRG.

(2) If two compatible VCMRGs have any common refer-
enceCMR, but they are not connected in the reference
CMR, they can be combined to produce a new CMR.
Such a combination will yield a new CMR concept
that is not originally part of the reference CMR as
shown in Figure 4(b).

(3) If two compatibleVCMRGshave a common reference
CMR and they are overlapped in the reference CMR,
they should not be combined. This is because a new
CMR generated by concatenating such two VCM-
RGs comprises redundant PCMRs, as illustrated in
Figure 4(c).

(4) If two compatibleVCMRGshave a common reference
CMR and they are adjacent (connected) to each
other in the reference CMR, they should not be
combined. This is because a VFG that is equivalent
to a new CMR that will be produced by combining
such two VCMRGs already exists in the case memory
as an exactly matched case. An example is shown

in Figure 4(d), where the new CMR obtained by
VCMRG1 + VCMRG2 is identical to VCMRG3 that
was also derived from the same reference CMR.

The SISO CMR composition method explained above
provides new solution concepts by either searching for exact
matches or combining partial matches. It is very useful to
combination or transference of prior concepts. Therefore,
previous CCMRs are reused in a new user’s request via the
notion of VCMRGs.

5.2. Composition of Cloud Manufacturing Resources with
Multiple Outputs. The proposed SISO composite process can
be utilized to solve the composition problem of CMRs with a
single input and multiple outputs (SIMO). New CMRs with
multiple outputs can be generated by repeatedly applying the
SISO procedure as described in the following steps.

(1) Composing stem chains: given an input and multiple
outputs, an arbitrary output is first selected. Then the
SISO composite procedure is executed to compose
chains, called stem chains, with the specified input
and the chosen output. A number of chains (design
alternatives) will be generated in this step, each of
which may serve as a stem chain for further compos-
ite.

(2) Composing and merging branch chains: another
output is selected and then the SISO composite pro-
cedure is invoked again to construct a branch chain
connecting the selected output to the stem chain.
The branch chain can be merged to the stem chain
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at a branching node (the original input node and
the interior nodes of the stem chain can be possible
branching nodes). The SISO composite procedure is
carried out for every pair between the chosen output
and branching nodes serving as an input, which will
give rise to a variety of topologies of new CMRs.

(3) Composing and merging other branch chains: step 2
is repeated for the other outputs until all the outputs
are connected to the new CMR being composed. As
a new branch chain is merged to the new CMR being
constructed, its interior nodes also become possible
branching nodes at the next stage.

In the procedure explained above, the order of output
selection causes different topologies of generated CMR.
Hence, the above procedure should be performed for each
permutation of the outputs to produce all possible topologies.
In this process, some duplicated CMRs may be generated
and thus graph isomorphism test is necessary to detect and
discard duplicate ones.

When merely exact matches need to be retrieved directly,
the auxiliary index (e.g., SI2O, SI3O, etc.) can be utilized
without invoking the SIMO composite procedure. Notice,
however, that such exact matches are also suggested as
solution concepts by the above SIMO composite procedure.
Each chain of aG-typeVCMRG is also stored as an S-type or a
C-type VCMRG.The composition of such component chains
will produce the original G-type VCMRG. For example, the
CCMRof S0 in Figure 2(a) and C0 in Figure 2(e) will yield G1
in Figure 2(i).

6. Experimental Results and Analysis

Generally, a precise evaluation for a CMR composition
method includes analysis of CCMRs built by the method and
measurement of the execution time of the whole composition
process. Based on this observation, we have conducted three
experiments, as shown in Table 4. The proposed method
is compared to the experimental results of the other two
methods in [20, 21].

We have implemented our method and the reference
methods using Java and then measured the elapsed time to
find the composition using the time stamp of the system. We
randomly generated experimental data which conforms to
the conditions of Table 4.

In Experiment 1, we measure the time elapsed to find
every CCMR by increasing the number of PCMRs from
50 to 250. Similarly, we have conducted Experiment 2 and
Experiment 3 after changing the size of VCMRG and the
number of user’s requests, respectively. Tables 5–7 show the
experimental results.

Table 5 shows that the more PCMRs there are, the more
time it takes to find CCMRs.The size of PCMRs grows larger
as the number of availableCCMRs increases in bothmethods.
Although the size of PCMRs sets grows larger and the number
of CCMRs discovered increases, the elapsed time to find
available CCMRs does not increase rapidly.

Table 6 shows that the elapsed time to find available
CCMRs decreases as the size of the VCMRG grows larger.

Table 4: Experimental setting for the comparison of composition
speed.

The number of
PCMRs

The number of
VCMRGs

The number of
user’s requests

Experiment 1 50–250 100 5
Experiment 2 150 25–225 3
Experiment 3 100 50 2–10

Table 5: Experiment 1: elapsed time to the number of PCMRs.

Number of
PCMRs

Elapsed time, 𝑡 (ms)
The proposed

method
The method of

[20]
The method of

[21]
50 24 25 22
75 32 38 25
100 41 65 58
125 47 93 62
150 51 204 118
175 66 315 227
200 83 706 589
225 96 854 711
250 132 1248 1053

Table 6: Experiment 2: elapsed time to the number of VCMRGs.

Number of
PCMRs

Elapsed time, 𝑡 (ms)
The proposed

method
The method of

[20]
The method of

[21]
25 42 150 132
50 22 118 101
75 40 63 30
100 36 54 22
125 18 42 19
150 16 38 18
175 15 34 18.5
200 14 30 18
225 16 25 19

This result is caused by fixing the number of PCMRs to 150. In
the referencemethods, the size of the PCMR is decided based
on the number of available CCMRs and the user’s requests
of those CCMRs. VCMRGs are not included in the reference
methods. Although the size of VCMRGs increases, the size of
the PCMRs is unchanged.

Table 7 shows that the elapsed time to find available
CCMRs increases as the number of input and output param-
eters increases.The referencemethods search every composi-
tion between the input and output concepts of a user’s request.
Therefore, as the number of parameters of a user’s request
increases, the number of CCMRs to be discovered increases,
resulting in the increment of elapsed time. Similarly, the
number of CCMRs to be discovered also increases in the
proposed method as the number of parameters increases.
However, elapsed time increases only slightly in our method,
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Table 7: Experiment 3: elapsed time to the number of user’ requests.

Number of
user’s requests

Elapsed time, 𝑡 (ms)
The proposed

method
The method

of [20]
The method

of [21]
2 18 62 57
3 22 220 188
4 20 301 262
5 23 349 225
6 25 609 427
7 20 1142 761
8 23 1528 1384
9 24 1671 1151
10 23 1843 1605

since the size of VCMRGwhere the searching is performed is
relatively tiny.

7. Conclusion

This paper presented a case-based approach for the com-
position of CMRs. VCMRGs are proposed to identify and
conceptualize underlying CCMRs of existing CCMRs. Such
identified VCMRGs are stored in a case memory together
with existing CCMRs and indexed by their functions for
efficient retrieval. CCMRs that satisfy user’s requests are
composited by combining VCMRGs that are retrieved from
the case memory. VCMRG provides new types of conceptual
building blocks that may be composed of several PCMRs
as well as individual PCMRs, through which subassemblies
of previous designs can be easily delivered as a whole (in a
group) to new CCMRs. VCMRGs serve as linkages between
functions and structures, and thus they facilitate function-to-
structure mapping in CMRs composition. In addition, they
can help represent common functionalities shared by several
CCMRs and capture different usage of any PCMR resulting
from its multiple functions. The present approach could
provide a computational tool for the common practice of
CCMRs. Although the present approach can effectively real-
ize the generation method of combination of prior CCMRs
inCMRs composition, the efficiency of the approach depends
on the number of PCMRs andVCMRGs.Therefore, the cloud
manufacturing platform needs to continuously input new
PCMRs.The limitations of the proposedmethod will be fixed
by future research.
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The change of spindle temperature field is an important factor which influences machining precision. Many methods of spindle
temperature field measurement have been proposed. However, most of the methods are based on the electric temperature sensors.
There exist some defects (e.g., anti-interference, multiplexing, and stability capacity are poor). To increase the temperature
sensitivity and reduce strain sensitivity of the bare Fiber Bragg Grating (FBG) sensor, a cassette packaged FBG sensor is proposed
to measure spindle temperature field. The temperature characteristics of the packaged FBG sensor are studied by comparative
experiment with traditional thermal resistor sensor. The experimental results show that the packaged FBG sensor has the same
capacity of temperature measurement with the thermal resistor sensor but with more remarkable antiinterference. In the further
measurement experiment of the temperature field, a spindle nonuniform temperature field is acquired by the calibrated FBG
sensors. It indicates that the packaged FBG sensor can be used to measure the temperature field for the spindle of machine tool.

1. Introduction

The accuracy of CNC machine tool is the most important
pursuit for researchers. Errors that affect the machine tool
accuracy can be classified into geometric errors, thermal
errors, and cutting force-induced errors. Among these errors,
thermal errors account for 70 percent of the total errors [1].
Due to various different heat sources, temperature gradients
in machine tool structures result in expansion and contract
of machine parts, which affect positioning, straightness,
angularity, and alignment errors [2].

Many researches’ interests focus mainly on the spindle
unit, which is usually the major heat source [3] of CNC
machine tool system. Creighton et al. analyzed the thermal
error of a high-speed micromilling spindle [4]. Chen et al.
discovered the thermal error of a hydrostatic spindle [5].
Uhlmanna and Hu presented an FEM model to predict
the thermal behavior of a high speed motor spindle [6].
They predicted that the nonuniform temperature field makes
the spindle axis uplifted and tilted and seriously affects the
machining accuracy of the machine tool.

Thermal error compensation is one of the most eco-
nomical and effective ways to solve and reduce the thermal

error. Before the thermal error compensation, accurate and
reliable temperature measurement is a key point. The direct
measurement methods of machine tools temperature field
are discussed by many researchers [7–9]. Temperature sen-
sors generally are thermal resistors, thermocouple, thermal
infrared imager and thermistor. The temperature measure-
ment systems with those sensors have many inadequacy.
Thermocouple has low accuracy; the impedance interference
ability of thermal resistors is poor; the linear degree and reli-
ability of thermistor are low; accuracy and anti-interference
ability of radiant thermometer are poor. So the advanced
sensors and measurement methods are the hot fields of
study to realize high-precision thermal error compensation.
As a new temperature sensor, Fiber Bragg Grating (FBG)
sensor has incomparable advantage over many traditional
temperature sensors. It has high sensitivity, small volume,
light quality, antielectromagnetic interference, and anticor-
rosion. Furthermore, its demodulation mode is wavelength
modulation which determines that its measurement signal is
independent of light source fluctuation, optical fiber bending
loss, coupling loss, and detector aging factors.Therefore, FBG
sensor suits application in industry fields.
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In this paper, to increase the temperature sensitivity
and reduce strain sensitivity of the bare FBG sensor, a
cassette packaged FBG is proposed to meet the measurement
requirements in machine tools. Several FBGSs are used
to measure the spindle temperature field of machine tool.
The experimental results show that the temperature field of
spindle is nonuniform and that gravity and cutting force are
the major factors.

2. Spindle Temperature Sensor Based on FBG

2.1. Temperature Measurement Principle of the FBG Sensor.
The Bragg wavelength of FBG is given by the expression [10]

𝜆
𝐵
= 2𝑛
0
Λ, (1)

where 𝑛
0
is the effective refractive index of the fiber core and

Λ is the grating pitch. For a temperature change of Δ𝑇, the
corresponding wavelength shift Δ𝜆

𝐵
is given by [10]

Δ𝜆
𝐵
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𝐵
⋅ (
1

Λ

𝜕Λ

𝜕𝑇
+
1

𝑛

𝜕𝑛
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𝜕𝑇
) ⋅ Δ𝑇. (2)

This leads to

Δ𝜆
𝐵

Δ𝑇
= (𝛼
0
+ 𝛽
0
) ⋅ 𝜆
𝐵
, (3)

where 𝛼
0
is the coefficient of the thermal expansion (CTE)

of the fiber and 𝛽
0
is the fiber refractive index variation with

the temperature, respectively. The practical values of these
constants for typical fused silica fiber are 𝛼

0
= 0.55 × 10

−6
/
∘C

and 𝛽
0
= 6.67 × 10

−6
/
∘C [11, 12]. The temperature sensitivity

coefficient of the FBGS is𝐾
𝑇
= 𝛼
0
+𝛽
0
= 7.22×10

−6
/
∘C. FBG

temperature sensors with Bragg wavelengths near 1300 nm
have an approximately 9.4 pm/∘C temperature sensitivity.

2.2. Design and Preparation of FBG Sensor for Spindles

2.2.1.The Improvement of FBGS. Due to the low sensitivity of
bare quartz FBG temperature sensor (e.g., for 1300 nm range
of optical fiber grating, 1∘C temperature change, the center
wavelength canmove only 9.4 pm) and the strain interference
of the substrate, accurate temperature measurement is diffi-
cult. The enhancing sensitivity to temperature and reducing
influence of strain are the important problems in spindle
temperature measurement with FBGS.

A paste substrate enhancing sensitivity method is used.
Due to the correlation between temperature sensitivity coef-
ficient and the coefficient of thermal expansion (CTE), FBG
will expand with the substrate when it is embedded in a
substrate. The temperature sensitivity of the FBG can be
expressed as [13]

Δ𝜆
𝐵

Δ𝑇
= [𝛼
0
+ 𝛽
0
+ (1 − 𝑃

𝑒
) ⋅ (𝛼sub − 𝛼0)] ⋅ 𝜆𝐵, (4)

where 𝑃
𝑒
is the photoelastic of the fiber and has a numerical

value of 0.22 [14] for fused silica and 𝛼sub is the CTE of the
substrate. When 𝛼sub is much larger than 𝛼

0
, the sensitivity

of the embedded FBG temperature sensor will be improved
greatly.

To enhance sensitivity to temperature and reduce influ-
ence of strain, a box-like structure is proposed. It consists
of basement, sensitization plate, cover plate, and thermal
grease. The schematic diagram is shown in Figure 1. The
spindle temperature transfers to the plate through the base
and the thermal grease.The sensor is installed on themachine
tool spindle bearing pedestal surface. Considering accuracy
and time characteristic of temperature measurement, the
low thermal capacity and high thermal conductivity of the
packaged FBG should be key point.

The material of the base and the cover plate of the sensor
is brass H62. Due to the high expansion coefficient, the Al
2A12 (15mm × 6mm × 0.6mm) is chosen as the material
of enhancing sensitivity plate. The inner cavity is filled with
thermal grease in consideration of the heat conduction. The
arch structure on the bottom of the cassette is designed to fit
with installation on the surface of the spindle.

The package of the FBG has big influence on its perfor-
mance, especially the adhesive. In the package, the ALTECO
3-TON QUICK epoxy adhesive is used for its high tem-
perature sensitivity. The coating layer of the FBG and the
enhanced sensitivity plate are cleaned repeatedly by alcohol.

2.2.2. Temperature Calibration. Temperature calibration
experiment is done to confirm the absolute value of FBG
sensor. The main devices of the experiment consist of the
3mm length FBG (central wavelength 1312 nm) made by
Wuhan University of Technology, SM130-700 interrogator,
and DHG-9053A thermostatic drying closet.

The calibration experiment of cassette packaged sensor
begins from 20∘C and then starts to heat up every 5∘C a
measuring point until 80∘C and then every 5∘C declines
until 20∘C, a total of two times warming-cooling process.
Repeat it with the bare fiber grating. In order to avoid the
inconformity in the thermostatic drying closet, temperature
data are acquired after the thermostatic drying closet system
is completely stable (about twenty minutes). Take the average
of the two groupwavelength as the center wavelength value of
the corresponding temperature.The temperature-wavelength
relation fitting curve of the bare FBG and the cassette
packaged FBG temperature sensor are shown in Figure 2.
It indicates that the temperature linearly depends on the
wavelength. The relationship of the cassette packaged FBGS
and the bare FBGS between the temperature and wavelength
can be fitted as follows:

𝑦 = 0.1664𝑥 + 1312.34300,

𝑦 = 0.08640𝑥 + 1312.51502.

(5)

Figure 2 shows that the following.

(1) The temperature sensitivity of bare FBG sensor is only
8.64 pm/∘C and that of the packaged FBG sensor is
16.64 pm/∘C which is about two times of the former.
So the sensitivity of the packaged FBG temperature
sensor has improved greatly.
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Figure 2: The temperature-wavelength relation fitting curve of the
bare FBG and the cassette packaged FBG temperature sensor.

(2) Compared with bare FBG, the linear degree of the
cassette packaged FBG temperature sensor slightly
reduced, but it still satisfes the needs of measurement
of the main spindle temperature field.

2.2.3. Comparison with Traditional Thermal Resistor Sensor.
The traditional thermal resistor sensor is able to measure
the temperature field of the spindle, but the reliability
and the ability of antielectromagnetic interference are poor.
On the contrary, the FBG sensor has good liner degree
and antielectromagnetic interference. So the comparative
experiment is done to prove that the FBG is also able to
measure the temperature field of the spindle, and the ability
of antielectromagnetic interference of the FBGS is better than
that of the traditional thermal resistor sensor.

The spindle temperature measurement experiment with
the cassette packaged FBG temperature sensor and thermal
resistors is carried on the C616 lathe. The spindle idles in
the experiment at 530 r/min for 25min. The temperature
of machine tool spindle is monitored and recorded by
the cassette packaged FBG sensor and thermal resistors in
Figure 3.

It shows that the spindle temperature rises from 17∘C
to 30∘C. The whole temperature measurement curve of the
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Figure 3: Machine tool spindle temperature curve of the cassette
packaged FBG sensor and thermal resistors.

cassette packaged FBG and the thermal resistors is close.
The max temperature difference is below 2∘C. The temper-
ature difference may be caused by the different temperature
decreasing between the measured surface and the measured
point of sensors. In Figure 3, the fluctuation of temperature
measurement curve with the thermal resistors is obvious and
bigger than that with FBG sensor. It is caused by the electro-
magnetic interference. It shows that FBG sensor can finish
temperature fieldmeasurement in the strong electromagnetic
interference circumstance such as spindle of machine tools.

3. Measurement of the Temperature Field for
the Spindle

3.1. Measurement System of the Spindle Temperature Field. In
this experiment, the measurement location of the thermal
resistors and the FBG sensor is shown in Figure 4. The FBG1
and FBG2 are located at location 1 and location 3 to monitor
the temperature field of themain spindle. In order to compare
themeasurement result with the FBG sensor andmonitor the
nonuniform temperature field of the spindle when the lathe
machine is under loading, the thermal resistors are located at
locations 1, 2, 3, and 4.
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Figure 4: Location of the thermal resistor and the FBG.
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Figure 5: Principle diagram of the temperature field measurement.

There are two sets of temperature measurement systems.
Their structure principle diagram is shown in Figure 5. One
temperature measurement system with the thermal resistors
consists of thermal resistors, data acquisition (DAQ) card,
and computer. The temperature signals measured by the
thermal resistor are transformed into voltage signals and sent
to the DAQ, and then the DAQ transforms the voltage signals
into the computer and shows them. Another temperature
measurement system with the FBG sensor consists of FBG
sensor, FBG interrogator (MOI), and computer. The temper-
ature signals measured by the FBG sensor are transformed
into wavelength signals and sent to the FBG interrogator, and
then the FBG interrogator transforms the variation of the
temperature into the variation of the wavelength and at last
shows them in the computer according to (5).

3.2. Measurement Experiment and Result. The spindle tem-
perature measurement experiment with the cassette pack-
aged FBG sensor is done on the C616 lathe machine.
The spindle idles at 530 r/min for 1 hour. The temperature
characteristic curves of machine tool spindle monitored by
the cassette packaged FBG sensor and thermal resistors are
shown in Figure 6.

Figure 6 shows that the temperatures measured by the
thermal resistors 1, 2, and 3 are nearly the same and that
the temperature measured by the thermal resistor 4 is a
little lower than the temperature measured by other thermal
resistors, and this is mainly because of the cooling of the
lubricating oil. The temperature measured by the FBG1 fits
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Figure 6: The temperature measurement curve of FBG sensor and
the thermal resistors.
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Figure 7: The experimental setup of the loading experiment.

very well with the temperature measured by the thermal
resistor 1 and so do FBG2 and thermal resistor 3. This
experiment shows that the cassette packaged FBG is good for
the long-term temperature fieldmeasurement of themachine
tool spindle.

On the other hand, a loading experiment is done on
the lather machine to simulate the interaction of cutting
force. It can reveal the nonuniform temperature field and
the deformation of the spindle induced by cutting force. The
experimental setup is shown in Figure 7.

The loading device is fixed on the lathe saddle. Tomeasure
the force along the x-direction loading on the work piece, a
commercial thrust sensor is installed on the loading device.
The experiment conditions are the lathe machine rotating
530 r/min, rotating time 1 hour, and the loading force about
600N. The spindle temperature field is recorded by the four
thermal resistors and the two cassette packaged FBG sensor
as shown in Figure 8.

Figure 8 shows that the measurement results of FBG
sensors and thermal resistor are close at locations 1 and
3, but the curve of FBG sensor is smoother than that of
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Figure 8: The temperature measurement curve of FBG sensor and
thermal resistors with the 600N thrust.

thermal resistor which shows that the reliability and anti-
interference of FBGS are higher.The temperature of the FBG2
is higher than that of the FBG1 for nearly 5∘C. Compared
with the results in Figure 6, the temperatures on the spindle
are nonuniform. It is mainly because the thrust on the work
piece changes the friction of front bearing of the spindle.
The friction force near the FBG2 is more powerful than
that on other regions; therefore, a nonuniform temperature
field on the spindle is formed. The temperature on location
2 is higher than that on location 1 but lower than that on
location 3. The temperature on location 4 is lower than that
on location 2 because of the cooling of the lubricating oil in
the spindle head.These two experiments above show that the
temperature field of the spindle is uniform before loading and
it becomes nonuniform after loading. At the same time the
radial error of the lathe machine spindle which is measured
by a dial indicator raised 10 um after loading. This changed
value is mainly caused by the nonuniform temperature field.

4. Conclusion

The temperature field measurement of machine tools is
introduced and a packaged structure of FBG is designed in
this paper. The performance of the cassette packaged FBG
is studied, and the spindle temperature field is measured
based on the cassette packaged FBG. Furthermore, a cutting
force simulation device is designed to study the nonuniform
temperature field of the spindle. The main research work and
conclusions are summarized as follows.

(1) A cassette packaged FBG temperature sensor is
designed tomeasure the temperature field of the spin-
dle for its good linearity, high temperature sensitivity,
and strain insensitive. Experimental results show that
the cassette packaged FBG sensor has a 16.6 pm/∘C

temperature sensitivity which is approximately twice
the bare FBG.

(2) The cutting force on the lathe machine is loaded
by a cutting force simulation device. The loading
experiment shows that the spindle temperature field is
uniformbefore loading but nonuniform after loading.
The loading experiment also shows that the nonuni-
form temperature field of the spindle can reduce the
processing accuracy of the lathe.

Due to the high reliability and anti-interference, FBG
sensor shows the important prospects in the thermal error
compensation field.
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With the trend for global collaboration, there is a need for collaborative design between geographically distributed teams and
companies. In particular, this need is inevitable in the companies doing their business based on one-of-a-kind production (OKP).
One important problem is the lack of interoperability and compatibility of data between different CAx systems. This problem is
further highlighted in data exchange in cloud manufacturing. To the best of authors’ knowledge, current studies have limitations
in achieving the interoperability and compatibility of data. In this paper, a STEP-based data model is proposed to represent
OKP product data/knowledge, which contains four categories of product knowledge (i.e., customer, product, manufacturing,
and resource resp.). A STEP-based data modelling approach is proposed to describe each category of knowledge separately and
then connect them to form the final integrated model. Compared with most current product models, this model includes the
more complete product data/knowledge involved in OKP product development (OKPPD), and thus it can provide more adequate
knowledge support for OKPPD activities. Based on the proposed STEP-based data model, a product data exchange and sharing
(DES) framework is proposed and developed to enable DES in collaborative OKPPD in the cloud manufacturing environment.
Case studies were carried out to validate the proposed data model and DES framework.

1. Introduction

One-of-a-kind production (OKP) is a new manufacturing
paradigm for developing customized products with growing
product variety in order tomeet the demands from individual
customers in today’s markets. The characteristics of OKP are
defined and discussed in detail in the literature [1–3]. This
paper focuses on product data exchange and sharing (DES)
issues involved in supporting collaborative OKP product
development (OKPPD). DES provides the foundation for col-
laborative design and the downstream phases in the product
lifecycle. As OKPPD process usually involves geographically
distributed teams or companies, the first issue is the lack
of tools for supporting effective communication between
the teams, as shown in Figure 1. Janardanan et al. (2008)
supported this point saying “Currently, the designing and
manufacturing is outsourced to SMEs industries.” [4]. As
such, effective data/knowledge sharing and exchange is of
significance for distributed R&D teams in OKP companies
and for interorganisational collaboration.

Another DES issue in collaborative OKPPD is incompat-
ible file formats in computer-aided designing and manufac-
turing systems. Consequently, it reduces the ability for PD
collaboration as it would take more time transferring and
interpreting data between different systems. For example, in
the design modelling phase, there could be different CAD
systems employed by companies and teams. These systems
usually have their own data formats and do not have the
ability to support online data exchange. This would lead
to difficulties in DES between designers and also result in
problems of data compatibility in the downstream phases
such as process planning and manufacturing. This problem
usually occurs when an engineer tries to integrate product
design and manufacturing activities by sharing product data
between CAx systems. In this situation, both R&D teams and
company partners in collaboration are isolated and incapable
of exchanging and sharing data efficiently. This issue needs
to be investigated further by developing new standards, data
exchange protocols, and interfaces for knowledge exchange
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Figure 1: Current issues and solutions in OKP design [5].

and sharing between the different data formats of CAD, CAE,
CAM, PDM/EDM, and other CAx systems.

The rest of this paper is organized as follows. Section 2
reviews previous works and research gaps towards product
data modelling and DES enabling aspects. In Section 3,
a four-step product knowledge modelling approach and a
data model are proposed to complete the representation
of OKP product data. Then, a data exchange and sharing
framework is proposed to address the above issues in OKP
collaborative design. Section 4 covers the implementations to
validate the proposed modelling approach, data models, and
DES framework. Conclusions and future works are given in
Section 5.

2. Related Works

It has been a broadly accepted fact that product knowledge
can assist OKP companies to increase profit and quality while
reducing time spent on new product development, reduces
the negative impact of the loss of expertise, and enables agile
OKPPD [2, 6–9]. Therefore, a suitable product knowledge
modelling approach is essential for the survival of OKP
companies [10]. STandard for the Exchange of Product model
data (STEP) is an international standard that provides an
unambiguous representation and an exchange mechanism
for computer-interpretable product information throughout
the lifecycle of a product [11]. This section reviewed current
studies on three research fields that can facilitate OKP data
management and collaborative PD which are STEP-based
product data modelling, cloud manufacturing, and DES
approaches based on STEP.

2.1. STEP-Based Product Data Modelling. STEP-based
knowledge modelling is a kind of object-oriented modelling

approach, and thus it possesses the advantages of object-
oriented modeling; that is, encapsulation of data and
operations related to that data emphasis on reuse of
modelling objects and an inheritance mechanism. As this
approach can deal with uncertainties and complexity that
happen in OKPPD, it is suitable for modelling OKP product
knowledge [12].

Quite a few studies have been made of STEP-based
product data and knowledgemodelling in different PD stages,
such as design, process planning, and assembly, based on
STEP [9, 13–15]. For instance, Waiyagan and Bohez built
up a STEP-based process planning knowledge-based system,
which can be integrated with CAD tools [16]. Zha and Du
(2002) proposed a PDES/STEP-based modelling approach
for concurrent design and assembly planning. STEP-based
modelling approaches can also be used supporting concur-
rent engineering activities [17, 18]. Concurrent engineering
is easily found in OKPPD for shortening lead time and
enabling PD efficiency [18]. Valente et al. developed a STEP
compliant knowledge-based data structure to support man-
ufacturing agility in a dynamic manufacturing environment
for automated scheduling and manufacturing of products
[19]. However, the majority are aimed at assisting only one or
two activities in PD [2], which is not enough for OKPPD of
complexity in a concurrent environment. Also, these systems
are inadequate for integrating other development activities
(e.g., process planning and customer interactions), which
makes them less feasible for supporting OKPPD.

The integration of PD activities can greatly enhance
the application range of systems. Xie and Chen developed
a generic product modelling framework for rapid devel-
opment of customised products based on STEP [11]. In
this research, a product data model was built for product
design, manufacturing, and assembly. However, it failed to
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include customer information and the activities involved in
PD processes. An OKP company is required to cope with
changing customer requirements and continuous impacts
from customers accurately and carefully [20]. As such, this
model is incomplete and inapplicable for OKPPD as they
claimed.

From current studies on STEP-based data modelling,
we can see that STEP-based approaches can deal with the
uncertainties and complexity that occurs in OKPPD, and
thus they are suitable for modelling OKP product knowledge
[21]. There are, beside geometric product knowledge, many
other kinds of product knowledge related to collaborative
OKPPD activities (such as process planning, manufacturing,
resource). However, STEP mainly models the geometric
information of products, which leads to issues of incomplete
data representation. It is necessary to build an integrated data
model to fully represent product data in OKPPD activities.

2.2. Web Technology. Web technology is one of potential
solutions to real-time information communication problems.
In a customer-oriented PD environment, more efficient
communication between companies and designers is of great
importance. Web-based approaches have attracted more and
more attention in recent years. Systems based on the Internet
and WWW (World Wide Web) can enhance the interactive
level between users and designers [22]. With the help of Web
technologies, customers are allowed to be involved through
the whole process of PDwith R&D teams andmake their own
decisions on orders collaboratively.Web technologies provide
a virtual path for data sharing and exchange [23]. Real-
time data exchange allows communication andmodifications
instantly, with all users of the OKPKMS. It will reduce the
possibility of reworking and realise a “once” success approach
for OKPPD.

There is an emerging trend of decentralisation of design
teams, functionally and geographically [13]. Through the
Intranet and internet, geologically distributed engineering
teams and partner companies can be connected for collab-
orative OKPPD.Web technologies make global collaboration
possible. Therefore, a variety of WWW-based systems have
been developed for the purpose of customised PD. For
example, aWeb-based integrated PD platformwas developed
by Xie et al. [24] for concurrent design and manufacturing
customised products. Xu and Liu [22] proposed a Web-
enabled product data management (PDM) system to enable
a collaborative design environment.

Additionally, as the speed of searching and sharing
product knowledge has accelerated, along with the increasing
speed of the Internet and computers, a web-based product
knowledge management system is more feasible for OKPPD,
to ensure real-time and agile responses. For example, Qin
et al. developed a web-based conceptual design system,
by which product design can be evaluated and modified
quickly over the Internet [25]. However, due to the various
knowledge formalisms, reusing unstandardised knowledge
from the web is still a large problem. This could be solved to
some degree through integrating with STEP approaches that
provide standardisation of product knowledge.

2.3. Two DES Scenarios in Cloud Manufacturing. Cloud
manufacturing is a new manufacturing paradigm derived
from the concept of cloud computing, which offers a range
of manufacturing related services to its cloud users [26]. A
manufacturing “Cloud” utilises these virtualised resources to
provide on-demand and online services to its users (cloud
users). Integrated with web technologies, cloud manufactur-
ing provides a web-based platform for supporting collabora-
tive PD. Therefore, it allows designers distributed geograph-
ically and organisationally to upload and request services
according to their needs, regardless of time and location
[26]. Models, data, information, knowledge, and tools are the
typical manufacturing resources required in manufacturing
clouds. The objective of cloud manufacturing is to offer
secure and reliable services for supporting manufacturing
activities. However, so far there are still limitations and gaps
in achieving this objective, for example, secure DES between
cloud users. In the rest of this section, two DES scenarios
in cloud manufacturing are put forward, and limitations are
identified.

The first scenario is the DES between users on the
same manufacturing cloud. The cloud combines a range
of product databases and manufacturing services. Cloud
users can provide and acquire a variety of online data and
services, for example, provide services, upload data files,
request data/service, and exchange product data through
web-based user interfaces. In this scenario, cloud services
and data are provided and requested by cloud users on the
same manufacturing cloud. As shown in Figure 2, “designer
1” uploads CAD product models to the manufacturing cloud,
and then “designer 2” requests the data/services for real-time
collaborative PD. Probably, “designer 2” may use these data
and services to support different manufacturing activities,
such as design review, cost estimation, and process planning.
The quality of cloud services is determined by the compati-
bility and interoperability of cloud data. In the author’s point
of view, this depends on whether the data is in a standardised
format or protocol.

Another scenario is a DES between users from different
manufacturing clouds. Xu (2012) stated that “services and
data with interoperability allow applications to be exchanged
between clouds, or to use multiple cloud infrastructures before
business applications are delivered from the cloud” [26]. As
illustrated in Figure 3, more than one private cloud is
usually involved in cloud manufacturing practice in this
scenario.Within each cloud, data and services are shared and
exchanged between its users as in the first scenario. Also, in
the second scenario, security of data becomes an inevitable
issue. In cloudmanufacturing, information on clouds usually
consists of a variety of intellectual company assets such as
designs, customer information, and manufacturing informa-
tion. Although companies need data exchange to support
collaborative PD, theywill not intend to share all of these with
other companies.

Figure 3 illustrates an example of the second scenario.
Suppose that there are three manufacturing clouds; without
DES between them it is impossible for users from cloud
1 to acquire the data and services exclusively provided by
cloud 2. Moreover, for security reasons, only information at
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Figure 2: Web-based DES for OKP collaborative design in cloud manufacturing.

certain levels, rather than any complete information, is shared
and exchanged with certain partners (clouds). For example,
Cloud 1 may share the information of one function or service
with Cloud 2 and share the knowledge of another function or
service with Cloud 3.

3. Methodologies

In this section, a four-step product modelling approach is
proposed based on STEP according to the requirements of
OKP collaborative design. EXPRESS-Gproduct data schemas
are also defined. In these schemas, entities defined in STEP
standards and self-defined are integrated.Then, a DES frame-
work is proposed to support both discussed DES scenarios in
cloud manufacturing.

3.1. The STEP-Based Data Modelling Approach. A STEP-
based data model proposed in this research consists of
four submodels, and each submodel has several schemas to
represent related information. This data model contains not
only STEP-defined entities and schemas but also newly self-
defined ones. The integration of the four submodels is of
great importance for data model implementation. As such,

the following four-step data modelling approach is proposed
here.
Step 1 (choose objects of OKP products and generate model
structure). In the four submodels, the product model is a
feature-based model that contains general product informa-
tion, assembly information, part information, and so forth. It
also provides references for process planning. The proposed
data model takes customer involvement into consideration
as it can help OKP companies develop highly customised
products. The customer model was developed for mod-
elling customer information, for example, general customer
information, customer requirements, product feedbacks, and
order information. The resource model covers information
about resources used in OKP development, for instance, the
human resource, machining resource, and machining tools.
The manufacturing model stores information concerning
manufacturing activities.
Step 2 (check defined product information from STEP generic
resource and APs). Each submodel in the proposed STEP-
based data model consists of several entities and schemas
according to the need to support OKPPD activities. Some
standards and application protocols (APs) are already defined
by STEP and can be used directly. For example, ISO 10303
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Figure 3: Data exchange between clouds.

AP203 defines entities and schemas for the product con-
figuration controlled 3D designs of mechanical parts and
assemblies. Table 1 shows a part of the selected entities and
schemas from the integrated generic resource and APs.
Step 3 (define basic entities and schemas in submod-
els through EXPRESS language). As mentioned, not all
these entities and schemas are already defined in a STEP
data model. To complete the representation of the pro-
posed model, some self-defined entities and schemas are
defined and listed in Table 1. For example, as entities
and schemas in the customer model are not included
in any STEP AP, several self-defined schemas, for exam-
ple, customer requirement schema, order schema, and feed-
back schema, were generated to complete the proposed data
model. The selected STEP-defined entities and schemas and
the self-defined entities and schemas were integrated to build
the proposed product model.
Step 4 (create the connections between entities). After complet-
ing all submodels, it is important to discover the connections
between submodels and schemas. So the last step is to
map entities from different submodels through discover-
ing relationships between the entities. Figure 4 shows the
EXPRESS-G diagramme of the whole product data model,
and connections between four submodels.The entities of this
diagramme are expandable according to different needs of
OKPdesign. Entities and schemas in each submodel and their
connections will be explained in detail in Section 3.2.

In the proposed data modelling approach, the EXPRESS
and EXPRESS-G languages (ISO 10303-11) are used to

describe this data model by defining entities, types, con-
straints, functions, and rules of each schema. EXPRESS is
a standard formal information modelling language in STEP.
EXPRESS-G, the graphical expression of EXPRESS, supports
a subset of the EXPRESS language for displaying entities and
type definitions, relationships, and cardinality. On the left of
Figure 4, an example is given to showhow to represent entities
and their relationships using EXPRESS. On the right are the
corresponding EXPRESS-G schemas.

Both EXPRESS and EXPRESS-G represent STEP-based
data models in a complete, precise, and unambiguous
way. The following specified advantages of EXPRESS and
EXPRESS-G were summarised in the literature [27, 28]:

(i) normative description language based on an interna-
tional standard,

(ii) human readable and computer interpretable,
(iii) object-oriented features are supported (e.g., single

and multiple inheritances),
(iv) independence of physical data representation,
(v) Expandable hierarchical structure.

3.2. The STEP-Based Data Model. The proposed STEP-based
model consists of four submodels representing product data
of different aspects: product, customer, resource, and man-
ufacturing, respectively. With the proposed four-step data
modelling approach, the STEP-defined entities and schemas
are integratedwith the self-defined ones to form the proposed
product data model.
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Table 1: Schemas and entities in the proposed data model (partial).

STEP
defined

Generic resource
ISO 10303-41 Fundamentals of product description and

support

document schema
person organisation schema
support resource schema
measure schema
date time schema
action schema
management resources schema

ISO 10303-45 Material and other engineering properties material
ISO 10303-49 Process structure and properties process property schema

Part ISO 10303-21
Clear text encoding of the exchange structure. Part 21 file, also called STEP-File and
STEP Physical File, is used to represent data according to a given EXPRESS schema,
but not the EXPRESS schema itself.

APs (design) ISO 10303-203 Configuration controlled 3D designs of
mechanical parts and assemblies.

organisation person and organisation
product

Aps (manufacturing)
ISO 10303-214 Core data for automotive mechanical design

processes
process planning schema
management resource schema

ISO 10303-238 Application interpreted model for computer
numeric controllers

machining tool schema
machining operation schema

Newly
defined

Customer customer requirement schema, order schema, feedback schema
Product assembly detail, version, module (according to different products)

Manufacturing N/A
Resource supplier, human resource, machining resource, machine, material

id: STRING;
(ABS)

MachiningTool

CuttingTool MillingTool

STRING

1

id

SCHEMA Manufacturing;

ENTITY MachiningTool
ABSTRACT SUPERTYPE OF (ONE OF (CuttingTool, MillingTool));

ENTITY CuttingTool
SUBTYPE OF (MachiningTool);

SUBTYPE OF (MachiningTool);
ENTITY MillingTool

END SCHEMA;

END ENTITY;

END ENTITY;

END ENTITY;

Figure 4: The EXPRESS model example and its corresponding EXPRESS-G schema.

3.2.1. The Customer Model. Although customer involvement
in OKPPD is of increasing significance, the representation of
customer data has been ignored in many previous product
models [15]. In the proposed data model, customer activities
will be taken into consideration.The customermodel consists
of several EXPRESS schemas to allow modelling customer-
related data in PD, for example, customer general informa-
tion, customer requirements, and order feedbacks (Figure 5).

(1) The customer information schema is defined tomodel
general customer information (address, contacts,
company name, and so forth). Some entities (entity
“address”, entity “person”) in this schema can be found
from STEP Application Protocol, AP203 (ISO 1994)

[29] and Part 41. Detailed information is listed in
Table 1.

Entity organisation is the root of the
customer information schema, which has a series of
entities and types to define and represent general
customer information. This schema can help OKP
companies manage their customers.

(2) The order information schema is defined to represent
information about customer orders.The root entity is
entity order, which has order date information, order
deadline information, order budget, order unique id,
and description of order, and so forth.
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Figure 5: EXPRESS-G diagramme of the customer model.

Entity feedback records the feedback of each order,
which contains customer feedback about their satis-
faction with product quality, customer service, and a
description of service limitations.

Entity customer requirement is a part of the
order information schema. It is defined to represent
CRs on each order. Entity customer requirement is
used to store original CRs in text or document format,
while entity parameterised requirement is used to
represent engineering characteristics translated from
original CRs.

3.2.2. The Product Model. The product model is designed
to define product general information, progress infor-
mation, and assembly information. It consists of three
schemas, which are the product general information schema,
the assembly information schema, and the part schema (Fig-
ure 6).

(1) The product general information schema is defined
to represent product information containing several
entities, for example, product version, engineers for
product design, and standards for product.

Entity version records dates of the latest version of a
product and the engineers who updated it.This entity
can allow both customers and engineers to track
progress. It is useful for dealing with dynamically
changing CRs.

(2) The assembly information schema is defined to repre-
sent the assembly information of each product. Part is
the basic component of products, so that component
information and their assembly methods are needed
in PD.

(3) The part schema is defined to represent information
of part components in products. It is a feature-based
structure as the features in each part will be recorded
and sorted into product databases. In future, we could
develop the same parts of new products by reusing
feature information and adapting the parameters of
features.

3.2.3. The Manufacturing Model. The manufacturing model
contains two schemas: the process planning schema and the
machining schema (Figure 7).

(1) The process planning schema represents the actions of
machining parts. Entity action, a subtype of entity
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Figure 6: EXPRESS-G diagramme of the product model.
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(ABS)machine
functions

its id [1 : 1]

Figure 7: EXPRESS-G diagramme of the manufacturing model.

action assignment, represents action method, action
id, and action description. The sequence of actions is
defined in entity action relationship by giving out the
relating action and related action.

(2) The machining schema shows the machining oper-
ations of parts. This schema is connected to the
part schema defined in the product model. It repre-
sents machining technologies, and machining func-
tions. Entity machining functions is connected to the
machining resource schema in the resource model.

3.2.4.TheResourceModel. Theresourcemodel contains three
kinds of resource in companies, which are human resource,

machining resource, and supplier resource. This model can
help OKP companies manage their employees, shop floors,
and manufacturing scheduling (Figure 8).

(1) The human resource schema is defined to represent
the information of employees and their occupation
roles. Besides being basic human resource informa-
tion, this schema is mainly designed to record engi-
neer activities when developing previous products.
Entity engineer is a subtype of entity human resource,
as engineers are employees. Through keeping their
records, engineer expertise can be identified and
tracked. Based on this, companies can assign work
to the corresponding engineers and teams who have
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Figure 8: EXPRESS-G diagramme of the resource model.

experience on products of a similar kind efficiently, to
achieve greater PD effectiveness.

(2) The machining resource schema is defined to model
machining resource information which contains
machine information, machining tools information,
and material for machining information.

Entity material represents material type, unit cost of
material, and supplier. The entity supplier is defined
to model supplier information. It will help companies
arrange the manufacturing processes of a customised
product. For instance, wood is needed to produce the
body of doors, so this part cannot be manufactured
and the process of manufacturing cannot be arranged
before wood is supplied.

3.2.5. The Integrated Model. Each kind of product is devel-
oped according to orders placed by individual customers,
which is the connection between entity product and entity
order. CRs and parameters from the order schema are impor-
tant references of PD. Also, entity version can represent the
progress of PD, so that customers can track their order
progress easily. Entity part in the product model and entity
machining operation from the manufacturing model are
connected, asmachining operation is determined by different
features of each part (as shown in Figure 9).

Entity machining tool in the resource model represents
the machine tools information needed in machining opera-
tions. Machining function is a unique definition of machin-
ing tools and machines, for example, a cutter is used in
the cutting process, while a milling cutter is for milling
machining. As such, entitymachining functions is connected
with entity machining tool and entity machine from the
machining resource schema.

An engineer is a company employee, so entity engineer
is connected to the human resource schema. In the resource
model, human resource schema is defined to model the
general information of employees, which includes their ID,
occupation, and person information (name, address, email,
telephone number, etc.). In the product model, engineers are
designers of products. Each can be an update of the product
version, has their own specialty, and belongs to a group for
developing products. All these relationships are shown in the
product model.

3.3. Framework for Data Sharing and Exchange. To deal
with DES scenarios in cloud manufacturing (discussed in
Section 2.3), in this research a DES framework was proposed,
based on the proposed STEP-based product data model.
According to [30], there are usually two ways to enable DES
in cloud manufacturing scenarios. The first way uses STEP
exchange files (also known as Part21 files), which is mainly
used for the DES of product geometric data. Therefore,
it can assist DES between CAx systems, like CAD model
review between different CAD systems. Another way is via a



10 Advances in Mechanical Engineering

Resource 

Manufacturing

Material

(ABS) 

Machine

Identifier

Customer

Supplier

Organization
Person

Order REAL

Date

Identifier

Identifier

Feedback _ _

Product
Version

Group

speciality 
Standard

Date
Identifier

Label

Label

_

Part

Product

Person

Shopfloor

Shopfloor

Label

Action

Identifier

_

Label

company address
Address

its contact

its name

its description

its id

its id
its last name
its first name

its middle name
its title

rated by

its feedback

for product quality
for customer service

order date

for limitation

placed by

its parameter Parameterized
requirement

deadline

its id
its budget

ordered by its requirement
its description

Customer
requirement

designed by

Engineer

version
of product

its standard

its id
its name

its description

model type
latest update on

its description

updated by its group

Assembly
detailits assembly

its assembly list S[1:?]

its design standard

Resource 

Machining
resource

human resource

employee id

its occupation

its information

(ABS)cutting tool

its type
unit cost

its description
its id

its id

its location

its supplier

its description

its location

(ABS)
machining

tool

its id
its description

its description
its name

its name

chosen method

relating action

related action

assigned action (ABS)action
assignment

its function
its machining

its tool

its machine function

its technology(ABS)
machining
operation

(ABS)
machine
functions

Action method

Action relationship

its id [1 : 1]

S[1 : ?]

Figure 9: EXPRESS-G diagramme of the integrated data model.

shared database access, using a standard data access interface
(SDAI). This is mainly adopted to enable the DES of other
design-related applications.The proposed framework utilises
both of them to facilitate DES in cloud manufacturing. The
predefined STEP data schema plays an important role in this
scenario. By using the same STEP data schema, that is, the
same standardized data structure and method, DES between
two clouds can be realized. In this case, data incompatibility
or data conversion can be avoided, so that unnecessary cost
can remain as minimum, and the interoperability can be
guaranteed.

Figure 10 shows the DES framework, which enables not
only a DES between cloud users from the same manufactur-
ing cloud, but also a DES between different manufacturing
clouds. The process in the grey block is for enabling DES
between users from different manufacturing clouds. By using
the “EXPRESS Compiler” tool provided by ST-developer, the
corresponding ROSE library and C++ classes are generated
from the EXPRESS-G schema developed in Section 3.2.
According to [31], ROSE applications can interpret and obtain
product information in Part21 files.

The EXPRESS-G schemas are transformed to relational
databases for the following reasons. Firstly, data schema is just
a structure of data storage that cannot be stored by databases,
so it should be translated and transformed to data dictionary
[32]. Secondly, product information stored in databases can
be transplanted to other systems that also employ this tech-
nique. As a mature technique, databases are widely employed
inmanufacturing systems. Last but not least, data represented
in Part21 files cannot be interpreted and accessed directly
fromweb-based user interfaces.Therefore, product databases
corresponding to EXPRESS-G data schema should be built
for data storage,management, and analysis onmanufacturing
clouds.

These databases are empty before being filled with data,
so product data should be input and allocated into corre-
sponding databases. Data for constructing product databases
can be obtained by extracting it from STEP files (also
known as Part21 files) or accessing the internet to input
data online manually. The generated ROSE library and C++
classes extract and operate product data from STEP files.
The ROSE application maintains all the methods dealing
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Figure 10: The proposed DES framework.

with the extracted data. By putting the extracted data into
design objects, data can be filled into corresponding tables
in databases. Data in the databases is accessible directly via
web-based user interfaces.

In this framework,DES can be either file based or Internet
based.The file-based approach writes the data into a ∗.stp file
using a STEP file parser and sends the file to other clouds for
sharing or saves the file into storage for archiving or backup.
Because all the information is standardised using STEP-based
schemas, the saved Part21 file will never be obsolete and
will be compatible with a system with a newer version. By
using an Internet-based method, the data is saved in flowing
XML format, which is suitable for transmission through
the Internet. The exchange can be processed automatically,
frequently, and synchronously. Each cloud can decide to
exchange the whole or part of the data with a certain partner.
Because the data is organised by entities, whether the data is
whole or partial will not affect the efficiency of the exchange.
Therefore, it enhances the interoperability and compatibility
of data and thus enables DES between different CAx systems.
Hence, it is essential for the integration of PD stages and
collaboration with distributed engineering teams.

4. Case Studies

In this section, two case studies were carried out to illus-
trate the advantages of the proposed DES framework in
collaborative OKPPD. The first case study shows how the
proposed EXPRESS-Gdata schemas support the downstream
applications (cost estimation) in PD. The second case study
demonstrates the DES between clouds.

In these case studies, ST-Developer and Visual Studio
C++ were used as the tool for defining and developing the
product data models, and a SQL Server 2008 was employed
to providemanagement of the databases, such as data storage,
retrieval, and analysis. Microsoft Visual Web Developer was
employed to develop web pages for the interface layer and
access to SQL databases through SQL queries.

4.1. Construction of SQL Databases. There are three steps
to translate the EXPRESS schema into relational databases:
(1) creating corresponding tables; (2) mapping tables by
relationships and rules; (3) inputting data into tables. A SQL
database is a relational database, which is comprised of many
related tables. Tables are the basic structure of a relational
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database. Therefore, the first step is to create corresponding
tables. Entity, the basic cell in the EXPRESS data schema,
corresponds to a table in SQL databases. Figure 11 shows
the relationships between entities of EXPRESS-G schemas
and table creation commands in the SQL method. In both
EXPRESS and SQL, each attribute/column has its own data
type. The data types and attributes are set up by following
the rules for translation from EXPRESS entities to SQL tables
[33]. Taking ENTITYPARTas an example, this is a child node
of ENTITY PRODUCT. To get connection with PRODUCT,
the product id is set as the primary key of the table part.That
is, the reason that only product id is set asNOTNULL in SQL
commands, as a primary key of this table indicates that this
parameter is unique in all table columns.

After the creation of tables, the relationships between
tables are defined. Through setting primary keys and foreign
keys to each table, we can represent not only the “one to
one” relationship but also “one tomany” and “many tomany”
relationships. A primary key is used to uniquely identify
each row in a table. For instance, as “engineer” is a kind
of employee in a company, each engineer, obviously, has a
unique employee ID. Therefore, we set employee id as the
primary key of the engineer table. Before filling product data
into these relational tables, the databases are empty. The two
ways of obtaining and filling product data into the databases
were discussed in Section 3.3.

4.2. DES for Supporting Cost Estimation. Nowadays, the
mainstream 3Dmodelling software tools, Pro/E, SolidWorks,
UG, and so forth, allow the user to transfer 3D models
into an exchangeable file format (.stp). In STEP, AP203 was
developed to represent the geometric data of models. As
such, the geometric information of this design/model is
compatible between different modelling tools. For instance,
a model created by SolidWorks can be opened and reviewed
by Pro/E after being saved as an exchangeable file format.
For collaborative OKPPD, DES only on geometric data is
obviously insufficient, as many other applications, such as
cost estimation and process planning, are needed. With the
proposed data schema and entities, besides the geometric
information of this model, data of other types are stored
in corresponding databases on a cloud to facilitate different
applications in PD.

Cost estimation of this design is taken as an example here.
The cost estimation service helps engineers estimate part cost
at the design stage. The following equation explains the total
cost of manufacturing this part. In this case, the total cost
includes the cost of material, the cost of machining, and the
cost of paid workers:

Cost = CostRawMaterial +∑CostMachine (feature)

+ ∑CostWorker (feature) .
(1)

The cost of material is determined by material type and
part dimensions, which are defined by designers. The cost of
machining relies on the time spent onmachining each feature
and the machining types. For example, this part contains
one keyway, which needs to be machined on a milling

machine, while the three drilled holes should be machined
on a drilling machine with three cutters, according to the
different diameters of holes:

CostMachine (feature)

= CostUnit (machine) ⋅ TimeMachining (feature) .
(2)

In (2), CostUnit denotes the unit cost of a specific machine,
including the unit tool wear and machine wear during
manufacturing a feature. TimeMachining(feature) stands for the
time spent on machining the specific feature. Therefore, the
cost of machining each feature equals their multiple:

CostWorker (feature) = PayRate ⋅ (TimePreparing (machine)

+Timemachining (feature)) .
(3)

For each feature, the cost of a paid worker depends on
the time of preparing and machining this feature and the
pay rates of workers as shown in (3). The time spent on
changing cutters and clamping machining parts is normally
longer thanmachining, which should be taken into consider-
ation. TimePreparing(machine) indicates the preparation time
before machining the specified feature. It is more efficient to
machine features of the same type together than separately.
All the required information can be acquired from databases
on the manufacturing cloud. As such, the total cost can be
estimated by using (1), (2), and (3).

The 3D CAD model of the shaft part shown in Figure 12
was designed and structured with SolidWorks 2012. Besides
its geometric data, other related data, for instance, machining
features, dimensions, and material information, is stored on
the manufacturing cloud. Serviced by the same cloud, other
designers can acquire the exchange file of this model for
design review, and also its related data for cost estimation.

Table 2 shows the schema and entities defining the
required data for cost estimation. For example, the
machining operation schema can provide data for
TimePreparing(machine), as this schema describes machining
operations such as milling machines for keyways. The
preparation time before this machining operation includes
the removal time, the clamping time, and the cutter setup
time, which are all defined in the proposed schemas.Through
mapping to the relational databases (SQL databases), these
schemas are translated to the corresponding tables and
databases. Cloud users can acquire data they need from
manufacturing cloud via web-based user interfaces at
anytime and anywhere.

4.3. DES between Clouds. An EXPRESS information model
contains data structure definitions, alongwithmatching rules
and constraints. After defining these schemas of each sub-
model by using EXPRESSmodelling language, ST-Developer
v12, in this research, has been used to compile the proposed
model with the “EXPRESS Complier” tool. This tool parses
and checks information models defined in the EXPRESS
language. Figure 13 shows that this EXPRESS data schema
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Figure 12: Cloud data for different applications.

okp data model schema has parsed an EXPRESS compiler.
This compiler also produces [34]:

(i) a data dictionary, in the ROSE data format, that
application programs use to read and write STEP Part
21 files. These files are named after the schemas as
okp data model shcema.rose,

(ii) C++ class code can be used for building programs
around these structures. C++ classes can be exported
only if the modules importing the C++ class are
compiled using a compiler from the same vendor,

(iii) EXPRESS parse information for the SDAI EXPRESS
interpreter and AP conformance checking tool.
These files are in the ROSE format and are named
after the schema with the EXPX extension, as
okp data model shcema EXPX.rose.

ST-Developer ROSE applications create a data set based
on the EXPRESS schema in the application working space.

The RoseDesign object manages the data sets by maintaining
the data objects and the operation processing them. The
ROSE interface object, which is an instance of RoseInterface
objects, defines the operation of the entire application work-
ing space, taking charge of the reading, writing, creating, and
managing designs. There can be many design objects corre-
sponding to different sets of information the user wants to
share with the partners. The design object containing partial
information can easily synchronise with the design object
containing complete information within the working space.
After assigning the current design to the ROSE interface
object, the design object can read and write STEP files in
Part21, Part28, and binary ROSE working form.

Here is an example. For a partial data exchange, a new
design object is generated by

𝑅𝑜𝑠𝑒𝐷𝑒𝑠𝑖𝑔𝑛 ∗ 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐷𝑒𝑠𝑖𝑔𝑛,

𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐷𝑒𝑠𝑖𝑔𝑛 = 𝑛𝑒𝑤 𝑅𝑜𝑠𝑒𝐷𝑒𝑠𝑖𝑔𝑛 (“𝑝𝑎𝑟𝑡𝑖𝑎𝑙.𝑠𝑡𝑝”) .
(4)
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Figure 13: Schema parsed EXPRESS compiler.

Table 2: The required data for cost estimation.

Required data Schema and entities Models
Timemachining (feature) action schema Themanufacturing model
TimePreparing (machine) machining operation schema
CostUnit (machine) machining tool schema

The resource modelPayRate human resource schema
CostRawMaterial material schema
Features part schema The product model
Quantity ordered order info schema The customer model

This will create an empty new design, and the design will be
saved into partial.stp in the future. After deciding the data to
be exchanged, the cloud sets the corresponding entities from
the data base. The following code is used to save the design
into the partial.stp file:

𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐷𝑒𝑠𝑖𝑔𝑛-> 𝑆𝑎V𝑒 () . (5)

When it receives the file partial.stp, the other cloud can read
the information from the file into the design by

𝑅𝑜𝑠𝑒𝐷𝑒𝑠𝑖𝑔𝑛 ∗ 𝑂𝑡ℎ𝑒𝑟𝐷𝑒𝑠𝑖𝑔𝑛,

𝑂𝑡ℎ𝑒𝑟𝐷𝑒𝑠𝑖𝑔𝑛 = 𝑅𝑂𝑆𝐸.𝐹𝑖𝑛𝑑𝐷𝑒𝑠𝑖𝑔𝑛 (“𝑝𝑎𝑟𝑡𝑖𝑎𝑙.𝑠𝑡𝑝”) .
(6)

The data format of the saved file can be set by

𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐷𝑒𝑠𝑖𝑔𝑛-> 𝑓𝑜𝑟𝑚𝑎𝑡 (“𝑝21”) ,

//𝑤𝑟𝑖𝑡𝑒 𝑓𝑖𝑙𝑒 𝑎𝑠 𝑃𝑎𝑟𝑡21 𝑓𝑖𝑙𝑒

𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐷𝑒𝑠𝑖𝑔𝑛-> 𝑓𝑜𝑟𝑚𝑎𝑡 (“𝑝28”) ,

//𝑤𝑟𝑖𝑡𝑒𝑓𝑖𝑙𝑒 𝑎𝑠 𝑃𝑎𝑟𝑡28 (𝑋𝑀𝐿)𝑓𝑖𝑙𝑒.

(7)

From the case studies, the following conclusions can be
drawn. The proposed DES framework and STEP-based data
modelling approach can enable DES in cloud manufacturing
for an OKP collaborative design. Cloud data represented by
the EXPRESS-G product schemas can support collaborations
among OKPPD activities. By addressing issues in OKP
collaborative design, the DESmodule has certain advantages.
Firstly, the STEP-based data modelling approach addresses
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the issues in many modelling approaches on DES between
different systems. It enables future integration between sys-
tems. Cloud databases provide related data to cloud users
for other applications in the product design stage. Based on
cloud manufacturing and web-technology, data acquiring is
realised regardless of time and location. This enhances the
quality of collaboration between distributed designers and
companies.

5. Conclusion

In this paper, a STEP-based data model, a four-step data
modelling approach, and a DES framework were proposed
and developed for enabling DES in web-based collaborative
OKPPD. The proposed STEP-based data model covers the
four categories of product knowledge, which are customer,
product, manufacturing, and resource. A few entities and
schemaswere defined for the first time, which fills a gap in the
definition of STEP standards and protocols [15]. Compared
with product models in the literature [11, 24, 35], this model
represents more complete OKP product data, and thus it is
able to provide adequate knowledge for the development of
new OKP products. Based on the proposed data model, the
DES framework was proposed and developed, which enables
real-time DES in the web-based collaborative OKPPD. So
far, to the author’s best knowledge, no attempt has been
done to enable DES in cloud manufacturing to support
collaborative OKPPD activities. The proposed DES frame-
work fills this research gap, for which two DES scenarios
in cloud manufacturing are dealt with. Case studies were
carried out to demonstrate the feasibility of the proposed
DES module in OKPKMS. The case studies revealed that the
completeness, interoperability, and compatibility of product
data are enhanced greatly by the proposed STEP-based data
model, the modelling approach, and the DES framework.
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The dynamic characteristics of a steel/CFRP (carbon fiber reinforced plastic) drive shaft were studied. finite element analysis (FEA)
and an experiment were carried out to investigate the natural frequencies and mode shapes. The results of the experiment verified
the effectiveness of the finite element model. At the same time, the FEA was used to predict the dynamic characteristics of the
shaft for different stacking sequences, fiber orientation angles, and layer thicknesses. The results show that the natural frequency
increases with decreasing fiber orientation angles. And the positive and negative stacking sequences are helpful to improve natural
frequency. The layer thicknesses and stacking sequences will have a pronounced effect in a specific size of the shaft.

1. Introduction

In recent years, CFRP has been used in many engineering
fields such as mechanical, automobile, aerospace andmarine.
This ismainly due to its excellentmechanical properties, such
as high tensile strength-to-weight ratio, high temperature
resistance, and low coefficient of thermal expansion.

CFRP can improve the natural frequency and critical
speed and reduce the overall weight to achieve low noise,
low transmission energy loss when it is used for the shaft’s
manufacture. Different from the conventional metal shaft,
there are many parameters to be altered in the design of the
composite drive shaft, namely, the fiber orientation angles,
stacking sequences, layer thicknesses, and number of layers.

Because of its anisotropy, CFRP can provide a large
number of possible designs, which could satisfy the different
dynamic performance requirements. So the dynamic perfor-
mance of a steel/CFRP shaft, whose external dimensions are
restricted, could be achieved by changing the parameters of
the CFRP laminates.

There are some studies with respect to the influences of
lamination parameters on the dynamic performance.

Badie et al. [1] examined the effect of stacking sequence
on the natural frequency, buckling strength, and fatigue
life. The results showed that the stacking sequence has
almost no effect on natural frequency but great influence on

the buckling strength and fatigue life. In the dynamic study
of the composite material shaft, Singh and Gupta [2] learned
that the stacking sequence has no significant effect on the
natural frequency, while the natural frequency decreases
as the stacking angle increases.But the conclusion which
scholars have drawn is inconsistent. Shokrieh et al. [3]
investigated the effect of variable stacking sequences and
fiber orientation angles on buckling torque and found that
the natural frequency decreases with the increasing torque.
Sekhar and Srinivas [4] analyzed the slotted composite drive
shaft’s vibration characteristics and learned that the natural
frequency rises from 316Hz to 367Hz for different stacking
sequences. Abu Talib et al. [5] came to the conclusion that in
changing carbon fibers winding angle from 0∘ to 90∘, the loss
in the natural frequency of the shaft was 44.5%, while shifting
from the best to the worst stacking sequence, the drive shaft
caused a loss of 46.07% in its buckling strength.

The effect of fiber orientation angle for dynamic perfor-
mance has been discussed bymany researchers. Badie et al. [1]
used FEA to predict the bending natural frequency of a hybrid
shaft and drawn that the reducing fiber orientation angle
increases the natural frequency and axial elastic modulus.
Gubran [6] developed a CFRP/metal hybrid shaft and carried
out an analysis of natural frequencies. The conclusion drawn
was that the natural frequency depends on the ratio of the
elastic modulus and density while it decreases as the angle

http://dx.doi.org/10.1155/2013/609309


2 Advances in Mechanical Engineering
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0.80233873
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0.71696655

0.70273786

0.68850916

0.67428046

Figure 1: The torsional strength analysis of carbon fiber tube.

Table 1: The mechanical properties of carbon fiber-epoxy compos-
ites.

𝐸
1

181 Gpa 𝐺
13

7.17Gpa
𝐸
2

10.3 Gpa 𝑋
𝑡

1500Mpa
𝐸
3

10.3 Gpa 𝑋
𝑐

1500Mpa
V
21

0.28 𝑌
𝑡

40Mpa
V
32

0.3 𝑌
𝑐

246Mpa
V
31

0.28 S 68Mpa
𝐺
12

7.17Gpa 𝑡ply 0.3333mm
𝐺
23

3.78Gpa
𝐸1: longitudinal modulus,𝐸2,𝐸3: transversemodulus; V21: 21-direction Pois-
son’s ratio, V31: 31-direction Poisson’s ratio, V32: 32-direction Poisson’s ratio;
𝐺12, 𝐺13: 12-direction, 13-direction shear modulus, 𝐺23: 23-direction shear
modulus; 𝑋𝑡: longitudinal tensile strength, 𝑋𝑐: longitudinal compressive
strength; 𝑌𝑡: transverse tensile strength, 𝑌𝑐: transverse compressive strength;
S: inplane shear strength; 𝑡ply: thickness of a lamina.

increases. However, there are some new conclusions which
are different from the above studies. Kim et al. [7] examined
the effect of material properties on metal/CFRP hybrid shafts
and drawn the conclusions that the frequency of the 0 case
is lower than those of some nonzero fiber angle cases in
specific 𝐿/𝐷, but when shafts are very long (𝐿/𝐷 = 25), this
phenomenon disappears, and the lower fiber angles give the
higher frequencies.

In addition, many researches have been carried out to
investigate the effect of thickness on the dynamic perfor-
mance. Wang and Zhou [8] found that, in certain cases, an
optimum thickness of steel couldmaximize the frequencies of
themetal/CFRP hybrid shafts. Gubran [6] found that varying
the layer thickness is helpful to improve the mechanical
properties, increase the natural frequency by about 12%∼17%,
and reduce stress. Wang and Zhou [8] used the FEA and
experimental analysis to study the effects of the number of
layers. The natural frequency increases with the increasing
number. The first frequency increases by 8% when the
number rises from 1 to 3. Lee et al. [9] manufactured

a composite spindle and investigated the proper design for
dynamic performance.They learned that increasing thickness
will improve the vibration performance.

Generally, there are sufficient studies about the lamina-
tion parameters and their effects on the performance charac-
teristics, but the conclusions are inconsistent.The study of the
mode shapes of a steel/CFRP shaft is inadequate and so is the
effect of layer thickness on the dynamic characteristics. Most
researchers used the control variable method to study the
effect of every single factor.However, at present, all the studies
did not consider the coupling effect of multiple factors.

Therefore, in this work, investigations were focused on
the effect of lamination parameters on the dynamic perfor-
mance. To assess the dynamic characteristics, a steel/CFRP
drive shaftwas fabricated.TheFEAmethod and experimental
program on fabric test piece were used to investigate the
dynamic characteristics. Finally, a study of natural frequen-
cies and mode shapes was theoretically performed by FEA
under single variable and double variables in order to enable
the conclusion to be accurate and comprehensive.

2. Design of Test Piece

An entire carbon fiber drive shaft is easy to be destroyed
in the place of holes or grooves when connected to other
components such as through key, stud, and flange. So the
steel/CFRP drive shaft was designed using both steel and
carbon fiber-epoxy composites in which the major role
is to transmit the required torque. Taking into account
the requirement, the dimensions of the steel part and the
parameters of the composite were calculated.

2.1. Design of Steel Part. The ultimate torque is 1500Nm.
The drive shaft must be designed to meet the requirement
of torque capacity according to the equation of metal shaft’s
torsional shear strength in mechanics of materials: 𝜏

𝑇
=

𝑇/𝑊
𝑇
≤ [𝜏].
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Figure 2: The test piece of CFRP/steel drive shaft.

In the formula,𝑊
𝑇
= 𝜋𝑑
3
/16, 𝑑 is the diameter of steel

part, and the safety coefficient is 1.5 corresponding to the
design torque.

The calculated result 𝑑 = 50.316mm. The thickness of
the adhesive layer between the steel part and the CFRP part is
0.15–0.20mm. In order to avoid the decimal of the dimension
for easy manufacture, the selected diameter is 50.7mm.

2.2. Calculation on Carbon Fiber Part. The finite element
software SAMCEFwas used to calculate and check the torsion
strength. The results were shown in Figure 1.

According to the Tsai-Wu criterion, the failure index was
0.817 when the applied torque was 1500Nm. So, the above
parameters of the carbon fiber part can satisfy the torsional
strength.

The composite shell is used for the type of element in
SAMCEF. While the CFRP tube was treated as orthotropic
material, so the material properties of three different direc-
tions should be defined according to Table 1.

The stacking sequence was [45, −45, 90, 45, −45, 90, 45,
−45, 45, −45, 45, −45, 90, 45, −45, 90, 45, −45].

The number of stacking piles was 18, and the layer
thickness was 6mm.

2.3. Calculation of Adhesive Layer. The thickness of adhesive
layer has an effect on the bonding strength. Increasing layer
thickness can reduce stress concentration and improve the
bonding strength. However, too thick layers may cause bub-
bles and other defects, leading to the decreasing of bonding
strength. Practical experience shows that the appropriate
thicknesswas 0.1–0.15mm; herein, the final selected thickness
was 0.15mm.

The length of the adhesive layer was calculated according
to the empirical equation (from the Practical Guide to Rubber
Sealing Technology of Mechanical Products, 1995): 𝐿opt =
0.025𝜏

0.2
(0.01𝑑

2
+ 1) [10]. In the equation, 𝑑 is the diameter

of the glued tube. 𝜏
0.2

is the yield shear strength of the glued
material.

In this design, 𝑑 = 50.7mm, 𝜏
0.2
= 0.55–0.62 𝜎

𝑠
and 𝜎

𝑠

refers to 45 steel tensile yield limit; then, the calculated shear
yield limit is 177Mpa. The shear strength of the carbon fiber
is relatively small, and 𝜏

0.2
= 68Mpa, so select 𝜏

0.2
= 177Mpa

for design.
The calculated result 𝐿opt = 118.169mm.Given the present

bonding technique, increasing adhesive length is helpful to
improve bonding strength, so, in this research, the final

Table 2: The mechanical properties of 45 steel.

E 206Gpa
𝜌 7.85 kg/cm3

𝜇 0.28
E: longitudinal modulus, 𝜌: density, 𝜇: Poisson’s ratio.
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Figure 3: The dimensional drawing of the test piece.

manufacturing length was lengthened to 150mm. The test
piece of CFRP/steel drive shaft was shown in Figure 2.

Figure 3 is the dimensional drawing of the test piece,
in which part 1 refers to steel part and part 2 refers to
the carbon fiber part. The carbon fiber-epoxy prepreg is
T300/5208 manufactured by Lianyungang Yingyou Carbon
Plastic Material Co., Ltd. Tables 1 and 2 show the mechanical
properties of carbon fiber-epoxy composites and the 45 steel.

3. Finite Element Analysis

The software SAMCEF has a good performance in the finite
element analysis of composite materials, so it is suitable for
the simulation of the steel/CFRP shaft. In the free mode of
themodel, the selected element is the combination of the shell
and the solid without setting any constraints.

Figure 4 showed the simplified model of the steel/CFRP
shaft. In this model, two ends of the drive shaft were made
of steel and defined as solid elements. Because the holes in
flange would reduce the meshing quality, they were removed
to simplify the model. The middle of the drive shaft was a
thin-walled tube made of CFRP and defined as composite
shell elements. In addition, the adhesive layer was ignored
and simplified by GLUE command for difficult simulation.

3.1. Modeling, Loading, and Meshing. The steel part was
considered as elastomeric material, while the CFRP tube was
treated as orthotropic material, whose material properties
were defined according toTables 1 and 2.Theorder of stacking
sequence, thickness and angle was from inside to outside. In
order to make better for the continuity of the whole mesh,
the tetrahedral mesh was chosen by taking into account the
model transition region between the steel part and the CFRP
tube, and the whole CFRP tube is meshed by mapping mesh.
The ply of CFRP tube and the typical meshing were shown in
Figures 5 and 6.

3.2. Finite Element Results. Thenatural frequencies andmode
shapes of the steel/CFRP shaft were shown in Table 3 and
Figure 7.



4 Advances in Mechanical Engineering

Figure 4: Simplified model of the steel/CFRP drive shaft.

Table 3: The natural frequencies calculated by SAMCEF.

Frequency Nbr.1 193.21475
Frequency Nbr.2 193.223072
Frequency Nbr.3 513.584471
Frequency Nbr.4 672.061845
Frequency Nbr.5 672.144156
Frequency Nbr.6 1.070573e3

In Table 3, there were two same frequencies such as
193Hz, 672Hz, which resulted from the symmetrical direc-
tion of the bendingmode shape shown as Figure 7.Therefore,
the top three natural frequencies of the test piece were 193Hz,
513Hz, 672Hz, successively.

4. Experiment and Conclusion

At present, excitation method is usually applied to study
the structural dynamics in the field of aerospace, automo-
tive, marine and construction engineering, and so forth.
Especially after the invention of the FFT algorithm-based
digital signal analyzer, the advantages of this method are
more and more obvious. The basic principle of excitation
method is that the excitation force is exerted on the stationary
drive shaft in the frequency range of the resonant point
to measure resonance frequency which is the excitation
frequency corresponding to vibration peaks.

4.1. Experimental Equipment. Figure 8 shows the modal
testing machine which is supplied by the Danish BK Ltd.
The machine consists of a power sensor, an acceleration
sensor, a vibration exciter, an impulse hammer, a PULSE
analyzer platform, and so on. And the modal analysis soft-
ware ME’scopeVES can analyze and calculate the dynamic
characteristics of the mechanical structure and, in addition,
display the mode shapes and other industrial data on the
three-dimensional model of the testing structure.

4.2. Equipment Configuration. With two flexible strings at
both ends, the test piece is suspended. It is in a free state and
has a maximum degree of freedom. The free-free mode can
only be obtained when the test is performed for a free-free
boundary condition.

In the experiment, the exciter cannot reach the experi-
mental requirements due to the narrow band. So the hammer
is used to give excitation force, and the excited points were in
the middle of the test piece’s upper surface.

Table 4: Comparison of finite element analysis and experimental
result.

Natural frequency Finite element analysis Experimental
First 193Hz 234Hz
Second 513Hz 596Hz

Three acceleration sensors are arranged equidistantly on
the upper surface of the test piece to convert the measured
signal into electrical signals.

4.3. Experiment Principle. Experiment modal analysis tech-
nique is the curve fitting according to measured transfer
function curves to calculate the modal frequency, modal
stiffness, and modal mass. The transfer function reflects the
relationship between the system output and the input, that is,
the complex ratio of the output and the input frequency,

𝐻
𝑥𝑦
=
𝑆
𝑦
(𝑓)

𝑆
𝑥
(𝑓)
, (1)

where, 𝐻
𝑥𝑦

is the transfer function, 𝑆
𝑥
(𝑓) is the Fourier

transform transfer function of input (excitation), and 𝑆
𝑦
(𝑓) is

the Fourier transform transfer function of output (response).
The above transfer function is not associated with the initial
conditions of excitation system, and it only reflects the
system’s inherent dynamic properties. So the complicated
vibration system characteristics analysis can be transformed
into a relatively simple analysis of the input and output
signals, namely, the so-called system recognition, which
provides the basis for the vibration characteristics analysis,
the vibration fault analysis and diagnosis forecasting, and the
optimal design for structural dynamic characteristics of the
magnetic suspension rotor system.

4.4. Testing Procedure

(1) Create the structure graphics of the test piece, and
select hammer incentive mode as well as acceleration
response measurement point.

(2) Set excitation signal range, the trigger level, and time-
domain window, in order to identify the appropriate
frequency band.

(3) Set exciting nodes, achieve 3 times valid inputs, and
finally read the experiment data.

4.5. Experimental Data. Figure 9 shows the frequency
response function graph of test shaft. The first natural
frequency of the test drive shaft is about 234Hz, and the
second natural frequency is about 596Hz.

4.6. Comparison and Discussion. The comparison was shown
in Table 4. There was a different degree of deviation among
the above three methods. The predicted first natural fre-
quency agreed with experimental result with a deviation of
17.5%, while the second deviation was 13.9%. In the test,
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No Name Material Thickness (mm) Angle (deg)
18 Elastic#2 0.3333
17 Elastic#2 0.3333 45
16 Elastic#2 0.3333 90
15 Elastic#2 0.3333
14 Elastic#2 0.3333 45
13 Elastic#2 0.3333 90
12 Elastic#2 0.3333
11 Elastic#2 0.3333 45
10 Elastic#2 0.3333
9 Elastic#2 0.3333 45
8 Elastic#2 0.3333
7 Elastic#2 0.3333 45
6 Elastic#2 0.3333 90
5 Elastic#2 0.3333
4 Elastic#2 0.3333 45
3 Elastic#2 0.3333 90
2 Elastic#2 0.3333
1 Elastic#2 0.3333 45
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Figure 5: The stacking of CFRP tube.

Table 5: Natural frequency of a composite shaft under different angles.

Laying angle (∘) 90 75 −75 60 45 30 15 10 5 0
First natural frequency (Hz) 109 112 112 120 140 181 271 281 255 244
Second natural frequency (Hz) 251 335 335 376 390 368 312 319 370 397

Figure 6: The meshing of the steel/CFRP drive shaft.

Table 6: Natural frequency of a composite shaft under different
monolayer thicknesses.

Monolayer thickness (mm) 0.11 0.22 0.33 0.66 0.99 0.39
First natural frequency (Hz) 173 173 173 173 172 172
Second natural frequency (Hz) 560 560 559 559 548 560

the higher the order of the natural frequency ranked, the
lower the accuracy of the test results was.

The reasons for the deviation were summed up as follows.

(1) There was a difference between the parameters of
the test shaft and that of the ones in finite element
analysis.

(2) The rigid connection between the carbon fiber tube
and metal was idealized to neglect the adhesive layer.
In finite element analysis, the adhesive layer was

replaced by GLUE command, and the hole of the
flange was eliminated.

(3) The arrangement of sensors was imprecise, and the
intensity of each hammer excitation may not be
homogeneous.

In short, the error was within the allowable range. It
was proved that the finite element analysis could be used to
predict the influence of various stacking parameters on the
dynamic characteristics of the steel/CFRP shafts.

5. Effect of Ply Stacking

Finite element models were developed to study the effects of
ply stacking on the critical mechanical characteristics of the
CFRP shaft.

5.1. Fiber Orientation Angles. The FEA is used in this type of
problems, and there is no need to apply a load because the
natural frequency is the only function of mass and stiffness.
The ends of the drive shaft are both simply supported. The
fiber orientation angle is taken as one variation of the test
piece. Some specific angles were in the test, such as 0∘, 15∘,
30∘, 45∘, 60∘, 75∘, −75∘, and 90∘.

The results are as follows in Table 5.
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The first mode The second mode

The third mode The fourth mode

Figure 7: The mode shapes of the steel/CFRP shaft.

Table 7: Some classical stacking sequences.

The first case [45, −45, 90, 45, −45, 90, 45, −45, 45, −45, 45, −45, 90, 45, −45, 90, 45, −45]

The second case [90, 45, −45, 90, 45, −45, 90, 45, −45, 90, 45, −45, 45, −45, 45, −45, 45, −45]

The third case [0, 15, −15, 45, −45, 60, −60, 75, −75, 90, 75, −75, 60, −60, 45, −45, 15, −15]

The fourth case [45, −45, 0, 15, −15, 75, −75, 75, −75, 60, −60, 90, 15, −15, 60, −60, 45, −45]

The fifth case [75, 0, 45, 90, 45, 15, 90, 60, 75, 15, 0, 45, 0, 60, 90, 75, 15, 60]

The sixth case [90, 90, 90, 15, 15, 15, 75, 75, 75, 60, 60, 60, 45, 45, 45, 0, 0, 0]

Figure 8: Modal testing machine with a test piece mounted on it.

Table 8: Natural frequencies of the steel/CFRP shaft with different
stacking sequence.

Cases 1 2 3 4 5 6
First natural frequency (Hz) 193 192 282 283 255 239
Second natural frequency (Hz) 513 550 441 495 371 356

The results showed that the natural frequency increased
as the angle decreased in the same condition. Sometimes it
was not consistent, as the first natural frequency of stacking
with the angle of 10∘was greater than thatwith angles of 5∘ and
0∘. The relationship of the fiber orientation angle and natural
frequency is nonlinear because of the orthotropic material
properties of CFRP. So, in practical design, under the premise
of enough strength, it is useful to appropriately increase some
ply angles to improve the natural frequency and stay away
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Figure 9: The frequency response function graph of the test piece.

from the resonant frequency to achieve high stability, longer
life.

5.2. Monolayer Thickness. The monolayer thickness is taken
as the variable, and the other parameters are invariant. The
selected monolayer thickness is 0.11mm, 0.22mm, 0.33mm,
0.66mm, 0.99mm, and 0.39mm.

The results were shown in Table 6.
It can be found that monolayer thickness had little

influence on the natural frequency. Compared with Table 6,
for the stacking with an angle of 45∘, the top three natural
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Table 9: Three selected laminates with a variable thickness of the monolayer.

Layers
Cases 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 Thickness (mm) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Angle (∘) 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45

2 Thickness (mm) 0.33 0.33 0.66 0.66 0.33 0.33 0.66 0.66 0.33 0.33 0.66 0.66
Angle(∘) 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45

3 Thickness (mm) 0.11 0.11 0.11 0.11 0.99 0.99 0.11 0.11 0.66 0.66 0.11 0.11 0.33 0.33 0.11 0.11 0.33 0.33 0.11 0.11
Angle (∘) 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45 45 −45

Table 10: Three selected laminates with a variable thickness of the monolayer.

Layers
Cases 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 Thickness (mm) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Angle (∘) 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90

2 Thickness (mm) 0.33 0.33 0.33 0.11 0.11 0.11 0.33 0.33 0.33 0.22 0.22 0.22 0.33 0.33 0.33 0.66 0.66 0.66
Angle (∘) 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90

3 Thickness (mm) 0.22 0.11 0.66 0.33 0.22 0.33 0.33 0.33 0.33 0.11 0.33 0.33 0.66 0.33 0.22 0.33 0.66 0.11
Angle(∘) 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90 0 45 90

Table 11: Corresponding natural frequencies of steel/CFRP shafts
under the variable thickness of the monolayer.

Cases Table 9 Table 10
1 2 3 1 2 3

First natural frequency (Hz) 193 192 282 283 255 239
Second natural frequency (Hz) 513 550 441 495 371 356

frequencies were 140Hz, 390Hz, and 521Hz, whereas the
angle 45∘ was replaced by alternately 45∘/−45∘; the top three
natural frequencies changed into 173Hz, 559Hz, and 655Hz.
The same phenomenon occurred in cases that positive and
negative angles were used alternatively.Therefore, maximiza-
tion of the positive and negative fiber angles is to achieve
not only convenient processing but also improve dynamic
characteristics.

5.3. Stacking Sequence. As an another variable of the stacking,
some classical sequences were arranged as Table 7.

As was shown in Table 8, the stacking sequence had little
effects on the first natural frequency but had a certain degree
of impact on the second and third natural frequencies under
specific conditions.

5.4. Variable Thickness of Monolayer. Under the premise of
the same fiber angles and entire thickness, the monolayer
thickness was varied in the following cases as shown in Tables
9 and 10.

The above variable configurations had the same propor-
tion of each angle. It is unnecessary to consider the influence
of different angles. The comparison in Table 11 presented that
natural frequencies would change apparently when the layers
oriented at [0, 45, 90], and constant thickness of monolayer

contributed to greater natural frequencies. But due to the
limited size, the change of first natural frequency was not
particularly remarkable.The change would be more apparent
if the shaft size increased.

5.5. Multiple Factors. It is known that most scholars focused
on the effect of every single factor, leaving a blank for the
research of multiple factors. The configurations of the test
piece were taken as an example, and five cases were discussed
in Table 12.

In Table 13, the top three configurations showed that
the natural frequencies changed a lot because of varying
fiber angles. Comparison between case 2 and case 4, as well
as case 3 and case 5, different thicknesses, and number of
layers contributed to the change of natural frequencies. In
conclusion, the natural frequency was mainly determined
by the selected angles, whereas the various thickness and
number of layers just had a little effect on it.

6. Conclusions

From the previously presented results, the conclusions are
drawn as follows.

(1) The natural frequency of the steel/CFRP drive shaft
increases along with the decreasing of fiber orienta-
tion angle.

(2) The stacking sequence has a little effect on the natural
frequency.

(3) Varying layer thickness can change the natural fre-
quency of the steel/CFRP shaft, only if the shaft size
is big enough.

(4) The predicted natural frequency agrees with the
analytical solution with a deviation of 7.8%.
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Table 12: Corresponding natural frequencies of steel/CFRP shafts under the variable thickness of the monolayer.

Layers
Remarks

Cases 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1
Thickness (mm) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33

Angle (∘) 45 −45 90 45 −45 90 45 −45 45 −45 45 −45 90 45 −45 90 45 −45

2
Thickness (mm) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33

Angle (∘) 45 −45 15 −45 45 90 45 −45 0 0 −45 45 90 −45 45 15 −45 45

3
Thickness (mm) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33

Angle (∘) 45 −45 15 45 −45 90 45 −45 0 45 −45 15 45 −45 90 45 −45 0

4

Thickness (mm) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 Case 4 has 36 layers
Angle (∘) 45 −45 15 −45 45 90 45 −45 0 0 −45 45 90 −45 45 15 −45 45

Thickness (mm) 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 Layers 19–36
Angle (∘) 45 −45 15 −45 45 90 45 −45 0 0 −45 45 90 −45 45 15 −45 45

5

Thickness (mm) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 Case 5 has 36 layers
Angle (∘) 45 −45 15 45 −45 90 45 −45 0 45 −45 15 45 −45 90 45 −45 0

Thickness (mm) 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 Layers 19–36
Angle (∘) 45 −45 15 45 −45 90 45 −45 0 45 −45 15 45 −45 90 45 −45 0

Table 13: The natural frequency of steel/CFRP shaft under multiple
factors.

Cases 1 2 3 4 5
First natural frequency (Hz) 193 255 258 255 244
Second natural frequency (Hz) 513 628 478 513 654

And there are some new conclusions that can be drawn to
guide future design.

(1) When positive and negative angles are used for
layers at the same time, the natural frequency of the
steel/CFRP drive shaft is higher than that of a shaft
with only positive or negative angles.

(2) Whenmultiple factors work together, the trend of the
effect of every single factor on natural frequency is
hardly affected by other factors.Thenatural frequency
is mainly determined by the fiber orientation angle
and slightly affected by the stacking sequence and
layer thickness.

7. Recommendations for Further Work

There are many deficiencies and unresolved issues in this
study. Suggestions for further work are listed as follows.

(1) The reason for the deviation between experiment
and finite element analysis. Modeling defects and the
simulation of the adhesive layer need to be solved for
the better prediction in future designs.

(2) The effects of stacking sequence, layer thickness, and
other factors on natural frequency in all cases.

(3) Optimal design of lamination parameters for the best
dynamic performance.

(4) The damping characteristic and dynamic natural
frequency for further research.
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Productivity is always considered as one of the most basic and important factors to the competitiveness of a factory. For this
reason, all factories have sought to enhance productivity. To achieve this goal, we first need to estimate the productivity. However,
there is considerable degree of uncertainty in productivity. For this reason, a fuzzy collaborative forecasting approach is proposed
in this study to forecast the productivity of a factory. First, a learning model is established to estimate the future productivity.
Subsequently, the learning model is converted into three equivalent nonlinear programming problems to be solved from various
viewpoints. The fuzzy productivity forecasts by different experts may not be equal and should therefore be aggregated. To this
end, the fuzzy intersection and back propagation network approach is applied. The practical example of a dynamic random access
memory (DRAM) factory is used to evaluate the effectiveness of the proposed methodology.

1. Introduction

Seeing a problem from various perspectives ensures that no
parts are ignored when solving the problem. To this end, the
concepts of collaborative computing intelligence and collabo-
rative fuzzy modeling were proposed, and the so-called fuzzy
collaborative systems are being established [1, 2]. Many exist-
ing fuzzy collaboration systems have been used for clustering
(e.g., [1, 3]), that is, the so-called fuzzy collaborative clustering
systems. The applications of fuzzy collaborative intelligence
in forecasting remain to be investigated. A fuzzy collaborative
forecasting approach is proposed in this study to forecast the
productivity of a factory, which is important because of the
following reasons [4].

(1) The productivity and financial performance of a fac-
tory are closely related.

(2) Bailey [5] contended that employees often perform
below their maximum potential, and therefore mea-
suring the productivity is important.

(3) Productivity is extremely important for the sustain-
able development of an enterprise [6].

Traditionally, productivity is calculated by dividing a
fixed output by the required input. The units of input and
output may be different. In addition, both input and output
can be made up of a number of different items that need to be
integrated somehow, that is, the composite productivity. Nev-
ertheless, measurement of productivity is straightforward in
most factories because themostmanufactured items exhibit a
high degree of uniformity.Godard andPrevost [7] introduced
a model for integrated measurement and analysis of pro-
ductivity (SIMAP), in which the global productivity ratio is
the multiplicative product of three constant factors: the price
structure, the mix of output quantities, and variations in pro-
ductivity. Han and Halpin [8] divided the existing methods
of productivity estimation into two categories: deterministic
methods and simulation methods. Huang [9] evaluated the
productivity of Taiwan semiconductor manufacturers using
the Malmquist productivity index. For the same purpose,
M. Y. Huang and S. Y. Huang [10] proposed a three-stage
Malmquist data envelopment analysis (DEA) method. Inputs
considered in their study include R&D expenditures, fixed
assets, labor costs, and operating costs. Themost widely used
measure of productivity is labor productivity [11]. With well-
trained employees, factory productivity usually increases
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over time, but there is a limit. For these reasons, any improve-
ment in productivity can be seen as a learning process.Wright
[12] studied the impact of learning on productivity in the
aircraftmanufacturing industry.The productivity of a factory
should be compared with past values of productivity for the
same factory and with those of competitors. Black and Lynch
[13] found that higher productivity is associatedwith how that
work practice is actually implemented within the establish-
ment. In recent years, the development of data warehouses
has enabled researchers to look more directly at productiv-
ity [14]. Bandyopadhyay et al. [15] designed an integrated
system to help provide information used in human resource
decision-making such as administration, payroll, recruiting,
training, and performance analysis.

Brandt [11] proposed a formula to forecast the long-
term productivity, but that formula requires input and output
estimates, and therefore does not simplify this problem. In
particular, the long-term outputs are affected by price fluctu-
ations and are very difficult to estimate. To solve this problem,
this study adopts the following method. Productivity basi-
cally follows a learning process, so a learning model can be
established for it and can be used to predict the future pro-
ductivity. However, productivity is affected by many factors
including standardizing, quality differences, scrap rates, new
workers, layoffs, and incentive plans [4], and therefore there
is a considerable degree of uncertainty in the long-term pro-
ductivity. To consider this uncertainty, this study uses a fuzzy
value to represent each forecast of productivity. A fuzzy value
has a range and therefore is able to appropriately express
uncertainty. Subsequently, a group of experts in this field is
formed. Each expert applies a fuzzy linear regression equation
to forecast the productivity of a factory. Some parameters in
the fuzzy linear regression equation need a subject setting. As
a result, the forecasts obtained by the experts may be very
different and therefore require a collaboration mechanism
to aggregate them. In the proposed methodology, the fuzzy
intersection and back propagation network approach is
applied to aggregate the forecasting results.

The novel features of the proposed methodology include
the following.

(1) The proposed methodology was the first attempt we
have had at considering the uncertainty in the long-
term productivity.

(2) To forecast the productivity of a factory from various
perspectives ensures that no parts are ignored when
solving the problem.

(3) A fuzzy linear regression equation is fitted with three
nonlinear programming models with six adjustable
parameters.That offers the experts a great deal of flex-
ibility in expressing their opinions (see Table 1).

The differences between the proposed methodology and the
previous fuzzy collaborative forecastingmethods are summa-
rized in Table 2.

The aim of this study is
(1) to improve the accuracy of productivity forecasting.

In other words, the forecasted value should be as close
as possible to the actual value;

Table 1: The number of adjustable parameters in various methods.

Method
Tanaka and
Watada
[16]

Peters
[17]

Donoso
et al. [18]

Chen and
Wang
[19]

The
proposed

methodology
Number of
adjustable
parameters

1 1 2 4 6

(2) to improve the precision of productivity forecasting.
In other words, a narrow interval containing the
actual value is to be established;

(3) the use of a practical example to compare the perfor-
mances of variousmethods when forecasting the pro-
ductivity of a factory.

The rest of this paper is organized as follows. Section 2
reviews the existing methods in fuzzy collaborative forecast-
ing. The problems faced by the existing methods are also
discussed. Section 3 describes the details of the proposed
methodology for forecasting the productivity of a factory. A
practical example is used to evaluate the effectiveness of the
proposed methodology. Finally, the concluding remarks and
a view on the future are given in Section 4.

2. Related Work

In the limited literature about fuzzy collaborative intelligence
and systems, Shai and Reich [20, 21] defined the concept
of infused design as an approach for establishing effective
collaboration between designers from different engineering
fields. Büyüközkan and Vardaloǧlu [22] applied the fuzzy
cognitive map method to the collaborative planning, fore-
casting, and replenishment (CPFR) of a supply chain.The ini-
tial values of the concepts and the connection weights of the
fuzzy cognitive map are dependent on the subjective belief of
the expert and can bemodified after collaboration. According
to Poler et al. [23], for collaborative forecasting, the compar-
ison of collaboration methods and the proposing of software
tools are still very lacking. Pedrycz and Rai [24] discussed the
problem of collaborative data analysis by a group of agents
having access to different parts of data and exchanging find-
ings through their collaboration. A two-phase optimization
procedure was established, so that the results of communica-
tion can be embedded into the local optimization results. In
recent years, Chen [25] used a hybrid fuzzy linear regression-
back propagation network approach to predict the efficient
cost per die of a semiconductor product. This method first
gathered a group of experts in the field.Then, each expert uses
a fuzzy linear regression equation to predict the future unit
cost. The result is a fuzzy value and can be regarded as a non-
symmetric interval forecast. A crisp forecast is rarely equal
to the actual value, while a fuzzy forecast contains the actual
value. The fuzzy forecasts obtained by different experts are
aggregated using a fuzzy intersection, resulting in a polygon-
shaped fuzzy number, which can be defuzzified using a back
propagation network. Chen [26] applied the same method
to predict the foreign exchange rate. Chen [27] considered
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Table 2: The differences between the proposed methodology and the previous fuzzy collaborative forecasting methods.

Method Target Forecasting method Aggregation mechanism
Büyüközkan et al. [22, 31] Demand FCM Subjective collaboration
Chen [27] Unit cost FLR + LP LP
Chen [26] Foreign exchange rate FLR + 2 NLP FI + BPN
Chen [25] Unit cost FLR + 2 NLP FI + BPN
The proposed methodology Productivity FLR + 3 NLP FI + BPN
∗FCM: fuzzy cognitivemap; FLR: fuzzy linear regression; LP: linear programming;NLP: nonlinear programming; FI: fuzzy intersection; BPN: back propagation
network.

the case in which each expert has only partial access to the
data and is not willing to share the raw data he/she owns.The
forecasting results by an expert are conveyed to other experts
to modify their settings, so that the actual values will be
contained in the fuzzy forecasts after collaboration. All fuzzy
collaborative intelligence methods seek the consensus of the
results. In this field, Ostrosi et al. [3] defined the concept of
consensus as the overlapping of design clusters of different
perspectives. Similarly, Chen [6] defined the concept of par-
tial consensus as the intersection of the views. Cheikhrouhou
et al. [28] thought that collaboration is necessary because of
the unexpected events that may occur in the future demand.
Chen andWang [29] proposed an agent-based fuzzy collabo-
rative intelligence approach, in which software agents rather
than domain experts are used to improve the efficiency of
collaboration. Most fuzzy collaborative forecasting methods
established nonlinear programming models to consider the
opinions of experts and generate fuzzy forecasts. Such a prac-
tice cannot distinguish between the different expert opinions
and is not easy to find the global optimal solution. In order
to solve some problems and to improve the performance of
semiconductor yield forecasting, Chen and Wang [30] pro-
posed a quadratic-programming based fuzzy collaborative
intelligence approach.

In short, to forecast the productivity using the existing
approaches has the following problems.

(1) The productivity forecasted by the existing methods
may be lower than the actual value, resulting in over-
estimated outputs if the revenue plan is based on the
forecasts.

(2) For precision in productivity forecasting, the narrow-
est scope containing the actual value is required; how-
ever, this has rarely been discussed.

(3) The upper bound and average value are forecasted
separately, which is problematic because it is possible
that the forecast becomes invalid in the sense that the
average value may be higher than the upper bound
[19].

3. Methodology

3.1. Productivity Forecasting Using Fuzzy Linear Regression.
The productivity 𝑃

𝑡
of a factory at time 𝑡 can be evaluated as

follows:

𝑃
𝑡
=
∑
𝑏

𝑗=1
𝑅
𝑡
(𝑂
𝑗
)

∑
𝑎

𝑖=1
𝐶
𝑡
(𝐼
𝑖
)
, (1)

where 𝐼
𝑖
and 𝑂

𝑗
are input and output items, respectively;

𝑖 = 1 ∼ 𝑎 and 𝑗 = 1 ∼ 𝑏. Their costs and prices at time 𝑡
are denoted by 𝐶

𝑡
(𝐼
𝑖
) and 𝑅

𝑡
(𝑂
𝑗
), respectively. The learning

model of productivity is

𝑃
𝑡
= 𝑃
0
𝑒
−(𝑏/𝑡)+𝑟(𝑡)

, or in logarithms,

ln (𝑃
𝑡
) = ln𝑃

0
−
𝑏

𝑡
+ 𝑟 (𝑡) ,

(2)

where 𝑃
𝑡
is the productivity at period 𝑡, 𝑃

0
is the asymp-

totic/final productivity, 𝑏 is the learning constant, and 𝑟(𝑡) is
homoscedastic, serially noncorrelated error term.

As can be seen from (2), after converting to logarithms,
the productivity learning model becomes a linear regression
problem. Fitting historical data to obtain the parameters in
the model is the conventional approach, under the assump-
tion of

𝑟 (𝑡) ∼ Normal (0, 𝜎2) , 𝑟 (𝑡) = 0 ∀𝑡, (3)

where “∧” denotes that it is an estimate. We can obtain
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(5)

The shortage of this model is that the uncertainty and
variation inherent in the learning process are not easy to con-
sider [32]. To solve this problem, all parameters can be given
in triangular fuzzy numbers instead [33–35], and the model
becomes a fuzzy one. At first, assume �̃�

0
= 𝑒
( 𝑝1, 𝑝2, 𝑝3 ), �̃� =

(𝑏
1
, 𝑏
2
, 𝑏
3
), and

�̃�
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= �̃�
0
𝑒
−(�̃�/𝑡)+𝑟(𝑡)

= 𝑒
(𝑝1−(𝑏3/𝑡),𝑝2−(𝑏2/𝑡),𝑝3−(𝑏1/𝑡))+𝑟(𝑡). (6)

�̃�
𝑡
is the fuzzy productivity forecast which can be defuzzified

if necessary. After log normalization,
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(7)
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which is a fuzzy linear regression problem. The parameters
can be obtained by solving the following nonlinear program-
ming model [19], which is a modification from Tanaka and
Watada’s linear programming model [16].

Model 1. Consider
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=
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0 ≤ 𝛼 ≤ 1, (17)

where 𝑜(𝑘) reflects the sensitivity of expert 𝑘 to the uncer-
tainty of the fuzzy productivity forecast; 𝑘 = 1 ∼ 𝐾. 𝑜(𝑘)
ranges from 0 (not sensitive) to ∞ (extremely sensitive);
𝛼(𝑘) indicates the satisfaction level required by expert 𝑙; 0 ≤
𝛼(𝑘) ≤ 1. In this model, the sum of ranges of fuzzy forecasts
is minimized by fitting the historical data at a given level of
satisfaction 𝛼(𝑘).

The second method for fitting a fuzzy linear regression
equation is derived from Peters’ method [17], in which the
following nonlinear programming problem is solved, aimed
at the maximization of the average satisfaction level with the
generalized average formula.

Model 2. Take
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(18)

where 𝑑(𝑘) is the desired range of every fuzzy forecast; 0 ≤
𝑑(𝑘); 𝑚(𝑘) represents the relative importance of the outliers
in fitting the fuzzy linear regression equation; 𝑚(𝑘) ∈ 𝑍

+.
When𝑚(𝑘) = 1, the relative importance of the outliers is the
highest and is equal to that of the nonoutliers.

The third method for fitting a fuzzy linear regression
equation is Donoso’s quadratic nonpossibilistic method [18],
inwhich the quadratic error for both the central tendency and
each one of the spreads is minimized.

Model 3. Consider
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where 𝜔
1
(𝑘) and 𝜔

2
(𝑘) belong to [0 1] and add up to 1. If an

expert’s concern is about precision, he/she should choose a
large 𝜔

2
(𝑘) value and a small 𝜔

1
(𝑘) value, and vice versa.
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Figure 1:The aggregation of fuzzy productivity forecasts using fuzzy
intersection.

3.2. Aggregating the Forecasts Using Fuzzy Intersection and
Back PropagationNetwork. Theaggregationmechanism con-
sists of two steps. In the first step, fuzzy intersection is applied
to aggregate the fuzzy productivity forecasts into a polygon-
shaped fuzzy number, in order to improve the forecasting
precision. Fuzzy intersection combines 𝑛 fuzzy productivity
forecasts in the following manner:

𝜇
𝐼(�̃�𝑡(1),�̃�𝑡(2),...,�̃�𝑡(𝐾))

(𝑥)

= min (𝜇
�̃�𝑡(1)

(𝑥) , 𝜇
�̃�𝑡(2)

(𝑥) , . . . , 𝜇
�̃�𝑡(𝐾)

(𝑥)) ,

(20)

where 𝐼(�̃�
𝑡
(1), �̃�
𝑡
(2), . . . , �̃�

𝑡
(𝐾)) indicates the result of obtain-

ing the fuzzy intersection of the fuzzy productivity fore-
casts by 𝐾 experts. If these fuzzy productivity forecasts are
approximated with triangular fuzzy numbers, then the fuzzy
intersection is a polygon-shaped fuzzy number (see Figure 1).

The result of this step is a polygon-shaped fuzzy number
that specifies the narrowest range of the fuzzy productivity
forecast that still contains the actual value. In this way, the
forecasting accuracy is maximized. Subsequently, the fuzzy
forecasts are defuzzified using a back propagation network
with the following configuration, in order to optimize the
forecasting accuracy measured in terms of mean squared
error (MSE).

(1) Inputs: 9𝐾 parameters corresponding to the corners
of the fuzzy forecasts of the 𝐾 experts. All input
parameters have to be normalized before they are fed
into the network. Extracting independent variables
from the original inputs and using them as new inputs
to the back propagation network may be a way to fur-
ther enhance the accuracy of the network.

(2) Single hidden layer: generally one or two hidden lay-
ers are more beneficial for the convergence property
of the back propagation network.

(3) Thenumber of neurons in the hidden layer is 9𝐾, con-
sidering both effectiveness (forecasting accuracy) and
efficiency (execution time).

(4) Output: the crisp productivity forecast.
(5) Network learning rule: delta rule.
(6) Network learning algorithm: the Levenberg-Mar-

quardt algorithm.

(7) Activation function: the activation function for the
hidden layer is the hyperbolic tangent sigmoid activa-
tion function, while for the other layers it is the linear
activation function.

(8) Number of initial conditions/replications: because the
performance of a back propagation is sensitive to the
initial condition, the training process will be repeated
many times with different initial conditions that are
randomly generated. Among the results, the best one
is chosen for the subsequent analyses.

(9) Convergence conditions:MSE < 10−6 or 10000 epochs
have been run.

The Levenberg-Marquardt algorithm, which is much
faster than the gradient descent algorithm for small-sized
problems, is used for training the back propagation network.
The Levenberg-Marquardt algorithm was designed for train-
ing with second-order speed without having to compute the
Hessian matrix. When training a back propagation network,
the Hessian matrix can be approximated as

𝐻 = 𝐽
𝑇
𝐽 (21)

and the gradient can be computed as

𝑔 = 𝐽
𝑇
𝑒, (22)

where 𝐽 is the Jacobian matrix containing the first derivatives
of the network errors with respect to the weights and biases; 𝑒
is the vector of the network errors.The Levenberg-Marquardt
algorithm uses this approximation and updates the network
parameters in a Newton-like way

𝑥
𝑒𝑝+1

= 𝑥
𝑒𝑝
− [𝐽
𝑇
𝐽 + 𝜇𝐼]

−1

𝐽
𝑇
𝑒, (23)

where 𝑒𝑝 is the epoch number. However, overfitting may
occur using the Levenberg-Marquardt algorithm, and the
forecasting accuracy may be lower than expected for the
untrained data.

4. A Practical Example

A practical example from a dynamic random access memory
(DRAM) factory is used to evaluate the effectiveness of the
fuzzy collaborative forecasting approach (Table 3). DRAM is
the most common kind of random access memory (RAM)
for personal computers and workstations. The global DRAM
market in 2013 is forecasted to reach 30 billion USD.

In the practical example, the multi-item productivity was
calculated after the monetary values of inputs and outputs
had been considered. The productivity of each period was
evaluated in Table 4. After being converted to logarithms, the
relationship between ln(𝑃

𝑡
) and −1/𝑡 was fitted with a linear

regression.The coefficient of determination 𝑅2 is 0.72, which
confirms the learning property of productivity.

However, there ismuch uncertainty in ln(𝑃
𝑡
). To deal with

this problem, a fuzzy linear regression equation was fitted,
according to (9).
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Table 3: A practical example.

Period Outputs (million NTD) Inputs (million NTD)
1 3130 5369
2 4202 5875
3 5694 5794
4 6508 5457
5 7013 5842
6 8531 6412
7 8574 6548
8 7737 6791
9 7159 6127
10 7421 6188
11 6918 6021
12 5717 5814
13 5813 5817
14 6792 6353

Table 4: The productivity at each period.

𝑡 𝑃
𝑡

−1/𝑡 ln(𝑃
𝑡
) LR fitted result

1 0.583 −1.000 −0.540 −0.547

2 0.715 −0.500 −0.335 −0.159

3 0.983 −0.333 −0.017 −0.030

4 1.193 −0.250 0.176 0.035
5 1.200 −0.200 0.183 0.073
6 1.330 −0.167 0.286 0.099
7 1.309 −0.143 0.270 0.118
8 1.139 −0.125 0.130 0.132
9 1.168 −0.111 0.156 0.142
10 1.199 −0.100 0.182 0.151
11 1.149 −0.091 0.139 0.158
12 0.983 −0.083 −0.017 0.164
13 0.999 −0.077 −0.001 0.169
14 1.069 −0.071 0.067 0.173

Three experts from production control and industrial
engineering departments were asked to submit their opinions
about the fuzzy productivity forecasts, which were summa-
rized in Table 5. Obviously, if an expert’s concern is about
precision, he/shewill choose a large value of𝜔

2
(𝑘) and a small

value of 𝑑(𝑘) (Figure 2).
There were nine nonlinear programming problems to be

solved. From the optimization result of each nonlinear pro-
gramming problem, a corresponding fuzzy linear regression
equation was constructed. The program coded using LINGO
is shown in Algorithm 1. All nine fuzzy linear regression
equations were applied to forecast the productivity of the
DRAM factory. The results were summarized in Figure 3.

Subsequently, the fuzzy intersection of the forecasting
results was obtained (see Table 6), which determined the nar-
rowest range of the fuzzy productivity forecast. The fore-
casting precision, measured in terms of the average width
of the fuzzy forecasts, has been significantly improved (see
Figure 4).

Table 5: Three experts’ opinions.

𝑙 𝑜(𝑘) 𝑑(𝑘) 𝑠(𝑘) 𝑚(𝑘) 𝜔
1
(𝑘) 𝜔

2
(𝑘)

1 1 0.75 0.1 3 0.45 0.55
2 2 0.8 0.15 4 0.6 0.4
3 1.5 0.7 0.2 1 0.4 0.6

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.65 0.7 0.75 0.8 0.85
d(k)

𝜔
2
(
k
)

Figure 2: The relationship between 𝜔
2
(𝑘) and 𝑑(𝑘).

Subsequently, the back propagation network was applied
to aggregate the fuzzy forecasts into a single representative
value, that is, the crisp productivity forecast. The program
coded using MATLAB is shown in Algorithm 2. The back
propagation network has 27 inputs and the same number of
nodes in the hidden layer. The Levenberg-Marquardt algo-
rithmwas applied to train the back propagation network.The
performance of a back propagation network is sensitive to the
initial conditions; therefore, the training was repeated 10
times with different initial conditions (see Figure 5).

The gradient descent algorithm was also applied to train
the back propagationnetwork for a comparison. It can be seen
from Figure 6 that the forecasting accuracy of the Levenberg-
Marquardt algorithm (indicated by LM) is better than that of
the gradient descent algorithm (indicated by GD).

The forecasting accuracy of the proposed methodology,
in terms of mean absolute error (MAE), mean absolute per-
centage error (MAPE), and rootmean squared error (RMSE),
was summarized in Table 7. The forecasting accuracy of each
expert without collaboration is also shown in this table for a
comparison. In all models, the center-of-gravity method was
applied to defuzzify the productivity forecast

𝐷(�̃�
𝑡
) =

𝑃
𝑡1
+ 𝑃
𝑡2
+ 𝑃
𝑡3

3
. (24)

According to the experimental results, the following hold.

(1) Obviously, after collaboration, the forecasting accu-
racy was significantly improved. This advantage is
most obvious if MAPE is considered. On average,
MAPE could be reduced by 99%.

(2) On the other hand, the fuzzy collaborative forecasting
approach also improved the forecasting precision, as
shown in Figure 5. In other words, it is possible to pre-
cisely grasp the range of the future productivity, and
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min=0.6∗Z31+0.4∗Z32;
Z31=(P12+0.53961)∧2+(P22+0.33515)∧2+(P32+0.01741)∧2+(P42-0.176133)∧2+(P52-0.182692)∧2
+(P62-0.285535)∧2+(P72-0.269575)∧2+(P82-0.130416)∧2+(P92-0.155665)∧2+(P102-0.181702)∧2
+(P112-0.138873)∧2+(P122+0.01682)∧2+(P132+0.00069)∧2+(P142-0.066818)∧2;
Z32=(P143-P141)∧2+(P133-P131)∧2+(P123-P121)∧2+(P113-P111)∧2+(P103-P101)∧2+(P93-P91)∧2
+(P83-P81)∧2+(P73-P71)∧2+(P63-P61)∧2+(P53-P51)∧2+(P43-P41)∧2+(P33-P31)∧2
+(P23-P21)∧2+(P13-P11)∧2;
P11+0.15∗P12-0.15∗P11<=-0.53961;
P21+0.15∗P22-0.15∗P21<=-0.33515;
P31+0.15∗P32-0.15∗P31<=-0.01741;
P41+0.15∗P42-0.15∗P41<=0.176133;
P51+0.15∗P52-0.15∗P51<=0.182692;
P61+0.15∗P62-0.15∗P61<=0.285535;
P71+0.15∗P72-0.15∗P71<=0.269575;
P81+0.15∗P82-0.15∗P81<=0.130416;
P91+0.15∗P92-0.15∗P91<=0.155665;
P101+0.15∗P102-0.15∗P101<=0.181702;
P111+0.15∗P112-0.15∗P111<=0.138873;
P121+0.15∗P122-0.15∗P121<=-0.01682;
P131+0.15∗P132-0.15∗P131<=-0.00069;
P141+0.15∗P142-0.15∗P141<=0.066818;
P13+0.15∗P12-0.15∗P13>=-0.53961;
P23+0.15∗P22-0.15∗P23>=-0.33515;
P33+0.15∗P32-0.15∗P33>=-0.01741;
P43+0.15∗P42-0.15∗P43>=0.176133;
P53+0.15∗P52-0.15∗P53>=0.182692;
P63+0.15∗P62-0.15∗P63>=0.285535;
P73+0.15∗P72-0.15∗P73>=0.269575;
P83+0.15∗P82-0.15∗P83>=0.130416;
P93+0.15∗P92-0.15∗P93>=0.155665;
P103+0.15∗P102-0.15∗P103>=0.181702;
P113+0.15∗P112-0.15∗P113>=0.138873;
P123+0.15∗P122-0.15∗P123>=-0.01682;
P133+0.15∗P132-0.15∗P133>=-0.00069;
P143+0.15∗P142-0.15∗P143>=0.066818;
P11=a1-b3/1;
P21=a1-b3/2;
P31=a1-b3/3;
P41=a1-b3/4;
P51=a1-b3/5;
P61=a1-b3/6;
P71=a1-b3/7;
P81=a1-b3/8;
P91=a1-b3/9;
P101=a1-b3/10;
P111=a1-b3/11;
P121=a1-b3/12;
P131=a1-b3/13;
P141=a1-b3/14;
P12=a2-b2/1;
P22=a2-b2/2;
P32=a2-b2/3;
P42=a2-b2/4;
P52=a2-b2/5;
P62=a2-b2/6;
P72=a2-b2/7;
P82=a2-b2/8;
P92=a2-b2/9;
P102=a2-b2/10;
P112=a2-b2/11;
P122=a2-b2/12;
P132=a2-b2/13;

Algorithm 1: Continued.
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P142=a2-b2/14;
P13=a3-b1/1;
P23=a3-b1/2;
P33=a3-b1/3;
P43=a3-b1/4;
P53=a3-b1/5;
P63=a3-b1/6;
P73=a3-b1/7;
P83=a3-b1/8;
P93=a3-b1/9;
P103=a3-b1/10;
P113=a3-b1/11;
P123=a3-b1/12;
P133=a3-b1/13;
P143=a3-b1/14;
a1>=0;
a2>=a1;
a3>=a2;
b1>=0;
b2>=b1;
b3>=b2;
@free(P11);@free(P12);@free(P13);@free(P21);@free(P22);@free(P23);@free(P31);@free(P32);
@free(P33);@free(P41);@free(P42);@free(P43);@free(P51);@free(P52);@free(P53); @free(P61);
@free(P62);@free(P63);@free(P71);@free(P72);@free(P73);@free(P81);@free(P82);@free(P83);
@free(P91);@free(P92);@free(P93);@free(P101);@free(P102);@free(P103);@free(P111);
@free(P112); @free(P113);@free(P121);@free(P122);@free(P123);@free(P131);
@free(P132);@free(P133);@free(P141);@free(P142);@free(P143);

Algorithm 1: The linear programming problem (coded using Lingo).

p=[0.229 0.336 0.381 0.406 0.422 0.433 0.441 0.447 0.452 0.456 0.459 0.462 0.464 0.466;0.229 0.336 0.381
0.406 0.422 0.433 0.441 0.447 0.452 0.456 0.459 0.462 0.464 0.466;0.344 0.504 0.572 0.61 0.634 0.65
0.662 0.671 0.678 0.684 0.689 0.693 0.696 0.699; . . .;0.274 0.402 0.456 0.486 0.505 0.518 0.527 0.535 0.54
0.545 0.549 0.552 0.555 0.557;0.346 0.507 0.576 0.614 0.638 0.654 0.666 0.675 0.682 0.688 0.693 0.697
0.701 0.703]
t=[0.274 0.336 0.461 0.56 0.563 0.624 0.614 0.535 0.548 0.563 0.539 0.462 0.469 0.502]
net=newff([0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1; 0 1;
0 1; 0 1; 0 1],[27, 1],{’logsig’,’logsig’},’trainlm’);
net=init(net);
net.trainParam.show=100;
net.trainParam.lr=0.1;
net.trainParam.epochs=1000;
net.trainParam.goal=1e-5;
[net,tr]=train(net,p,t);
a = sim(net,p);

Algorithm 2: The back propagation network program.

the related planning and decision-making will not be
misled.

(3) Among the three nonlinear programmingmodels, the
forecasting accuracy of Model 3 was the best. How-
ever, the result can vary by case. On the other hand,
the forecasting accuracy of Model 1 was quite close to
that ofModel 3, and they were both better thanModel
2 in this aspect.

(4) It is quite a natural approach to measure the quality
of collaboration with the improvement in the fore-
casting performance. In Figure 7, we considered the
case in which an expert was not involved in the col-
laboration. Obviously, the forecasting precision was
not affected without the involvement of expert 3.

(5) In Figure 8, we analyzed the impact of the number
of experts on the forecasting accuracy. Obviously,
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Figure 3: The forecasting results.

Table 6: The results of fuzzy intersection.

Period Lower bound Upper bound
1 0.58 0.72
2 0.78 1.05
3 0.86 1.19
4 0.91 1.27
5 0.93 1.32
6 0.95 1.35
7 0.96 1.38
8 0.97 1.40
9 0.98 1.41
10 0.99 1.43
11 0.99 1.43
12 1.00 1.44
13 1.00 1.45
14 1.00 1.46

with more experts, the forecasting accuracy could
be improved. In addition, with the same number of
experts, it did notmatterwhich expertswere involved.

5. Conclusions and Directions for
Future Research

Productivity is always considered as one of the most basic
and important factors to the competitiveness of a factory.
For this reason, factories around the world strive to enhance
productivity. To this end, an accurate estimate of produc-
tivity is the prerequisite. Compared with other performance
measures, productivity is easier to forecast in the long term
because of its learning property. For this reason, a systematic
procedure has been proposed to forecast the productivity of a
factory. However, there is considerable degree of uncertainty
in productivity that is not easy to cope with. For this reason,
a fuzzy collaborative forecasting approach is proposed in this
study to forecast the long-termproductivity of a factory. First,
a fuzzy productivity learning model is established to forecast
the future productivity. Subsequently, the fuzzy productivity
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Figure 4: The forecasting precision measured in terms of the aver-
age width.

learning model is converted into three equivalent nonlinear
programming problems to be solved from various view-
points. The fuzzy productivity forecasts by different experts
may not be equal and should therefore be aggregated. To
aggregate these productivity forecasts, the fuzzy intersection
and back propagation network approach is applied.

After applying the fuzzy collaborative forecasting ap-
proach to forecast the productivity of a DRAM factory in
Taiwan, the following experimental results were obtained.

(1) Compared with the existing methods, the fuzzy
collaborative forecasting approach significantly im-
proved the forecasting accuracy measured in terms
of MAE, MAPE, and RMSE.

(2) On the other hand, the fuzzy collaborative forecasting
approach provided a range of possible productivity, so
that the actual value fell within the range. Compared
with the results without collaboration, the forecasting
result was substantially more precise.

(3) We also found that the number of experts involved in
the collaboration process was influential to the fore-
casting accuracy and precision.

(4) With the same number of experts, it did not matter
which experts were involved.
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Themain contribution to the body of the knowledge is the
following.

(1) A systematic procedure is established in this study
to forecast the long-term productivity of a factory
through productivity learning modeling.

(2) A novel fuzzy collaborative forecasting approach is
proposed to consider the uncertainty in the produc-
tivity learning process and the viewpoints of multiple
experts.

Table 7: The forecasting accuracy of various models.

Method MAE MAPE RMSE Average
range

Expert 1, Model I 0.109 9.9% 0.133 0.447
Expert 2, Model I 0.109 10.5% 0.133 0.457
Expert 3, Model I 0.103 9.8% 0.130 0.493
Expert 1, Model II 0.138 14.1% 0.165 0.792
Expert 2, Model II 0.218 22.0% 0.257 1.027
Expert 3, Model II 0.136 13.7% 0.163 0.840
Expert 1, Model III 0.102 9.6% 0.129 0.438
Expert 2, Model III 0.102 9.7% 0.129 0.465
Expert 3, Model III 0.103 9.8% 0.130 0.494
The proposed methodology 0.001 0.1% 0.001 0.385

However, comparedwith some existing approaches,more
data are required with the proposed methodology due to the
need to incorporate expert opinions. In addition, it takes
more time to develop the program codes for the proposed
methodology than for the other approaches.
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In future studies, the effects of the environmental factors
on productivity can be considered. On the other hand, with
more experts, the forecasting precision and accuracy can be
improved. However, that may lead to more conflicts in the
forecasts, and a larger network should be constructed, which
means more computational costs for the proposed method.
An alternative is to use software agents in future studies.
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Nowadays, in order to have some featured products, many customers tend to buy customized products instead of buying common
ones in supermarket. The manufacturing enterprises, with the purpose of improving their competitiveness, are focusing on
providing customized products with high quality and low cost as well. At present, how to produce customized products rapidly
and cheaply has been the key challenge to manufacturing enterprises. In this paper, an intelligent modeling approach applied to
supporting themodeling of customized products is proposed, whichmay improve the efficiency during the product design process.
Specifically, the product gene (PG) method, which is an analogy of biological evolution in engineering area, is employed to model
products in a new way. Based on product gene, we focus on the intelligent modeling method to generate product schemes rapidly
and automatically. The process of our research includes three steps: (1) develop a product gene model for customized products; (2)
find the obtainment and storage method for product gene; and (3) propose a specific genetic algorithm used for calculating the
solution of customized product and generating new product schemes. Finally, a case study is applied to test the usefulness of our
study.

1. Introduction

Satisfying customer requirements is more and more crucial
in current manufacturing mode. Most manufacturing enter-
prises put their customers’ satisfaction in the top position
to improve their competitiveness. Meanwhile, an increasing
number of customers tend to purchase customized prod-
ucts with their personal characteristics, rather than buying
those common ones from the market [1]. Due to these
requirements, enterprises adopt customer-driven strategy
to produce small number but wide-variety products to
offer customers maximize satisfaction [2]. The notion of
consumer-driven design [3] was firstly rooted in Japan’s Kobe
shipyard in the 1970s [4]. Now, many new principles and
approaches, such as quality function deployment (QFD) [5]
and axiomatic design (AD) [6], have been introduced to
help designers identify the relationship between customer
requirements and design characteristics [7]. Zhou et al.

proposed a STEP-compliant knowledgebase to support the
customized-product development [8, 9], which has a poten-
tial of providing the designers and managers with an online
access environment to access the product’s design history in
an easier and faster way. In addition, this knowledgebase can
reduce the amount of rework. However, in the process of
designing customized products, evaluation of design alter-
natives is still heavily reliant on designers’ experience and
knowledge, which are time consuming as well.

The characteristics of the customized products include:
(1) low number and multitype. As most of these products are
designed for specific requirements of customers, with a low
number, their structure is always more complex than com-
mon ones. (2) The customers’ requirements are difficult to
express. As the specific requirements of customized products
are sometimes illustrated by customers with fuzzy natural
language, designers have to translate these requirements to
standard expression. (3) Low repetitiveness is also one of
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the characteristics of the customized products. The function
and structure of customized products are usually different
with common products, so high cost and high risk rate may
exist in the design process of customized products. Tradi-
tionalmanufacturingmethods, such as product family design
[10], adaptive design [11], modular design [12], and variant
design [13], cannot effectively satisfy this trend because the
talent of experts may be wasted in endless orders. In this
paper, we propose a PG method to fulfill the modeling
process of customized products rapidly and automatically.

In recent years, many scholars have found that PGs,
which are similar to biological genes, exist in manufacturing
products, especially in mechanical products. As creatures are
created by nature through complex physical and chemical
actions, products are produced by manufacturers through
physical and chemical actions after they have been designed.
Thus, the essences of their origins are very similar. Feng et al.
compared biological genetic engineering with the design of
product principle scheme [14, 15].They defined PG as genetic
knowledge of product function. Chen et al. raised a genetics-
based approach for the conceptual design [16]. In this paper,
PG is employed to index product solutions to facilitate the
mapping between functions and product solutions.Wang and
Ai [17, 18] concluded former PG theory, defining PG as a
collection of standard information that controls the growth
process of products and regulates each aspect of product
attributes. Meanwhile, heredity, variability, self-organization,
and self-adaptation must be included in the characteristics
of PG that will determine its application. However, these
studies are still in the initial stage and can hardly be applied
in manufacturing or design activities. More problems are still
existing and need to be solved.

In this paper, Section 2 proposes a model of PG to
support the customized products modeling. In Section 3, the
whole intelligent modeling process of customized products
is illustrated. And a case study used for exemplification of the
effectiveness of the proposedmethod is provided in Section 4.
Finally, the paper is concluded in Section 5.

2. PG Model and Its Composition

2.1. Definition of PG. Creatures are created by nature through
complex physical and chemical actions. Similarly, products
are also produced by manufacturers through these actions
after they have been designed.Therefore, the essences of their
origins are similar, although creatures are created randomly
by nature, while products are produced by human beings
intentionally.

The corresponding relationship between creature growth
and product design is found as follows: DNA → PG, RNA
→ product solutions, protein → parts, and living creature
→ human product. As shown in Figure 1, the whole process
fromPG to entity product is (1)product schemes are obtained
via the transcription of PG; (2) parts are captured through
the translation of product solutions; (3) parts constitute entity
products. In this paper, we mainly focus on the transcription
process from PG to product schemes.

DNA

PG

RNA

Product 
schemes

Protein

Parts

Creature

ProductEntity 
product

Living 
creature

Transcribe Translate Constitute

Figure 1: Relationship between creature growth and product design.

In biology, gene is a nucleotide sequence in a DNA
molecule that possesses some genetic effects. It is the min-
imum function and structure unit of a genetic material.
Similarly, the PG contains function characteristics, principle
information, and structure data, which are defined as func-
tion gene (FG), principle gene (PCG), and structure gene
(SG), respectively. We defined PG and its relative attributes
as follows.

PG. A basic unit that controls the growth process of products
and regulates each aspect of product attributes. It contains
FG, PCG, and SG which determine the product function,
principle, and structure, respectively. PG is theminimumunit
of design process and fulfills part of the product’s function.

FG. A basic information unit that describes the function and
characteristics of products.

PCG. A basic information unit that describes the physical
effects of products.

SG. A basic information unit that describes the structure
and material of products. Since structure information and
material information are closely correlative, SG contains both
structure information and material information.

Product Genome (PGM). As a product often contains many
functions which are enforced by different principles and
structures, it usually contains many PGs. A PGM is defined
as the collection of all the PGs in a product.

Subgenome (SGM). A SGM is subunit of a PGM. It is
composed of more than one PG and can be viewed as a
module which fulfills some specific function.

PG Model. The structure of PG. It is used to store the PG
information and formal expression of PG content.

2.2. PG Modeling. Based on the definition of PG, we pro-
posed a PG model to express its attributes. As shown in
Figure 2, our PG model consists of FG, PCG, SG, and
environment constraints.

Information of FG, PCG, and SG contains their repre-
sentativemethods, attributes, constraints, and interfaces with
each other. FG includes a verb + noun pair, input/output
flow, relative attributes of the function, and its interfaces
with other genes. PCG includes the physical effects, relative
attributes of the physical, and interfaces with other genes.
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Figure 2: PG model.

SG includes the information about physical structure and
material, relative attributes of them, and interfaces to other
genes. To be more specific, the detailed information of these
genes will be discussed in Sections 2.4, 2.5, and 2.6.

The environmental constraints determine the suitable
environment of the PG. Each type of products has its
own work environments, which can affect the performance
and working life of products. Considering these effects, an
environmental constraint table is established and shown in
Table 1 [19].

2.3. PGM Tree Structure. In order for PGM and PG to cor-
respond to products and components, we built up the PGM
tree structure as shown in Figure 3. In this tree structure,
the PGM stands for the whole product and contains a set of
PGs. Generally, a PGM includes more than one SGM, which
consists of more than one PG as well. The formulas of PGM
are described as follows:

PGM = tree (PG
𝑖𝑗
) ,

PGM = tree (PG
𝑖𝑗
) .

(1)

In (1), PGM stands for a genome, the SGM
𝑖
stands for

the ith SGM in this PGM, and PG
𝑖𝑗
stands for the jth PG

belonging to SGM
𝑖
:

PG
𝑖
= 𝑓 (FG

𝑖
,PCG

𝑖
, SG
𝑖
) ,

FG
𝑖
= (Af,Cf, If) ,

PCG
𝑖
= (Ap,Cp, Ip) ,

SG
𝑖
= (As,Cs, Is) .

(2)

The exact meanings of variables in (2) are shown in
Table 2. In addition, the specific information of them will be
introduced in Sections 2.4, 2.5, and 2.6.

2.4. FG Model. As discussed in Sections 2.1 and 2.2, FG is a
unit that is used to represent function information. There is
only one FG that exists in each PG and includes the semantic
function description based on improved VNP (verb-noun
pair) method, power transmission description IOFT (input
and output flow transformation), and some relative attributes.

PGM

Subgenome 1 Subgenome 2 Subgenome n

PG1 1 PG1 2 PG2 1 PG2 2 PG3 1

Figure 3: Genome tree structure.

The VNP method is easy to express and is similar to the
way of designer thinking, but it lacks precision and objectiv-
ity. In order to overcome these disadvantages, we proposed
a developed VNP method, which adds a verbmodifier before
the verb. In this method, the traditional “verb + noun” pair
has been transformed to “verbmodifier + verb + noun” group
to describe the function more precisely and specifically. In
addition, some key attributes of the noun are contained in the
FG to describe the object inmore details. For instance, we can
represent a sports bottle’s function as follows: screw + enclose
+ plastic, and its key attributes are “durable, round.”

IOFT is used to represent the transmission of power,
and it is a proper complement to the developed VNP. The
representation of IOFT includes two types: (1) when the
types of input and output power are different, a set of input
and output types is adopted to represent the function. For
example, the function of electromotor can be represented as
(𝐼,𝑊). 𝐼 and 𝑊 stand for the electric current and power,
respectively. (2) When the function needs power transmis-
sion in the same type, a set of vectors of the input and output
power is employed to represent the difference between them.
As the simply semantic description in the developedVPN still
has some weakness, such as low accuracy and unspecificity,
we use IOFT as a complement of it.

Other attributes of PG include its fitness, which will
be used in PG’s selection and recombination in Section 3.
In addition, other related constraints and interfaces of the
function are contained in FGaswell, such as the constraints of
verb, noun, input, and output, and interfaces to other genes.
The specific content of FG is shown in Table 3.

2.5. PCG Model. The PCG is a unit used to represent
the principle effects in products, which are the basis of
most product solutions in manufacture. As most mechanical
products are realized by physical effects, our PCG mainly
represents the physical effects on products. In addition, as a
function is sometimes assured by different physical effects, a
PG sometimes contains more than one PCG. Meanwhile, the
same PCGmay exist in different PGs because a physical effect
sometimes assures varied functions.

Physical effects can be described by the physical laws
and their relative parameters. For example, the coulomb
law of friction can be expressed by the following formula:
FR = 𝜇 ∗ FN. In addition, the constraint information of the
physical effects should be included in the PCG model, such
as the range of each parameter and the relationship between
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Table 1: Factors of environmental constraint effect.

High temperature High pressure Low temperature Low pressure Vacuum
Weightlessness Overweight Dry Moisture Dust atmosphere
Strong acid Strong alkali Mild acid Weak alkali Inflammable
Explosive Noisy Gravitational field Electrostatic field Magnetic field
Electromagnetic waves Nuclear radiation X-ray Poisonous Gas

Table 2: Meaning of variables.

Variables Meaning
FG
𝑖
, PCG

𝑖
, SG
𝑖

The 𝑖th FG, PCG, and SG
Af, Ap, As Attributes of FG

𝑖
, PCG

𝑖
, and SG

𝑖

Cf, Cp, Cg Constraints of FG
𝑖
, PCG

𝑖
, and SG

𝑖

If, Ip, Is Interfaces to other genes

Table 3: Specific content of FG.

Attributes
ID, name, verbmodifier, verb, noun, key
attributes, input type, output type, power
transmission formula, and function fitness

Constraints Verb constraint, noun constraint, input
constraint, and output constraint

Interfaces PCG ID, SG ID, and product case ID

Table 4: Specific content of PCG.

Attributes ID, name, physical effect, formulas, parameters,
input fitness, and output fitness

Constraints Environmental constraints, parameter constraints
Interfaces FG ID, SG ID, and product case ID

different parameters. For instance, the lever principle can be
expressed by the formula 𝐹𝑎∗𝑎 = 𝐹𝑏∗𝑏, 𝐹𝑎, 𝐹𝑏, where 𝑎 and
𝑏 are relative parameters. Its constraints are 𝑎 > 0, 𝑏 > 0, and
𝑎 > 𝑏.

In addition, a physical effectmust bematched to its corre-
sponding functions. So, we put the input/output fitness in the
PCGmodel to evaluate input and output type. Meanwhile, as
each physical effect has its suitable application environment,
we should consider the constraints from external environ-
ment, so we adopt the environmental constraints to represent
the environmental effects.

In conclusion, the specific content of PCG is shown in
Table 4.

2.6. SG Model. The SG is a unit that represents structure
information and material information. It includes geomet-
rical characteristics, motion characteristics, material charac-
teristics, and their constraints. Sometimes, as a function is
achieved by different structures, a PG sometimesmay contain
more than one SG. Meanwhile, the same SG may exist in
different PGs because a structure is sometimes realized by
varied functions.

The geometrical characteristic is adopted to describe the
products’ basic appearance and shape. So, its content includes

Table 5: Geometrical characteristics.

Characteristic Specific examples
Type Dot, line, plane, and solid

Shape
Fillet, circle, ellipse, hyperbola, parabola, triangle,
quadrangle, rectangle, pentagon, hexagon,
octagon, cylinder, cone, pyramid, pyramid, and
sphere

Location Horizontal position, vertical, parallel, and upright
Size Length, width, height, and radian
Number Single, double, multiple, and integrated

Table 6: Basic characteristics of material.

Characteristics Specific examples
State Solid, liquid, and gaseous
Form Solid, granulate, and powder
Strength Rigidity, elasticity, and plasticity
Resisting Corrosion-resisting, wear-resisting, and heat-resisting

Table 7: Specific content of PCG.

Attributes
ID, name, connection method (with other
structure unit), geometrical characteristics,
motion characteristics, material characteristics,
and structure fitness

Constraints Environmental constraints, parameter constraints
Interfaces FG ID, PCG ID, and product case ID

the structure’s type, shape, location, size, and number, which
are shown in Table 5.

Similarly, in order to determine the motion direction
and range, we express the motion of structure in similar
way to geometrical characteristic. The motion characteristics
content includes its motion type, mode, direction, speed,
and number. Some common motion characteristics in our
database are shown in Figure 4.

After the geometrical and motion characteristics have
been determined, the basic structure of a product has been
constructed. However, we can hardly get the final function
until the product’s manufacturing material has been deter-
mined. The major characteristics of material information are
shown in Table 6.

In addition, SG model still contains its constraints and
interfaces.The specific information of SG is shown in Table 7.

2.7. PGRelationship and a Case. Asmentioned in Section 2.2,
PG consists of FG, PCG, and SG, which express the char-
acteristics of product’s function, the physical effects related
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to this function, and the characteristics of structure and
material, respectively. Since a PG contains only one function
and a function can be assured by more than one effect
and structure, a relationship exists between FG, PCG, and
SG, respectively. This relationship is shown in Figure 4. In
addition, an example of relationship is shown in Figure 5.

In Figure 6, we can find PGs of 3 types of cup. Specifically,
PG of stainless steel insulation cup, which contains the
function of heating insulation and enclose, consists of SG1
(double-deck stainless steel body), SG2 (screw stainless steel
lid), PCG1 (vacuum insulation), PCG2 (screw effect), FG1
(heat insulating), and FG2 (enclose). The PG of plastic
sport bottle, which contains the function of enclose and
antithrow, consists of SG3 (plastic screw lid), SG4 (tough
plastic body), PCG2 (screw effect), PCG3 (toughness of
material), FG2 (enclose), and FG3 (anti-throw). The PG of
Ordinary tough plastic cup, which contains the function
of anti-throw, consists of FG4 (tough plastic body), PCG4
(toughness of material), and FG3 (anti-throw). In this figure,
the multi-to-multi relationship between each type of genes is
illustrated and explained.

3. Intelligent Modeling Process of
Customized Products

The modeling process of customized products can be imple-
mented via three processes, which are (1) PG obtainment,
which extracts PG from existing products and constructs
PG database; (2) PG recombination, which modifies PG
via the operation of PG selection and crossover based on
recombining rules; (3) PG expression, which transforms
PG into product schemes. As shown in Figure 7, the main
framework of PG modeling consists of PG obtainment,
recombination, and expression.

3.1. PG Obtainment. PG obtainment, also called reverse
transcription, indicates the method that extracts PG from
products. The PG obtainment process includes: (1) extract
function, principle, and structure information from product
cases; (2) transform the information into genes; and (3) save
PG into PG database.

Steps 1 and 2, which extract PG from existing products,
are shown in Figure 8. Firstly, the total function is divided
into several subfunctions, which can realize parts of the
total function, respectively. Secondly, the physical effects
and structures which assure these functions can be found
in the product cases. Thirdly, the FGs, PCGs, and SGs are
obtained via the transmission of function, principle, and
structure information. Finally, the PGs are obtained via the
combination of FGs, PCGs, and SGs.

After extraction, PG should be saved into the PG
database. The major tables of PG database are shown in
Figure 9, which includes ProductGene (ID of genome and
other genes are stored in), Product (information about a
product case of the PG), FunctionGene (VNP + IOFT
description and constraints of the FG), PrincipleGene (infor-
mation about PG), and StructureGene (information about
SG).

3.2. PG Recombination. PG recombination is the key of the
whole process. In this paper, we try to achieve this process via
the genetic algorithm. Here, because of the difficulty in PG
mutation, we abandon the mutation operator in the genetic
algorithm and leave the selection operator and crossover
operator only. Selection operator can select excellent PGM
from the PG database, while the crossover operator can
exchange PG in two different PGMs to obtain new PGMs.
Based on this algorithm, the recombination of PG can be
achieved via the crossover operator.

3.2.1. Design of Selection Operators. The selection operator
determines the choice of the first generation. In this paper, we
use selection operator to find the excellent PGMs in the PG
database and put them into the cross PGM collection. Here,
according to the fitness in PG model, the fitness proportion
method has been applied in the selection operator.

If a population’s size is 𝑛, then the PGM’s selective
probability 𝑝

𝑘
is

𝑝
𝑘
=

𝑓
𝑘

∑
𝑛

𝑗=1
𝑓
𝑗

, 𝑗 = 1, 2, . . . , 𝑛. (3)

In (3), 𝑓
𝑘
is the fitness of PGM

𝑘
, which will be illustrated

in Section 3.2.3. After all PGMs’ selective probabilities have
been determined, we will select n PGMs and put them into
the cross PGM collection Sc. The specific operating process
is as follows.

Step 1. Calculate the accumulated selective probability 𝑞
𝑘
:

𝑞
𝑘
=

𝑘

∑

𝑗=1

𝑝
𝑗
, 𝑘 = 1, 2, . . . , 𝑛. (4)

Step 2. Generate a random number 𝑟
𝑘
in range [0, 1].

Step 3. If 𝑟
𝑘

< 𝑞
1
, we select PGM

1
and put it into the Sc. If

𝑟
𝑘
> 𝑞
1
, we select PGM

𝑖
which makes 𝑞

𝑖−1
< 𝑟
𝑘
≤ 𝑞
𝑖
, 2 ≤ 𝑖 ≤

𝑛, and put it into the Sc.

Step 4. Repeat Steps 2 and 3 until 𝑛 PGMs have been put into
Sc.

After the selection operating, there will be 𝑛 PGMs in
the Sc. The PGMs with high probability will be selected for
several times, and some PGMs with low probability will be
abandoned.

3.2.2. Design of Crossover Operators. In the crossover oper-
ation, two PGMs are randomly selected to exchange part
of their PGs and generate two new descendant PGMs. The
crossover operation of genomes, as shown in Figure 10, can
occur at the nodes of PGM trees.

If the crossover probability is pc, crossover times are 𝑛,
and then the process of crossover is described as follows.

Step 1. Select two PGMs, PGM
1
and PGM

2
, from Sc ran-

domly. For PGM
1
and PGM

2
, if they are the same one,

reselect them; otherwise select them as the crossover PGMs
and take them out of Sc.



6 Advances in Mechanical Engineering

Figure 4: Relationship between motion characteristics tables.

SGM 1 SGM 2

PGM

· · ·

· · ·
PG1-1 PG1-2 PG1-n

FG1-2

PCG1-2-1 PCG1-2-2 SG1-2-1

SGM n

Figure 5: Relationship between PG and other genes.

Step 2. Choose a crossover node 𝑃 at a similar location in
both PGM

1
and PGM

2
.

Step 3. Exchange the subgenomes and PGs under 𝑃 (includ-
ing node 𝑃 itself) and generate new genomes PGM

1new and
PGM
2new.

Step 4. Compare the fitness of PGM
1
, PGM

2
, PGM

1new, and
PGM
2new, select the highest two, and put them into the next

cross-generation.

Step 5. Repeat Steps 2 and 4 until all the genomes in Sc are
processed.

Step 6. If the new cross-generation is the 𝑛th generation, stop
crossover and output the final result; otherwise replace the Sc
by the new cross-generation.

3.2.3. Design of Fitness Function. As discussed in Sections
2.4, 2.5, and 2.6, fitness functions are included in attributes
of each gene. As the design of customized product is a
multioptimization process, we adopt the weight factor to
optimize the multiobjective targets. For different SGMs, we
set differentweights and different types of fitness, and the sum

of these types of fitness is the final fitness of one PGM. The
PGM fitness calculating equation is

𝜇 (𝑓 (𝑥)) =

𝑛

∑

𝑖=1

𝑤
𝑖
𝑓
𝑖 (𝑥) . (5)

In (4), 𝑓
𝑖
(𝑥) is the fitness function of each PG, and the

weight 𝑤
𝑖
≥ 0 shows the importance of each gene, and

𝑛

∑

𝑖=1

𝑤
𝑖
= 1. (6)

If we set 𝜇(𝑓(𝑥)) as the fitness of the PGM, then the mul-
tioptimization process transformed to a single-optimization
process. According to the specific design process of customiz-
ing products, we defined 3 types of fitness functions, which
are FG fitness function, PCG fitness function, and SG fitness
function. Before the recombination, designers should decide
the weight of each fitness function and then start the select
and crossover operation.

FG Fitness. The purpose of product design is satisfying the
function requirement of customers. The fitness function of
FG, which evaluates the satisfying level of function require-
ment, is

𝑓𝐹 (𝑥) =
∑
𝑛

𝑖=1
𝑎
𝑖
𝑓
𝑖
(𝑥)

𝑛
, 𝑖 = 1, 2, . . . , 𝑛, (7)

where 𝑓
𝑖
(𝑥) is the fitness of 𝑖th subfunction; 𝑥 =

(𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑝
)
𝑇
are constraint variables of the sub-function;

𝑎
𝑖

= {0, 1}, which represents the existing of function, 1:
function existing; 0: no function; and 𝑛 is the number of
subfunctions in the FG.

Principle Fitness.The choice of physical principles determines
the method of function achievement. Generally, we tend to
choose those principles which are simple and suitable to the
environment. Similar to the FG, the fitness function of PCG,
which evaluates the satisfying level of physical principles, is

𝑓𝐺 (𝑥) =
∑
𝑛

𝑖=1
𝑏
𝑗
𝑓
𝑗 (𝑥)

𝑛
, 𝑗 = 1, 2, . . . , 𝑛, (8)

where 𝑓
𝑗
(𝑥) is the fitness of jth subprinciple; 𝑥 =

(𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑝
)
𝑇
are constraint variables of the subprinciple;
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Figure 6: Example of relation between PG and other genes.
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Figure 7: Main framework of PG modeling process.

𝑏
𝑗
is the proportion coefficient of each subprinciple; and 𝑚 is

the number of subprinciples.

Structure Fitness. In order to achieve the function and
principle requirements, a proper structure should be found.
The structure should satisfy two factors: (1) being proper to
the functions and principles and (2) low cost. The fitness
function of SG is

𝑓𝑆 (𝑥) =
∑
𝑛

𝑘=1
[𝑎
𝑘
𝑐
𝑘
𝑆
𝑘 (𝑥) + 𝑏

𝑘
𝑐
𝑘
Cost
𝑘 (𝑥)]

𝑛
,

𝑘 = 1, 2, . . . , 𝑛,

(9)

where 𝑆
𝑘
(𝑥) is the fitness of the kth SG; Cost

𝑘
(𝑥) is the cost

of each SG; 𝑥 = (𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑝
)
𝑇
are constraint variables of

the substructure; 𝑎
𝑘
and 𝑏
𝑘
are the proportion coefficients of

𝑆
𝑘
(𝑥) and Cost(𝑥); 𝑐

𝑘
= [0, 1] represents whether the SG is

existing; and 𝑛 is the number of SGs.
Generally speaking, we should consider the synthetic

effect of function, principle, and structure elements, so the
fitness function of a PG is

𝐹
𝑖 (𝑥) = 𝑤

𝑖1
𝑓𝐹 (𝑥) + 𝑤

𝑖2
𝑓𝐺 (𝑥) + 𝑤

𝑖3
𝑓𝐺 (𝑥) ,

𝑤
𝑖1

+ 𝑤
𝑖2

+ 𝑤
𝑖3

= 1.

(10)

3.3. PGExpression. After PG recombination, newPGs, which
are suitable to function requirements, are obtained. The next

process is transforming these PGs into product solution. We
need a standard format to express these PGs, to illustrate PG
in a formal and easy way. In this paper, we use an example to
show how the PGs are expressed.

Now we will discuss the expression of the plastic sports
bottle’s PGM introduced in Section 2.7. This plastic sports
bottle includes two parts: bottle lid and bottle body. In bottle
lid, its function description is “screw enclose bottle”; physical
effect is “spiral principle,” and structure is a cycle with thread
inside. The standard format of the PG of bottle lid is shown
in Table 8.

In bottle body, its function description is “anti-throw
body”; physical effect is “durable material”; and structure is
a cylinder. The standard format of the PG of bottle body is
shown in Table 9.

4. Case Study

In this section, we will introduce an example of the intel-
ligent modeling process based on PG. First, we proposed a
Customized Products Intelligent Modeling System (CPIMS)
based on Visual studio 2010 and SQL 2008. And then we
suppose an order for a special sport bottle, which requires
the bottle can be easily enclosed, anti-general throw and
insulating heat (from −10∘C to 100∘C).

The modeling process is shown as follows.

(1) Analyze the customer’s requirements: “enclose”, “anti-
throw,” “insulating heat,” and “anti skidding” (Con-
sidering the practical purpose of bottle, we add this
function for the product, although it is not included
in customer’s requirements.)

(2) Retrieve product in current bottle’s database: in the
database, we cannot find any bottle with all these four
functions, so we need to recombine current PGMs.

(3) Input the requirements in our modeling system: as
shown in Figure 11, we choose the product require-
ments in CPIMS as “Enclose + insulate heat + anti-
skid + anti-throw.” The recombination type is “sub-
genome type” and recombination families are (sports
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Product function

Function 1 Function 2

Principle 1 Principle 2

Structure 1 Structure 2 Structure n

Assured by Assured by

Achieved by Achieved by

Product structure

FG 1 FG 2

PCG 1 PCG 2 PCG 2

SG 1 SG 2 SG 3

PG 1

PG 2

Function n

Principle n

· · ·

· · ·

· · ·

· · ·

· · ·

· · ·
PG n

FG n

...

Figure 8: Extract PG from existing products.

Figure 9: Major tables of PG database.

Table 8: Example of PG of bottle lid.

PG (bottle lid)
ID: 10001 PGM: plastic sports bottle
Name: bottle lid PGM ID: 00001
FG PCG SG
ID: FG00001 ID: PCG00001 ID: SG0001
Verb: enclose Physical effect: spiral effect Name: circular lid
Verb modifier: screw Formula: 𝑊 = 𝐹 ∗ 2pi𝑅 Type: solid
Noun: lid Parameter 1: 𝑊 Shape: hollow cylinder
Attribute1: durable Parameter 2: 𝐹 Material: Tritan copolyester
Input: mechanical energy Parameter 3: 𝑅 Material strength: plasticity
Output: mechanical energy Constraint: 𝑅 > 0 Motion type: rotate
Constraints: 𝑊in ≥ 𝑊out Interface: 10001 Interface: SG0001
Environment: normal temp.
Interface: 10001
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Table 9: Example of PG of bottle body.

PG (bottle lid)
ID: 10002 PGM: plastic sports bottle
Name: bottle body PGM ID: 00001
FG PCG SG
ID: FG00002 ID: PCG00002 ID: SG0002
Verb: throw Physical effect: durable material Name: bottle body
Verb modifier: anti Interface: 10002 Type: solid
Noun: bottle Shape: hollow cylinder
Attribute1: durable Material: Tritan copolyester
Input: mechanical energy Material strength: plasticity
Output: mechanical energy Interface: 10002
Constraints: 𝑊in < 1000N
Environment: normal temp.
Interface: 10002

(a) PGM1 (b) PGM2

(c) PGM1new (d) PGM2new

Figure 10: An example of crossover.

bottles and thermos families). Then, we can get the
initial design scheme in the edit box below, which
is “Screw enclose + double layer + finger hollow +
Durable material.”

(4) Retrieval in the PG database:after the initial design
scheme is generated, we may retrieve them in the PG
database, the final result is shown in Figures 12, 13, 14,
and 15.

(5) Generate consequence: after the retrieval, we can
design the required sports bottle based on the product
genes. The design results of the bottle’s structure are
shown in Figures 16 and 17.

5. Conclusion

Enlightened by biogenetics, this paper presents a genetics-
based approach for increasing efficiency in creating designs
of customized products. Likened to the role of biogenes in
biogenetics, the conception of PG is employed to build the

Figure 11: Intelligent modeling.

product model and control the design process.The PGmodel
is designed to represent different information of products and
to assist the customized products modeling. PG’s operations,
which include obtainment, recombination, and expression,
are illustrated in Section 3. An intelligent modeling approach
based on these operations of PG has been proposed to help
manufacturing organizations develop customized products
rapidly and easily. Finally, a case study of the sports bottle’s
design is provided to evidence the effectiveness of our
approach.

In the future, we may have future research on the
following aspects.

(1) Our system is a prototype system only, and it lacks
the support of design knowledge. We will explore
developing a new system that can be used in business
design.
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Figure 12: Bottle lid.

Figure 13: Body anti-throw.

Figure 14: Body anti-skid.
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Figure 15: Insulating heat.
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Figure 17: Bottle body.

(2) The main aspect we are currently concerned with is
product scheme design. In the next step, we will try
to apply this approach in the whole process of product
design.

(3) Our recombination algorithm is simple, which
neglects many details in design. It still needs a more
specific algorithm to calculate the fitness of each gene
before it can be applied in business use.
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This paper explores a novel approach to the calculation of the dynamic magnetic field under the feedback control and analyzes the
frictional characteristics of a magnetic suspended flying vehicle by ANSYS. The numerical calculation result is compared with the
experimental data to verify the accuracy and the effectiveness of the approach which suggests a method of the calculation of the
dynamic magnetic field under the feedback control by ANSYS. Research results indicate that the equivalent friction coefficient of
the magnetic suspended flying vehicle is not a constant which is not only related to the running speed and the weight of the vehicle
but also to the resistivity of material of the guide rail and some control parameters of the vehicle. In other words, the smaller the air
gap of the vehicle, the smaller the equivalent friction force. The equivalent friction force increases as the running speed increases.
With the same air gap and running speed, the equivalent friction force increases with the increase of the weight of the vehicle.

1. Introduction

Themagnetic suspended flying vehicle (MSFV) is a novel rail
transport mode with a propeller-driven approach that takes
the advantage of the magnetic suspension technology to sus-
pend the vehicle body under the guide rail [1].When the vehi-
cle is running, there is no mechanical friction for noncontact
between the vehicle body and the guide rail. The characteris-
tics of which are no wear and no need for lubrication are ideal
for high-speed movement. Although MSFV has no friction
in the traditional sense, there still exists friction-like phe-
nomenon because of the magnetic field. Paper [2] points out
that air resistance and electromagnetic resistance exist when
the maglev train is running. It focuses on the calculation of
the electromagnetic resistance and the forms of the resistance
at different running speeds. Paper [3] indicates that rotor
losses have windage loss and iron loss in chief and derives the
computing on loss in the state of suspension. Paper [3] also
points out that the generation mechanism of the friction loss
mainly has eddy Joule heat loss, alternating hysteresis loss and
rotational hysteresis loss in the suspension. Paper [4] adopts
the laminated rotors of heteropolar magnetic bearing as the
mode to extend amethod for predicting rotational loss on the

condition of suspension. It compares the analytical solution
to the experimental data to verify the accuracy. Paper [5]
shows the relationship between rotor energy loss with speed
and the number of poles and other relevant parameters with
theoretical and rundown experimental methods in the state
of suspension. Paper [6] proposes the concept of electromag-
netic friction and states that the order of magnitude of the
electromagnetic friction coefficient measured is 10−2, which
is only concerned with the moving speed and not related to
the payload by researching on the rotational and translational
movement under the support of magnetic suspension with
an energy conservation principle. Paper [1] measured the
equivalent static friction coefficient and the equivalent kinetic
friction coefficient of MSFV with the experimental method
and came to the conclusion that the order of magnitude
of the equivalent kinetic friction coefficient is 10−4 and the
equivalent kinetic friction force is greater than the equivalent
static friction force. However, the order of magnitude of the
equivalent friction coefficient obtained in papers [1, 6] is
greatly different. Paper [7] points out that the energy loss of
the rotor is related to the size of air gap, the rotational speed,
and themagnetic flux density but independent of the number
of magnetic poles which are measured with the experimental
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method under the support of the same pole radial magnetic
bearings. The relation between the power loss, the air gap,
the bias current was given in paper [8], which theoretically
and experimentally studied the flying vehicle when it ran at a
lower speed. It came to the conclusion that the smaller the
magnetic flux density in the magnetic bearing, the smaller
the power loss. The earlier papers verify the existence of the
friction phenomenon theoretically and experimentally in the
state of magnetic suspension but do not provide the method
of calculating the friction force. Only paper [8] utilized
the method of numerical calculation to study the frictional
characteristics of MSFV at low speed. Paper [9] includes
weight optimization method of rotor and analysis of total
power loss in radialmagnetic bearing consisting of four, eight,
and twelve poles. The total loss characteristics are compared
with different number of poles which will decide suitable
number of poles for given configuration of bearing system.
Paper [10] proposes a novel radial hybrid magnetic bearing
(RHMB), which has integrative magnetic pole boards and
continuous working air gaps that reduce the hysteresis and
eddy-current losses of the traditional homopolar structure.

This paper adopts the method of numerical calculation
to explore the frictional characteristics of MSFV. It aims to
research the factors that affect the frictional characteristics
and their relationship to each other. It also discusses the fea-
sibility of applying ANSYS to calculate the dynamicmagnetic
field under the feedback control and suggests a method of
numerical calculation to compute the dynamicmagnetic field
under the feedback control.

2. Introduction of the Experimental Device

To simplify the analysis of the experimental results and facil-
itate the research, the two-degree-of-freedom experimental
device is illustrated in Figure 1.

MSFV is suspendedwith the electromagnetic force gener-
ated by the two U-shaped electromagnets beneath the guide
rail. Some main parameters of MSFV are shown in Table 1.
The propeller thrust makes the vehicle body move along the
horizontal guide rail.

The conventional definition of friction is based upon two
objects which are in contact with each other. When there is
relative movement or motion trend between body surfaces
under an external force, the tangential moving resistance
generated between the contact surfaces is called friction force
and the phenomenon is called friction. The two objects that
generate friction are called friction pairs. Referring to the
conventional definition of friction, the paper describes the
friction phenomenon in the state of magnetic suspension as
the equivalent friction and explores the frictional character-
istics with the equivalent friction coefficient, the equivalent
friction force, and the equivalent friction pairs.

3. ANSYS Computational Model

MSFV has two structurally identical U-shaped electromag-
nets to suspend the vehicle body. The research is on one
of them for generality. Its computational model is shown

Support

Suspension
structure

Screw 
propeller

Guide rail

Sensor

U-shaped 
electromagnet

Adjusting
bolt

Figure 1: Structure of MSFV.

Table 1: Main parameters of MSFV.

Weight
(N)

Number of
Electromagnets

(piece)

Turns
Per Coil

(𝑛)

Start
Suspension
Current
(A)

Start
Suspension
Air Gap
(mm)

94 2 1500 3 4

in Figure 2. In the calculation of the two-dimensional static
magnetic field with ANSYS, theoretically the guide rail is
fixed, while the vehicle moves in the 𝑥-axis direction, but
in order to simplify the language of APDL analysis, the
assumptions are that the vehicle is immobile and the guide
rail moves relatively in the 𝑥-axis positive direction.

A one-half model of the vehicle structure was established
by applying symmetric boundary conditions in ANSYS, and
the magnetic field distribution of electromagnet longitudinal
section was simulated by making use of a two-dimensional
field.The assumptions are as follows: the guide rail is infinitely
long; there is no consideration of the end effect and the
magnetic flux leakage of the outer edge of the electromagnet.

Here, air relative permeability 𝜇
𝑟1
= 1, iron core coil

relative permeability 𝜇
𝑟2
= 1, and rail materials Q235 in

China (GB/T 700) are Fe360A in ISO (ISO 600). Its resistivity
is approximately 2.0 × 10−7Ω ⋅m.Thematerial of iron core is
a silicon steel sheet. In the calculation, it is ensured that the
number and the size of grid are the same each time as shown
in Figure 3, which reduces the errors due to the irregularity
of the grid.

It turns out that the magnetic lines of force have changed
in the computational process when theMSFV is still ormoves
as shown in Figure 4. Magnetic field lines of force appear to
tilt when the guide rail moves in the 𝑥-axis direction, and the
degree of inclination increases as themoving speed increases.

The numerical computation results are as follows: when
keeping average coil current constant, with the increase of the
speed ofMSFV, the force in the horizontal direction increases,
while the force in the vertical direction decreases. Namely, the
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Figure 2: Computational model of MSFV.

Figure 3: Meshing of computational model.

force hindering themovement ofMSFV is increasing, and the
suspended force is decreasing. As shown in Figure 5, it means
that the vehicle will drop down. However, the MSFV runs
stably in the same suspension air gap because of the feedback
control system.The control systemwill adjust the coil current
in real time to keep the force in vertical direction constant,
which raises the problem of how to use ANSYS to calculate
the dynamic magnetic field under the control of feedback.

Paper [11] employs themoving boundary to link the stator
with the rotor. The stator is in the stationary coordinate
system, while the rotation of the rotor is in the rotating
coordinate system, and it uses the main program to calculate
the electromagnetic field step by step. A static magnetic field
calculation approach is given to achieve the calculation of
the dynamic magnetic field step by step. Paper [12] shows
the method of the time-stepping finite element that solves
the coupling between the control circuit and electromagnetic
field, which takes the method of interpolated motion bound-
ary to solve magnetic field computational problems of the
rotor.

v

Figure 4: Distribution of magnetic field lines of force (𝑉 = 0, 𝑉 =
0.4m/s).
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Figure 5: Force in the moving flying vehicle.

This paper uses for reference the idea of papers [11, 12]
that transforms the calculation of the dynamic magnetic
field to the one of a static magnetic field step by step. It
converts the calculation of the dynamic electromagnetic field
under the real-time feedback control to the calculation of the
electromagnetic field under the specific control current and at
a specific speed. The specific control current can be obtained
on condition that MSFV moves steadily at the specific speed
in the same suspension air gap without dropping from the
guide rail. As a result, the unpredictable problem of the real-
time control current under the feedback control condition
can be solved.

4. Analysis of Numerical Calculation Results

4.1. The Static Frictional Characteristics of MSFV. The weight
of MSFV is 94N, and an electromagnet must bear 47N to
guarantee the stable suspension. When MSFV moves at an
extremely low speed, the equivalent static friction coefficient
that was calculated byANSYS in the different air gap is shown
in Table 2.

In the light of the conventional definition of friction, the
transient friction force generated when the flying vehicle at
a moment from still to motion is called the equivalent static
friction force. The corresponding friction coefficient is called
the equivalent static friction coefficient.

4.2. The Frictional Characteristics of MSFV at Low Speed.
To ensure the constant suspension air gap of the vehicle in
its movement, which means to keep the suspension force
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Table 2: Parameters of calculation.

Air-Gap
(mm)

Control
Current
(A)

Speed
(m/s)

Equivalent Static
Friction Force

(N)

Equivalent Static
Friction

Coefficient (×10−4)
2.5 0.782 0.0010 0.0070 1.48
2.0 0.634 0.0013 0.0073 1.56
1.6 0.513 0.0011 0.0075 1.59
1.2 0.391 0.0014 0.0071 1.51
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0

0

0.1
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)
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Air gap 1.6 mm
Air gap 1.2 mm

Figure 6: Relation between Coil Current and Speed When MSFV
Runs at Low Speed.

of the electromagnetic constant in the vertical direction, it
is essential to increase the excitation current in the coil, as
shown in Figure 6.

The trends of the equivalent friction force are unchanged
when the flying vehicle runs in the different suspension air
gaps. The equivalent friction force increases as the speed
increases, as shown in Figure 7. When MSFV runs at the
same speed, the greater the suspension air gap, the greater the
equivalent friction force.

4.3. Comparison of Calculated and Experimental Results. In
order to verify the validity of the calculating method, the
paper compared the calculated results with the experimental
data in paper [1].

An inclined plane method was used in the experimental
measurements of the equivalent static friction force in paper
[1] as shown in Figure 8, where Fz is the equivalent friction
force measured by experimental methods;m is quality of the
MSFV; g is acceleration of gravity; 𝛼 is tilt angel of the guide
rail; a is acceleration of MSFV.

The experimental procedures for measuring equivalent
static friction force are as follows: the MSFV is magnetic
suspended steadily on the guide rail and tilts the guide rail
gradually until the MSFV starts to move. Equivalent static
friction force was determined at a moment the MSFV from
still to motion by visual inspection in the experiment.

The equivalent static friction force did not change sig-
nificantly when the suspension air gap was changed. The
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F
x
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)

Figure 7: Relation between the Equivalent Friction Force and Speed
When MSFV Runs at Low Speed.

Air gapFz

mg

a

mgcosα

𝛼

𝛼

F = mgsin𝛼

Figure 8: Measurement theory diagram for the equivalent friction
force.

Table 3: Experimental and calculated equivalent static friction
force.

Experimental
Measurements

ANSYS
Calculation

Air-Gap (mm) 2.0 2.0
Weight (N) 100 94

Speed (m/s)
The Moment From
Still to Motion

(By Visual Inspection)
0.0013

Equivalent Static Friction
Force (N) 0.00785 0.00733

Equivalent Static Friction
Coefficient (×10−4) 1.57 1.56

experimental data and the calculated results by ANSYS
are shown in Table 3. They match well with each other.
Compared with Table 3, equivalent static friction force has
small variations when MSFV is suspended with different air
gaps. Therefore, the change of equivalent static friction force
cannot be observed by visual inspection in the experiment.

The experimental procedures for measuring equivalent
friction force are as follows: theMSFV ismagnetic suspended
steadily on the guide rail, tilts the guide rail to a certain angel,
and lets the MSFV slides down freely under the action of the
gravity just as shown in Figure 8.

There is a dynamic equation:

𝐹𝑧 = 𝑚𝑔 sin𝛼 − 𝑚𝑎. (1)
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Figure 9: Relation between displacement and time.

Table 4: Average coil current with different air-Gap at low speed.

Air-Gap (mm) 1.2 1.6 2.0
Experimental Average Coil Current (A) 0.4467 0.5602 0.7445
Calculated Average Coil Current (A) 0.4333 0.5566 0.6781

The equivalent friction force can be calculated if the
acceleration and tilted angels are measured.

Paper [1] shows the relation between displacement and
time with different air gaps in the experiment, as shown in
Figure 9. The maximum speed of the experimental vehicle
was 0.7m/s.

The smaller the air gap, the farther the flying vehicle
travels at the equal time. It shows that the smaller the air gap,
the smaller the equivalent frictional resistance. The experi-
mental results agree with the ANSYS calculation results. The
equivalent frictional resistance is gradually increasing with
the increase of the air gap.

Paper [8] researches MSFV when it moves at a speed
varying from 0 to 0.7m/s and collects the average current in
the coil with the different air gaps. This paper calculates the
average coil current in the moving vehicle with speed ranges
from 0 to 0.7m/s. The comparison is in Table 4.

It can be seen from Table 4 that the average current
calculated in the coil matches well with the one measured
experimentally when the flying vehicle runs at low speed.

The experimental results of papers [1, 8] verify that
it is feasible to convert the calculation of the dynamic
electromagnetic field under the real-time feedback control to
the calculation of the static electromagnetic field under the
specific control current and at a specific speed.

4.4. Frictional Characteristics ofMSFV atMedium Speed. The
relation between the coil current and the speed is shown in
Figure 10 when MSFV runs at medium speed.

The trends of the equivalent friction force are the same
when MSFV runs stably with different suspension air gaps.
It is shown that the equivalent friction force increases as the
speed increases in Figure 11. The change of suspension air
gaps has less impact on the equivalent friction force.

Air gap 2.5 mm
Air gap 2.0 mm

Air gap 1.6 mm
Air gap 1.2 mm
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Figure 10: Relation between coil current and speed when MSFV
runs at medium speed.
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Figure 11: Relation between the equivalent friction force and Speed.

This paper uses the coil current on condition that vehicle
does not drop down with the same suspension air gap as
control current. Moreover, it uses this control current to
calculate the equivalent friction force of the flying vehicle
at a specific speed. The suspension force calculated is 47 ±
0.130N.The calculation error range is ±0.28%.

Under the control of feedback from the control system,
the coil current during the running process of MSFV is
greater than that in the static state to ensure the unchanged
suspended air gap. As shown in Figure 10, the compensation
of the control current can be clearly seen to keep the
suspension force unchanged.



6 Advances in Mechanical Engineering

0 1 2 3 4 5 6 7 8
V (m/s)

0

2

4

6

8

10

12

14
F
x

(N
)

mg1= 60 N
mg2 = 94 N

mg3 = 111 N
mg4 = 128 N

Figure 12: Relationship between the Equivalent Friction Force and
the Weight of MSFV (Air gap: 2.5mm).

4.5. Impact of Rail Resistivity on the Equivalent Friction Force.
In the calculation, increasing the rails resistivity can reduce
the degree of deformation of the magnetic field lines when
MSFV is in the same air gap and at the same speed. Namely,
it can reduce the equivalent friction force. It can be concluded
that selecting a larger material of resistivity as the rail can
obviously reduce the equivalent friction force of MSFV.

4.6. Impact of Positive Pressure on the Equivalent Friction
Force. With the change of the weight of the MSFV, the
relation between equivalent friction force and the weight of
the MSFV can be seen in Figure 12.

It can be concluded that when the suspension air gap and
the weight of MSFV are certain, equivalent friction force is
proportional to the running speed; with the same air gap and
running speed, the greater the weight of the flying vehicle, the
greater the equivalent friction force.

When the suspension air gap and the running speed are
certain, the greater theweight is, themore suspension current
is needed, as shown in Figure 13.

5. Conclusions

(1) This paper uses the coil current on condition that
vehicle does not drop with the same suspension air
gap as control current in the calculation of the electro-
magnetic field. It is feasible to convert the calculation
of the dynamic electromagnetic field under the real-
time feedback control to the calculation of the static
electromagnetic field with the control current under
a specific control current and at a specific speed.

(2) The equivalent static friction force changes little when
the air gap changes. The equivalent friction force
increases as the running speed increases. With a
certain speed, the equivalent friction force increases
with the increase of the air gap. With the same air
gap and running speed, the equivalent friction force
increaseswith the increase of theweight of the vehicle.

(3) It can be seen that the equivalent friction coefficient
of MSFV is not a constant from the results calculated

0 1 2 3 4 5 6 7
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Figure 13: Relationship between the Weight of MSFV and the Coil
Current (Air gap: 2.5mm).

by ANSYS. It is not only related to the running speed,
its weight, and the resistivity of the material of guide
rail but also to some control parameters of MSFV.

(4) The earlier findings match well with the experimental
results of papers [1, 8], which verify their reliability.
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Geometrical, physical, and electrical parameters have influences on the precision of printed circuit board Rogowski coils (PCBRCs).
This paper outlined operating principles and properties of PCBRCs. Two kinds of positional sensitivities between current conductor
and PCBRC are analyzed, and mathematical models and formulas for error computing are established and derived. The roles of
some critical geometrical parameters are characterized and verified by experiment. These methods can be used to define structure
parameters of PCBRC for precise current measurement applications.

1. Introduction

Rogowski coil (RC) is a kind of helical coil used for electric
current measurement. Unlike other current transformers
using an iron core as the former, the wire of RC is wound on
a nonmagnetic core like bakelite, glass, plastic, or rubber and
so on.Therefore, RCs do not suffer frommagnetic saturation
effects and operate linearly. Many of the useful features result
from this linearity. (1) They have excellent capability to mea-
sure currents in a very wide range from a few milliamperes
to several million amperes. (2) They have a very wide band-
width, extended from 0.1Hz to 1 GHz, which enables them
to measure or reproduce the waveform of rapidly changing
currents or small-duration pulsed currents. (3) They have no
direct electrical connection to the main circuit.This provides
galvanic insulation and produces no heating, allowing them
to measure currents nonintrusively and safely. (4) They can
be designed flexibly and lightweight, making a very useful
contribution to the art of measuring currents under various
circumstances, particularly where high currents are involved.
These advantages are rapidly generating interest in various
applications, namely, power quality monitoring, relay protec-
tion, power electronic convertermonitoring, largemagnitude
AC current measuring, pulsed current measuring, and high
frequency current measuring [1–9].

From the point of view of the manufacture process,
practical RCs can be classified into wire-wound RC [6],
machinable RC [7], and printed circuit board Rogowski Coil
(PCBRC) [8–10]. Different kinds of the manufacture offer
RCs with different properties. PCBRCs show advantages in
uniformity over wire-wound coils and are suitable to be used
in precisemetering of AC current. In this paper, the operating
principle of PCBRC is presented, and the error analyses under
two different position conditions are performed.

2. Principles of Operation

2.1. Ideal Rogowski Coil. The operating principle of an RC
can be illustrated by Faraday’s law of induction, together with
Ampere’s circuital law. Figure 1 shows a long and thin RC,
with the winding-distributed density of 𝑛 turns per meter
and the cross-sectional area 𝐴, which encircles a conductor
carrying a current 𝑖(𝑡) following a closed curve of arbitrary
shape [6].

In a small section of length 𝑑𝑙 along the loop, the number
of turns is 𝑛𝑑𝑙, and the flux linking the section is

𝑑𝜙 = 𝜇
0
𝐴𝐻 cos𝛼 𝑛𝑑𝑙, (1)

where𝐻 is the magnetic field and 𝛼 is the angle between the
direction of the field and the direction of the section. The
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Figure 1: Model of an ideal RC.

magnetic flux linking the entire coil is given by integrating
along the loop 𝑙:

𝜙 = ∮
𝑙

𝑑𝜙 = 𝜇
0
𝑛𝐴∮
𝑙

𝐻 cos𝛼𝑑𝑙. (2)

FromAmpere’s law, if a curve is drawn in a loop which totally
encircles the current, then the line integral of the magnetic
field around the loop is equal to the net current enclosed by
it no matter what path the loop takes. Mathematically, this is
expressed as

∮
𝑙

𝐻 cos𝛼𝑑𝑙 = 𝑖 (𝑡) . (3)

From Faraday’s law, for an AC current, the induced
electromotive force 𝑒 output from the coil is

𝑒 = −
𝑑𝜙

𝑑𝑡
= −𝜇
0
𝑛𝐴
𝑑𝑖

𝑑𝑡
, (4)

where 𝑑𝑖/𝑑𝑡 is the rate of change of the current enclosed by
the closed curve.The term 𝜇

0
𝑛𝐴 is often called coil sensitivity

or mutual inductance in terms of𝑀, where𝑀 = 𝜇
0
𝑛𝐴.

Therefore, for an ideal RC, its output voltage is pro-
portional to the rate of change of measured current and is
independent of the external currents/fields, as well as the path
taken by the loop and the conductor location inside the coil
loop. This makes RC ideal for AC current measurement.

However, to follow Ampere’s law well, it requires the
following. (1) Uniformity: the winding must be wound with
a constant number of turns per unit length on a former of
uniform cross-sectional area.With a flexible coil, the winding
must remain uniform when the coil is bent; (2) small cross-
sectional area: it means that the radius of cross-section of
the coil is much less than the distance from the coil to the
current conductor provided that it is circular; (3) the value
of winding-distributed density is large, so the helix may be
approximated by a large number of evenly spaced turns that
are each normal to the curved axis of the helix [11].

2.2. Printed Circuit Board Rogowski Coil. Accurate CAD
design methods and advanced PCB manufacturing technol-
ogy, as well as the limitations of material and technique,
provide PCBRC distinctive characters: (1) they have a very

uniform turns distribution and a highly uniform cross-
sectional area over other wire-wound Rogowski coils and are
more approximated to an ideal one; (2) they have a relative
larger ratio of outer radius to inner radius against wire-
wound coils and are far from an ideal one; (3) the value of
winding-distributed density is smaller than those of wire-
wound ones and under the expected condition to be an ideal
one; and (4) a lower value of self-inductance in comparison
with wire-wound coils and the response of the coil and the
bandwidth are improved. In a word, PCBRC shows character
of discreteness and differs from an ideal RC and wound-wire
ones to some extent.

We present a kind of practical PCBRC in [10], as shown
in Figure 2. In an ideal situation, the primary conductor is set
exactly on the center of a PCBRC coil. The inner and outer
radii of the coil aremarked as 𝑟

𝑎
and 𝑟
𝑏
, respectively; thewidth

of the coil is marked as ℎ.
From Biot-Savart law, themagnetic field 𝐵 induced by the

conductor current 𝑖 is given by

𝐵 =
𝜇
0
𝑖

2𝜋𝑟
, (5)

where 𝜇
0
is the magnetic constant and 𝑟 is the distance

between the center of the conductor and the location at which
the magnetic field is being calculated.

The magnetic flux through the cross-section of a single
turn is defined as the integral of the magnetic field over the
area of cross-section 𝑆 in the coordination system shown in
Figure 5:

𝜙 = ∬
𝑠

𝐵𝑑𝑆

=
𝜇
0
𝑖

2𝜋
∫

(1/2)ℎ

−(1/2)ℎ

∫

𝑟𝑏

𝑟𝑎

1

𝑦
𝑑𝑥 𝑑𝑦 =

𝜇
0
𝑖

2𝜋
ℎ ln
𝑟
𝑏

𝑟
𝑎

.

(6)

Considering that PCBRC has a uniform cross-sectional area
and a constant distribution of turns, the total flux linkage by
the coil can be written as a sum over individual turns rather
than an integral:

Ψ =

𝑁

∑

𝑛=1

𝜙 = 𝑁𝜙 = 𝑁
𝜇
0
𝑖

2𝜋
ℎ ln
𝑟
𝑏

𝑟
𝑎

, (7)

where𝑁 is the number of turns of the coil.
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Figure 2: Setup of a PCBRC.

Consequently, the electromotive force 𝑒 induced in the
coil by the current is

𝑒 = −
𝑑𝜓

𝑑𝑡
= −
𝜇
0
𝑁ℎ

2𝜋
ln
𝑟
𝑏

𝑟
𝑎

⋅
𝑑𝑖

𝑑𝑡
= 𝑀

𝑑𝑖

𝑑𝑡
, (8)

where𝑀 = (𝜇
0
𝑁ℎ/2𝜋) ln(𝑟

𝑏
/𝑟
𝑎
) is the mutual inductance.

Conclusions can be made that, for a PCBRC under ideal
condition, its output voltage is proportional to the rate of
change of measured current provided that𝑀 keeps constant,
just like an ideal RC.

3. Error Analysis

Under practical conditions, the measurement accuracy for
most of actual RCs depends on geometrical, physical, and
electrical influences [10–13]. The influence of the position of
current conductor relative to PCBRC is taken into account in
this paper.The consideration is divided into two partial cases.
The first is the case when the current conductor is not placed
at the center of the coil but at a distance from it, with the
axe of current conductor and the axial axe of PCBRC keeping
parallel. The second is the situation when the conductor is
centered, but its axe exhibits an angle relative to the axial axe
of the coil. Both situations will be considered in the following
analysis.

3.1. Eccentric Position Error Analysis. To calculate the elec-
tromotive force 𝑒 induced in one turn, the differential of
magnetic flux can be used with one exception. The force
is affected only by the normal component 𝐵 cos𝛼 of the
field, rather than the whole field 𝐵, which is shown in
Figure 3. Provided that 𝑎 is the eccentric distance between
the conductor and center point𝑂, the induced electromotive
force by the turn encircling point 𝐴 is

𝑒

= −
𝑑𝜙

𝑑𝑡
= −
𝑑 (∬
𝑠
𝐵 cos𝛼𝑑𝑆)
𝑑𝑡

= −∫

(1/2)ℎ

−(1/2)ℎ

∫

𝑟𝑏

𝑟𝑎

𝜇
0
𝑖 cos𝛼
2𝜋𝑏

𝑑𝑟 𝑑𝑦.

(9)

r

𝛽

b

a
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B cos 𝛼

Figure 3: Geometrical diagram for eccentric error analysis.

If we denote that

cos𝛼 = 𝑏
2
+ 𝑟
2
− 𝑎
2

2𝑏𝑟
,

𝑏
2
= 𝑟
2
+ 𝑎
2
− 2𝑟𝑎 cos𝛽,

(10)

the electromotive force will be

𝑒

= −
𝜇
0
𝑑𝑖

2𝜋𝑑𝑡
∫

(1/2)ℎ

−(1/2)ℎ

∫

𝑟𝑏

𝑟𝑎

𝑏
2
+ 𝑟
2
− 𝑎
2

2𝑏2𝑟
𝑑𝑟 𝑑𝑦

= −
𝜇
0
ℎ𝑑𝑖

2𝜋𝑑𝑡
∫

𝑟𝑏

𝑟𝑎

𝑟 − 𝑎 cos𝛽
𝑟2 + 𝑎2 − 2𝑟𝑎 cos𝛽

𝑑𝑟.

(11)

Defining ratio factor 𝜅 = 𝑟
𝑏
/𝑟
𝑎
and eccentric factor 𝜎 = 𝑎/𝑟

𝑎
,

the expression (11) can be rewritten as

𝑒

= −
𝜇
0
ℎ

4𝜋
ln(
𝑟
2

𝑏
− 2𝑟
𝑏
𝑎 cos𝛽 + 𝑎2

𝑟2
𝑎
− 2𝑟
𝑎
𝑎 cos𝛽 + 𝑎2

)
𝑑𝑖

𝑑𝑡

= −
𝜇
0
ℎ

4𝜋
ln(
𝜅
2
− 2𝜅𝜎 cos𝛽 + 𝜎2

1 − 2𝜎 cos𝛽 + 𝜎2
)
𝑑𝑖

𝑑𝑡
.

(12)

As mentioned previously, a practical PCBRC has a distribu-
tion of discrete character instead of a continuous one. The
actual total electromotive force 𝑒 is calculated as a sum over
all individual turns rather than an integral:

𝑒 = ∫

2𝜋

0

𝑒

(𝛽, 𝑡) 𝑑𝛽 =

𝑁−1

∑

𝑚=0

𝑒

(𝑚
2𝜋

𝑁
, 𝑡)

= −
𝜇
0
ℎ

4𝜋

𝑁−1

∑

𝑚=0

ln(𝜅
2
+ 𝜎
2
− 2𝜅𝜎 cos (2𝜋𝑚/𝑁)

1 + 𝜎2 − 2𝜎 cos (2𝜋𝑚/𝑁)
)
𝑑𝑖

𝑑𝑡
.

(13)

Define eccentric error 𝛿(𝜎) as

𝛿 (𝜎) =
𝑒 (𝜎, 𝑡) − 𝑒 (0, 𝑡)

𝑒 (0, 𝑡)
=
𝑒 (𝜎, 𝑡) − (𝜇0𝑁ℎ/2𝜋) ln (𝑟𝑏/𝑟𝑎)
(𝜇
0
𝑁ℎ/2𝜋) ln (𝑟

𝑏
/𝑟
𝑎
)

.

(14)

The presented theoretical analysis and simulated calculation
of eccentric error, as shown in Figure 4, indicate the fol-
lowing. (1) Larger number of turns could cause a smaller
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Figure 4: Calculated eccentric error: (a) PCBRC with 200 turns; (b) PCBRC with 500 turns.
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Figure 5: Geometrical diagram for tilting error analysis.

measurement error. The error could reduce below 0.005%
when the number of turns reaches 500. (2)The error depends
on eccentric factor. It could be reduced by decreasing 𝜎 and
be lower than 0.01% when 𝜎 is below 0.6 (as 𝑁 = 200 and
𝜅 = 1.01). (3)This error also depends on ratio factor. It could
obviously decline from approximately 0.15% for 𝜅 = 1.01 to
lower than 0.01% for 𝜅 = 3 (as𝑁 = 200 and 𝜎 = 0.98).

3.2. Tilting Position Error Analysis. Theoretical consideration
has been done with the presumption that the current conduc-
tor is still in the center of the coil (point 𝑂) with an angle
𝜆 to the axial axe 𝑂𝑌 in the plane of 𝑋𝑂𝑌 as it is shown
in Figure 5. To examine the flux at the point 𝐵 in the plane
that is rotated for angle 𝜀, we need to observe the projection
of the current conductor on that rotated plane. The method
presented in [13] is adopted here. The geometrical relation of
this projection is illustrated in Figure 6.

Primary
conductor

Y

𝜀

𝜆
L

𝜉

𝜌 O

A

B

Projection of the
primary conductor
in the plane rotated

for angle 𝜀

L sin
𝜆

L cos 𝜆

L
sin 𝜆 s

in 𝜀 L cos 𝜆/ cos 𝜉

Figure 6: Geometrical relation of the projection.

From the described situation, the relation can be written
as

cos 𝜌 = √1 − (sin 𝜆 sin 𝜀)2,

𝜉 = arc 𝑡𝑔 (𝑡𝑔𝜆 cos 𝜀) .
(15)

To examine the dependence of the enclosed flux due to the
angle 𝜆, we will observe the projection of the conductor on
the presented plane, which is shown in Figure 7.

Here, it is obvious that the calculation of themagnetic flux
for the turn enclosed 𝐵 can be divided into three influencing
areas: the first one (I), which is the closest to the conductor
and forms triangle, the second one (II) that has a form of
parallelogram, and the third one (III), which is the furthest
triangle from the conductor. These areas are marked in
Figure 8.

From further analysis of the geometrical relations follow
the radial limits for the areas (I) and (III):

𝑟Imin = 𝑟𝑎 cos 𝜉 −
ℎ

2
sin 𝜉,

𝑟Imax = 𝑟𝑎 cos 𝜉 +
ℎ

2
sin 𝜉,

𝑟IIImin = 𝑟𝑏 cos 𝜉 −
ℎ

2
sin 𝜉,

𝑟IIImax = 𝑟𝑏 cos 𝜉 +
ℎ

2
sin 𝜉.

(16)
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Figure 7: Projection of primary conductor on the plane rotated for
angle 𝜀.

Then, the magnetic fluxes linking quoted areas are given,
respectively, as follows:

𝜙I = ∬
𝑠I

𝐵 cos 𝜌𝑑𝑠

= ∫

𝑟𝑎 cos 𝜉+(ℎ/2) sin 𝜉

𝑟𝑎 cos 𝜉−(ℎ/2) sin 𝜉
−
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋𝑟

𝑙I𝑑𝑟,

(17)

where 𝑙I = (𝑟 − 𝑟Imin)(𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉) is the length of 𝑑𝑆I, and

𝜙II = ∬
𝑠II

𝐵 cos 𝜌𝑑𝑠

= ∫

𝑟𝑏 cos 𝜉−(ℎ/2) sin 𝜉

𝑟𝑎 cos 𝜉+(ℎ/2) sin 𝜉
−
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋𝑟

𝑙II𝑑𝑟,

(18)

where 𝑙II = ℎ/ cos 𝜉 is the length of 𝑑𝑆II.

𝜙III = ∬
𝑠II

𝐵 cos 𝜌𝑑𝑠

= ∫

𝑟𝑏 cos 𝜉+(ℎ/2) sin 𝜉

𝑟𝑏 cos 𝜉−(ℎ/2) sin 𝜉
−
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋𝑟

𝑙III𝑑𝑟,

(19)

where 𝑙III = (𝑟IIImax − 𝑟)(𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉) is the length of 𝑑𝑆III.
Thus, the induced electromotive force 𝑒 in quoted areas

is calculated

𝑒

= 𝑑 (𝜙I + 𝜙II + 𝜙III) , (20)

where

𝑑𝜙I = −
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋

(𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉)

× 𝑑(∫

𝑟𝑎 cos 𝜉+(ℎ/2) sin 𝜉

𝑟𝑎 cos 𝜉−(ℎ/2) sin 𝜉

𝑟 − 𝑟I min
𝑟

𝑑𝑟 ) ,

𝑑𝜙II = −
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋

ℎ

cos 𝜉
𝑑(∫

𝑟𝑏 cos 𝜉−(ℎ/2) sin 𝜉

𝑟𝑎 cos 𝜉+(ℎ/2) sin 𝜉

1

𝑟
𝑑𝑟 ) ,

𝑑𝜙III = −
𝜇
0
𝑖 (𝑡) cos 𝜌
2𝜋

(𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉)

× 𝑑(∫

𝑟𝑏 cos 𝜉+(ℎ/2) sin 𝜉

𝑟𝑏 cos 𝜉−(ℎ/2) sin 𝜉

𝑟III max − 𝑟

𝑟
𝑑𝑟) .

(21)

Therefore, the electromotive force 𝑒 induced by one turn is

𝑒

= −
𝜇
0
cos 𝜌
2𝜋

𝑓 (𝜉, ℎ, 𝑟
𝑎
, 𝑟
𝑏
)
𝑑𝑖

𝑑𝑡
, (22)

where 𝑓 = 𝑓(𝜉, ℎ, 𝑟
𝑎
, 𝑟
𝑏
) is denoted by

𝑓 = (𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉)

× (𝑟III max ln
𝑟
𝑏
cos 𝜉 + (ℎ/2) sin 𝜉

𝑟
𝑏
cos 𝜉 − (ℎ/2) sin 𝜉

−𝑟I min ln
𝑟
𝑎
cos 𝜉 + (ℎ/2) sin 𝜉

𝑟
𝑎
cos 𝜉 − (ℎ/2) sin 𝜉

)

+
ℎ

cos 𝜉
ln
𝑟
𝑏
cos 𝜉 − (ℎ/2) sin 𝜉

𝑟
𝑎
cos 𝜉 + (ℎ/2) sin 𝜉

.

(23)

Defining 𝜅 = 𝑟
𝑏
/𝑟
𝑎
, ] = ℎ/2𝑟

𝑏
, (23) can be rewritten as

𝑓 = (𝑡𝑔𝜉 + 𝑐𝑡𝑔𝜉)

× ℎ [(
cos 𝜉
2]
+
sin 𝜉
2
) ln

1 + ]𝑡𝑔𝜉

1 − ]𝑡𝑔𝜉

−(
cos 𝜉
2𝜅]

+
sin 𝜉
2
) ln

1 + 𝜅]𝑡𝑔𝜉

1 − 𝜅]𝑡𝑔𝜉
]

+
ℎ

cos 𝜉
ln
𝜅 − 𝜅]𝑡𝑔𝜉

1 + 𝜅]𝑡𝑔𝜉
.

(24)

By substituting (15) and (24) into (22), the expression of 𝑒
is the function of 𝜆, 𝜀, 𝜅, ], 𝑁, and ℎ. Therefore, the final
expression for total induced electromotive force 𝑒 of a real
PCBRC model is calculated by integrating 𝜀 from 0 to 2𝜋.
Considering the discrete distribution feature of PCBRCs, it
is equal to the sum over all individual turns:

𝑒 = ∫

2𝜋

0

𝑒

(𝜀, 𝑡) 𝑑𝜀 =

𝑁−1

∑

𝑚=0

𝑒

(𝑚
2𝜋

𝑁
, 𝑡) . (25)

Tilting error 𝛿(𝜆) is defined by

𝛿 =
𝑒 (𝜆, 𝑡) − 𝑒 (0, 𝑡)

𝑒 (0, 𝑡)
=
𝑒 (𝜆, 𝑡) − (𝜇0𝑁ℎ/2𝜋) ln (𝑟𝑏/𝑟𝑎)
(𝜇
0
𝑁ℎ/2𝜋) ln (𝑟

𝑏
/𝑟
𝑎
)

.

(26)

Finally, the expression of 𝛿 is the function of 𝜅, ], 𝜆, and𝑁.
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Figure 8: Calculation of the magnetic flux areas.
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Figure 9: Theoretical results: (a) tilting angle 𝜆 = 𝜋/6, turns𝑁 = 200; (b) tilting angle 𝜆 = 𝜋/16, turns𝑁 = 200; (c) tilting angle 𝜆 = 𝜋/36,
turns𝑁 = 200; (d) tilting angle 𝜆 = 𝜋/6, turns𝑁 = 500.
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Figure 10: The configuration for eccentric position error measure-
ment.

Table 1: Eccentric error measurement results.

No. Eccentric error 𝛿 (%)
1 2 3 4 5 6

1
𝑋 −0.02 −0.04 −0.05 −0.06 −0.06 −0.08
𝑌 −0.01 −0.02 −0.02 −0.03 −0.03 −0.05

2
𝑋 0.08 0.11 0.19 0.26 0.31 0.37
𝑌 0.05 0.10 0.18 0.25 0.32 0.35

Table 2: Tilting error measurement results.

No. Tilting error 𝛿 (%)
𝜆 = 𝜋/6 𝜆 = 𝜋/4

1 0.04 0.07
2 0.17 0.34

Provided that 𝑁 = 200, 𝛿(𝜅, ], 𝜆, 200) are calculated for
values of angle 𝜆 = 𝜋/36, 𝜋/12, and 𝜋/6, respectively, and
𝛿(𝜅, ], 𝜋/6, 500) is also calculated.The results of such analysis
are presented in Figure 9.

Conclusions can be drawn from these results. (1) Tilting
position error is smaller when angle 𝜆 has lower value. (2)
This error might be reduced obviously by decreasing values
of 𝜅 = 𝑟

𝑏
/𝑟
𝑎
and ] = ℎ/2𝑟

𝑏
. (3) The value of turn number

plays a relatively small weight to the tilting position error.
Experimental setup has been built, and positional error

measurements have been performed for two practical
PCBRCs by fixing the primary current at 100A and 50Hz.
Number 1 PCBRC is with 𝑁 of 180, 𝑟

𝑎
of 31mm, and 𝑟

𝑏

of 45mm, and number 2 is with 𝑁 of 135, 𝑟
𝑎
of 22mm,

and 𝑟
𝑏
of 34mm. The testing points for eccentric positional

error measurement are shown in Figure 10. In Position 1, the
eccentric factor𝜎 = 0.1, and in Position 6, the eccentric factor
𝜎 = 0.6. The eccentric error measurement results are shown
in Table 1.The tilting error measurement results are shown in
Table 2.

Experimental results verified that critical structure para-
meters of PCBRCs (such as the value of radii, the number
of turns) have influences on the measurement accuracy, and
positional errors met the previous error analyses.

4. Conclusions

PCBRC is a promising choice for precise AC current mea-
surement due to its very uniform cross-sectional area and
distribution of turns. But mathematical analyses presented
in this paper show that positional sensitivities of eccentricity
and tilting still contribute to the deviations fromexpected val-
ues. The performed analyses have investigated relationships
between critical parameters and positional errors. Results
confirm that these errors can be reduced lower than 0.1% by
determining the optimal critical structure parameters of the
coil, such as the value of inner radius, the ratio of outer radius
to inner radius, and the number of turns.

References

[1] I. A.Metwally, “Self-integrating Rogowski coil for high-impulse
current measurement,” IEEE Transactions on Instrumentation
and Measurement, vol. 59, no. 2, pp. 353–360, 2010.

[2] M. Chiampi, G. Crotti, and A. Morando, “Evaluation of flexible
rogowski coil performances in power frequency applications,”
IEEE Transactions on Instrumentation and Measurement, vol.
60, no. 3, pp. 854–862, 2011.

[3] D. Gerber, T. Guillod, and J. Biela, “IGBT gate-drive with pcb
rogowski coil for improved short circuit detection and current
turn-off capability,” in Proceedings of the 18th IEEE International
Conference on Pulsed Power, pp. 1359–1364, 2011.

[4] Z. S. Zhang, D. M. Xiao, and Y. Li, “Rogowski air coil sensor
technique for on-line partial discharge measurement of power
cables,” IET Science, Measurement and Technology, vol. 3, no. 3,
pp. 187–196, 2009.

[5] D. A.Ward and J. L. T. Exon, “Using Rogowski coils for transient
current measurements,” Engineering Science and Education
Journal, vol. 2, no. 3, pp. 105–113, 1993.

[6] F. J. Arcega and J. A. Artero, “Current sensor based on
Rogowski coils,” in Proceedings of the International Confer-
ence on Renewable Energies and Power Quality (ICREPQ ’04),
Barcelona, Spain, 2004, http://www.icrepq.com/PONENCIAS/
4.201.ARCEGA.pdf.

[7] J. D. Ramboz, “Machinable rogowski coil, design, and calibra-
tion,” IEEE Transactions on Instrumentation and Measurement,
vol. 45, no. 2, pp. 511–515, 1996.

[8] L. Kojovic, “High-Precision Rogowski coils for improved relay
protection, control andmeasurements,”Cooper Industries, 2002,
Bulletin no. 02049.

[9] L. Kojovic, “PCB Rogowski coils benefit relay protection,” IEEE
Computer Applications in Power, vol. 15, no. 3, pp. 50–53, 2002.

[10] C. Wang, Y. Chen, G. Zhang, and Z. Zhou, “Design of printed-
circuit board rogowski coil for highly accurate current mea-
surement,” in Proceedings of the IEEE International Conference
on Mechatronics and Automation (ICMA ’07), pp. 3801–3806,
August 2007.

[11] M. J. Hagmann, “Analytical method for determining errors in
current measurements with a Rogowski coil,” in Proceedings
of the Beam Instrumentation Workshop (BIW ’10), pp. 274–277,
Santa Fe, NM, USA, 2010.



8 Advances in Mechanical Engineering

[12] L. Ferkovic, D. Ilic, and R. Malarić, “Mutual inductance of
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Boundary effects are caused by incomplete data in the boundary regions when the analysis window gets closer to the edge of a
signal. Various extension schemes have been developed to handle the boundaries of finite length signals to reduce the boundary
effects. Zero padding, periodic extension, and symmetric extension are some basic extension methods. However, these solutions
have drawbacks. In this paper, we consider the problem of handling the boundary effects due to improper extension methods in
the wavelet transform for the application of fault diagnosis of rotating machine. An extension algorithm based on curve fitting
with properties that make it more suitable for boundary effects reduction is presented.This extension algorithm could preserve the
time-varying characteristics of the signals and be effective to reduce distortions appearing at the boundary. Then, an interpolation
approach is used in the boundary effects region to further alleviate the distortions. Procedures for realization of these two algorithms
and relative issues are presented. Several experimental tests show that the proposed algorithms are efficient to alleviate the boundary
effects in comparison to the existing extension methods.

1. Introduction

Wavelet transform analysis has been presented as a time-
frequency analysis and processing method for over the past
two decades [1, 2]. But it has still received increased attention
in recent years [3–5]. Wavelet transform analysis has been
widely used for the purpose of denoising, data compression,
feature recognition, system nonlinearities detection, and so
on [4–7].

Thewavelet transform is calculated as shifting the wavelet
function in time along the input signal and calculating the
convolution of them. In most practical applications, the
signals of interest have finite support. As the wavelet gets
closer to the edge of the signal, computing the convolution
requires the nonexistent values beyond the boundary [8–10].
This creates boundary effects caused by incomplete data in the
boundary regions. Since the analysis wavelet extends into a
region with no available data at both boundaries of the signal,
thus, the results of wavelet transform in these boundary
effects regions have questionable accuracy. Actually, the
particular impacts of boundary effects become increasingly

significant for some systems that may possess longer period
sequence and thus require higher frequency resolutions.

To deal with boundary effects, the boundaries should be
treated differently from the other parts of the signal. If not
properlymade, distortionwould appear at the boundaries [3].
Two alternatives to deal with boundary effects can be found.
The first one is to accept the loss of data and truncate those
unfavorable results at boundaries after convolution between
signal and wavelet. But simply neglecting these regions in
analysis yields to a considerable loss of data which is not
allowed in many situations where the edges of the signal
contain critical information. The other one is the artificial
extension at boundaries before processing signals. In fact,
there is another approach that employs the usual wavelet
filters for the interior of the signal and constructs different
boundary wavelets at the ends of the signal. This method has
been shows to be merged into the class of signal extension
[10].

Various extension schemes have been developed to deal
with the boundaries of finite length signals [11–14]. Zero
padding, periodic extension, and symmetric extension are
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basic extension methods. Each method has its disadvantages
[3, 10]. Computing the wavelet transform of an extension
signal is equivalent to using the corresponding boundary
wavelets. The boundary wavelets corresponding to zero
padding and periodic extension have no vanishing moments
at the boundaries. Therefore, the transform values behave
as if signals were discontinuous at the boundaries. They
introduce a singularity in the signal. And boundary wavelets
of symmetric extension have one vanishing moment and
avoid the discontinuous at the boundaries. So the symmetric
extension introduces a singularity in the first derivation. The
wavelets must be symmetric to ensure no distortion in the
transform values if the reflection is symmetric. But the Haar
wavelet is the only symmetric wavelet with a compact support
that has been found so far. One goal of this paper is to seek
an extension scheme that preserves the property of vanishing
moments.

In addition, these basic extension schemes are usually
exploited to the application of data coding which focuses on
the procedures of analysis and synthesis using filter banks
[15–20]. However, when it comes to particular applications of
the fault diagnosis of rotating machine, the above-mentioned
methods do not have the ability to recover the significant
features. They only make simple assumptions about the
signal’s characteristics outside the boundaries. Zero padding
assumes that the signals outside boundary are zero; peri-
odic extension assumes that the signals are periodic; and
symmetric extension assumes that the signals are symmetric
about the boundaries. Many rotating machine signals of
interest could not be easily included in the above three
categories. So we need a new extension mode appropriate
to the requirements of the application of rotating machine
signals analysis. In this paper, a new extension mode based
on curve fitting technique will be introduced for the rotating
machine signals analysis.This extensionmode extends signal
according to the time-varying characteristics of the rotating
machine signals inside of the boundaries so that distortions
due to improper extensions could be reduced.

Features appearing near the boundaries of transform
values will contain information from outside the support
of the rotating machine signal which is synthetic. In other
word, the wavelet transform resulting at the boundaries
will be affected by the adding data no matter whichever
extension mode is employed. Therefore, we will consider
the problem from a perspective way that is different from
extension method to alleviate these effects. In the paper, we
will employ an interpolation processing in the region of the
boundary effects to reduce the distortions. It will show that
improvement can be obtained by such processing.

The paper is organized as follows. Next section gives a
brief review of the boundary effects in the basic extension
methods. A general matrix formulation that is common to
all signal extension methods is also included. In Section 3,
we give depth analysis of the significant importance of
smooth extension and present the designmethod for adaptive
smooth extension with properties that make it more suitable
than other extensions for nonstationary rotating machine
signals analysis. In Section 4, we develop a new algorithm
based on interpolation technique for further boundary effects

reduction along with some discussion on the implement of
this technique. In Section 5, we present the method of testing
and the results concerning the performance of the proposed
methods applied on both linear and nonlinear rotating
machine signals. The performance of proposed adaptive
extension method based on curve fitting and interpolation is
shown to be superior to all of the other methods. Section 6
summarizes the results obtained throughout the paper.

2. Boundary Effects in the Rotating Machine
Signals Analysis Using Wavelet Scalogram

The need for a rotating machine signal time-frequency
analysis comes from the incomplete of either time domain
or frequency domain analysis to fully describe the behav-
ior of nonstationary rotating machine signals. The time-
frequency representation of a rotating machine signal for
time-frequency analysis provides information about how the
frequency content varies with time, thus providing an ideal
approach to examine, analyse, and study nonstationary rotat-
ing machine signals. Time-frequency representation is an
image of a two-dimensional time-frequency representation
mapped from one signal. A number of methods have been
developed to obtain the energy distribution function with
respect to both the time and frequency. Wavelet transform is
one of most notably tools. Wavelets have the great advantage
of being able to isolate the fine details in a rotating machine
signal. Very small wavelets can be used to identify very fine
details in a signal, while very large wavelets can identify
coarse details. Wavelet theory is capable of revealing aspects
of data that other signal analysis techniques fail to be present
like trends, breakdown points, and discontinuities in higher
derivatives and self-similarity.

But as mentioned in the previous section, wavelet trans-
form suffers from boundary effects like other signal analysis
techniques which involve convolution operation.The bound-
ary effects would lead to serious distortion at both boundaries
of signal whichmakes it hard to distract the right information
particularly on the start and the end of signals. Therefore,
this section will first explore the effect of basic extension
methods, which include zero padding, periodic extension
and symmetric extension, on the wavelet transform in order
to design a suited extension method that is able to minimize
boundary effects.

We start with a general formula of various extension
modes. We denote vectors by bold lower case letters. Sub-
scripts 𝑙, 𝑐, and 𝑟 represent left, central, and right, respectively.
Matrices are denoted by bold upper case letters. We use a
subscript, such as𝑀×𝑁, to denote the size of a matrix.

A finite signal with length𝑁 is s(𝑛), 𝑛 ∈ 0, 1, . . . , 𝑁. Then
we can express this signal in a form as

s = [s𝑇
𝑙
, s𝑇
𝑐
, s𝑇
𝑟
]
𝑇

, (1)

where s
𝑙
and s
𝑟
are vectors consisting of the first and last 𝑀

components of the signal. s
𝑐
is the central part. Denote the

extension vector of s(𝑛) as

s
𝑒
= [s𝑇
𝑒,𝑙
, s𝑇, s𝑇
𝑒,𝑟
]
𝑇

, (2)
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where similarly s
𝑒,𝑙
and s
𝑒,𝑟
are the left and right extension vec-

tors of length𝑀. Generalized expression for signal extension
methods is given by

s
𝑒
= H
(2𝑀+𝑁)×𝑁

s, (3)

whereH is the extensionmatrix.Thebasic extensionmethods
are all linear extension. Hence (3) can be written in the form

s
𝑒
= [

[

H𝑙
I
𝑁

H𝑟
]

]

s, (4)

where I
𝑁
is an𝑁×𝑁 identitymatrix;H𝑙 andH𝑟 are respective

left and right extension matrices.
For the zero padding extension, the extension matrix is

H = [

[

0
𝑀×𝑁

I
𝑁

0
𝑀×𝑁

]

]

, (5)

where 0
𝑀×𝑁

is an𝑀 ×𝑁 zero matrix. Since for the periodic
extension s

𝑒,𝑙
= s
𝑟
and s
𝑒,𝑟

= s
𝑙
the extension matrices of the

periodic extension are

H = [

[

0
𝑀×(𝑁−𝑀)

I
𝑀

I
𝑁

I
𝑀
0
𝑀×(𝑁−𝑀)

]

]

. (6)

Similar result is available for the extension matrix of the
symmetric extension

H = [

[

J
𝑀
0
𝑀×(𝑁−𝑀)

J
𝑁

0
𝑀×(𝑁−𝑀)

J
𝑀

]

]

, (7)

where J
𝑀
(or J
𝑁
) is an exchange matrix where the 1 elements

reside on the counterdiagonal and all other elements are zero.
In order to illustrate the boundary effects of various

basic methods, we consider a linear frequency modulation
signal 𝑠(𝑡)with constant amplitude and frequency variedwith
time from 0.1 to 0.4 (normalized frequency). The sampling
frequency used is 𝑓

𝑠
= 100Hz s with 300 data points. We

perform different extension methods on the test data and
extract the instantaneous frequency from wavelet transform
of extension data. The estimation error of the instantaneous
frequency obtained from three basic extension methods is
shown in Figure 1. The symmetric extension performs better
than zero and periodic methods. This is because symmetric
extension have one vanishing moment and zero padding and
periodic extension have no vanishing moments. This paper
is to seek an extension scheme that preserves the property of
vanishing moments.

Define the 𝑘moments of wavelet function as

𝑚
𝑘
= ∫

∞

−∞

𝑡
𝑘
𝜓 (𝑡) 𝑑𝑡. (8)

As a consequence of the Fourier transform properties, we can
obtain

𝑚
𝑘
= (−𝑗)

−𝑘 𝑑
𝑘
Ψ(𝜔)

𝑑𝜔𝑘

𝜔=0

, (9)
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Figure 1: Comparison of boundary effects for linear FM signal of
three basic methods. The values on the vertical axes are normalized
to the adopted sample rate.

where Ψ(𝜔) is the Fourier transform of 𝜓(𝑡). If Ψ(𝜔) has 𝑝
order multiple zeros at 𝜔 = 0, that is,

Ψ (𝜔) = 𝜔
𝑝
Ψ
0 (𝜔) , Ψ

0 (𝜔)
𝜔=0 ̸=0, (10)

then we can find

𝑚
𝑘
= ∫

∞

−∞

𝑡
𝑘
𝜓 (𝑡) 𝑑𝑡 = 0, 𝑘 = 0, 1, . . . , 𝑝 − 1. (11)

If a wavelet function 𝜓(𝑡) satisfies (11), then we say that
this wavelet function has 𝑝 vanishing moments.

Assume that signal 𝑠(𝑡) is a polynomial of degree 𝑝 − 1,
which is given by

𝑠 (𝑡) =

𝑝−1

∑

𝑘=0

𝛼
𝑘
𝑡
𝑘
, (12)

where 𝛼
0
, 𝛼
1
, . . . , 𝛼

𝑝−1
are constant coefficients. Additionally,

we assume that 𝜓(𝑡) has 𝑝 vanishing moments. Equation (11)
indicates that

⟨𝑠 (𝑡) , 𝜓 (𝑡)⟩ = 0. (13)

In other words, the wavelet transform of 𝑠(𝑡) is identical
to zero. If 𝑠(𝑡) can be expanded into a high-order polynomial
of degree 𝑁 with 𝑁 > 𝑝, then the terms of the polynomial
with degree lower than 𝑝 contribute nothing to the wavelet
transform which only reflects the terms with degree higher
than 𝑝 (high-frequency component). Such a wavelet has the
advantages to capture the high-frequency component and
breakpoints of signals. Therefore, 𝜓(𝑡) is required to have as
high as possible vanishing moments so that Ψ(𝜔) is smooth
at 𝜔 = 0 to possess a satisfied band-pass property.
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3. Boundary Effects Reduction via Adaptive
Smooth Extension

It has been shown that every basic extension method has
its own drawbacks. We should seek a method representing
the feature of rotating machine signal. Moreover, smooth
extension is also critical to the reduction of boundary effects.

3.1. Adaptive Extension Method. In the following, we will
investigate a new extension mode which could characterize
rotating machine signal better. On the one hand, the signal
used in Section 2 is comprised by many harmonic oscilla-
tions, and on the other hand, it is very common to use the
Fourier series to represent such harmonic oscillations. Thus,
the Fourier series can be consider as a new mode to extend
signal to preserve the harmonic oscillations.

The Fourier series model is given by

y (𝑡) = 𝑎
0
+

𝑚

∑

𝑖=1

𝑎
𝑖
cos (𝜔

𝑖
𝑡) + 𝑏
𝑖
cos (𝜔

𝑖
𝑡) , (14)

where 𝑎
0
is a constant term, 𝑎

𝑖
, 𝑏
𝑖
, and 𝜔

𝑖
are parameters that

needed to be estimated by the curve fitting, and 𝑚 is the
number of harmonics in the data.

In summary, the following are the steps of the proposed
adaptive algorithm for rotating machine signal extension.

(1) Initialize the number of harmonics; for example, set
𝑚 = 3.

(2) Main iteration: increment 𝑚 by 1, and apply these
steps.
Perform data transformations to obtain a linear or
simple model.

(i) Find the above model parameters to minimize
the summed square of residual defined as the
difference between the real data value 𝑠 and the
fitted response value 𝑦, producing results 𝑎

𝑖
, 𝑏
𝑖

and 𝜔
𝑖
.

(ii) Update the fitted response value 𝑦 using 𝑎
𝑖
, 𝑏
𝑖
,

and 𝜔
𝑖
.

(iii) If |s − y|2 is smaller than some predetermined
threshold, stop. Otherwise, apply the iteration.

(3) Extend the producing Fourier series to define the data
beyond the borders.

3.2. Smooth Extension. From the perspective of convolution
operation, the wavelet transform of a rotating machine signal
could be interpreted as the output of a system whose unit
impulse response is the scale 𝑑 wavelet function

𝜓
𝑎 (𝑡) =

1

√𝑎
𝜓(

𝑡

𝑎
) , (15)

where 𝑎 is scale. Let us consider a low-pass (smooth) function
𝜃(𝑡). Set

𝜓
(1)
(𝑡) =

𝑑𝜃 (𝑡)

𝑑𝑡
, 𝜓

(2)
(𝑡) =

𝑑
2
𝜃 (𝑡)

𝑑𝑡2
. (16)

We use 𝜓(1)(𝑡) and 𝜓(2)(𝑡) as the mother wavelets. Then
computing the first derivative of a rotating machine signal
after smoothing is equivalent to processing this signal using
the first derivative of the smooth function 𝜓(1)(𝑡). Similarly,
computing the second derivative of a signal after smoothing
is equivalent to processing this signal using the second
derivative of the smooth function 𝜓(2)(𝑡). This result can be
generalized to the higher order. Mathematically, a point of
a function with zero first derivative corresponds to extreme
value while zero second derivative corresponds to inflection
point. Hence, the wavelet transform is able to reflect the
extreme and inflection points of a rotating machine signal if
the wavelet is original from a smooth function.

An improper extension maybe results in extra transient
component referred to singular points which are defined
as points with derivative on the right and the left with
different signs, that is, the points at which their derivative
is discontinuous or not defined and finding the amplitudes
of the jumps. In other words, singular points represents
the extreme and inflection points presenting in the rotating
machine signal. It is easy to obtain that the singular points
of rotating machine signals are indicated by the amplitudes
of their wavelet transform, that is, zero-crossing points or
maximum points of the transform. In the case of rotating
machine signals extension, an extreme point due to extension
would lead to zero point or very small value in the wavelet
transform at the corresponding location. More ordinary case
is that extension introduces a step at the boundary leading
to very large wavelet transform amplitude. For example, the
result that wavelet transform of the rotating machine signal
𝑠(𝑛)using function𝜓(1)(𝑡) is very large indicates the inflection
point of 𝑠(𝑛).

An unsmooth extension at 𝑠(0) or 𝑠(𝑁) leads to wavelet
transform modulus maximum at the same points which is
the reason of distortion. Hence, we should select an extension
mode that is as smooth as possible at the boundaries to avoid
distortion.

4. Boundary Effects Reduction via
Interpolation

Whichever extension method is employed to reduce the
boundaries distortion phenomenon, the extension parts
would definitely affect the analysis results which are deter-
mined by both original and extension rotating machine
signals. If the extension parts do not properly reflect the trend
of the original rotating machine signal, it will fail to produce
satisfactory or perfect results. Nevertheless, it is well known
that the rotating machine signals in the application of time-
frequency analysis are usually random and it is difficult to
estimate the past and future of the rotating machine signals
based on the present data. Hence, this problem should be
seen from a perspective that is broader than devising a
convenient extension for the rotating machine signal. Apart
from the Fourier series extension method, an additional goal
of this paper is to propose an approach to shorten the width
of the boundary effect region. This approach is based on
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Figure 2: Convolution between a rotating machine signal and wavelet: (a) before interpolation; (b) after interpolation where the circle
represents the interpolation points.
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Figure 3: The range of interpolation processing at different scales.

interpolation in the boundary effect region to reduce the
boundary effects.

Figure 2 explains the principle of reduction of boundary
effects using interpolation method. Without interpolation,
the convolution is computed between wavelet and data with
length𝑁, from s(0) to s(𝑁 − 1).

After interpolation, the convolution is still computed
between wavelet and data. However, the end point of these
data has become to s(𝑁/2 − 1) if 𝑁 is odd. As shown in
Figure 2(b), the length of wavelet is the half of that before
interpolation and becomes shorter compared to the original
rotating machine signal. It is easy to show that the boundary
effects region which is decided by the length of wavelet
also becomes shorter in consequence of the interpolation
procedure. Therefore the boundary effects are alleviated by
exploiting interpolation.

In practical applications, we only require employing
interpolation in the boundary effects region to obtain good
results without heavy computational burden. Interpolation
can be considered as an expansion of the extension method
towards the interior of rotating machine signal. Comparing
with extension methods, it is easier and more accurate to

estimate the rotating machine signal value between two
points than predict the data from the view of probability.

4.1. The Range of Interpolation. Performing interpolation
processing at the boundaries could further reduce boundary
effects. In the implement, we should consider the range of
interpolation processing, that is, how long of the rotating
machine signal should be involved in the interpolation
processing. A rangewhich is too long or too short would yield
an expensive computation or an inaccurate result. We first
discuss the range of interpolation and then explore how to
determine it in practice.

Let us assume that rotating machine signal 𝑠(𝑡) has a
singular point at 𝑡

0
= 0. It is obvious that the singular point

at 𝑡
0
= 0 will not impact the whole time-scale plane but only

the neighborhood of 𝑡
0
. We refer to it as cone of influence of

𝑡
0
.
The range of interpolation depends on the cone of

influence. For the sake of simplicity, suppose that the wavelet
that we use has a support [−𝐶, 𝐶]. Then the scaled wavelet
𝜓
𝑎
(𝑡) has support [𝑡 − 𝐶𝑎, 𝑡 + 𝐶𝑎]. We define the cone of

influence as the set of points containing in the support [𝑡 −
𝐶𝑎, 𝑡 + 𝐶𝑎] from the whole time-scale plane. Thus, the cone
of influence of 𝑡

0
is

𝑡 − 𝑡0
 ≤ 𝐶𝑎. (17)

In the cone of influence, the performance of wavelet
transform is impacted by the singular point introduced by
extension. We refer the cone of influence as the region of
boundary effect where the interpolation processing should
be performed. It is noticed that the range of interpolation
is proportional to the scales factor 𝑎. Figure 3 illustrates the
length of interpolation required at different scale on the time-
scale plane.
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Figure 4: Comparison of boundary effects for linear rotating machine signal of symmetric and Fourier series extension. (a) The right
boundary of wavelet ridge. (b) Estimation error. The values on the vertical axes are normalized to the adopted sample rate.
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Figure 5: Comparison of boundary effects for logarithmic rotating machine signal of symmetric and Fourier series extension. (a) The right
boundary of wavelet ridge. (b) Estimation error. The values on the vertical axes are normalized to the adopted sample rate.

4.2. The Implement of Interpolation. Based on the previous
discussion, algorithm for the interpolation processing for
boundary effect reduction can be summarized as follows.

(1) Obtain the wavelet transform of the rotating machine
signal.

(2) We find the scale 𝑎 corresponding to the maximum
amplitude of the wavelet transform at 𝑡

0
= 0.

(3) The range of interpolation processing is determined
by the scale 𝑎 from the above step. Figure 3 shows a
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different range of interpolation processing at different
scales.

5. Numerical Examples

In order to validate the results given in Sections 3 and
4, we present the numerical examples of the proposed
algorithms. The performance of the proposed methods has
been assessed by means of tests on generic synthetic rotating
machine signals. The purpose of the test is to establish the
measurement accuracy of the proposed methods as well as
their advantages in boundary effects reduction over the basic
methods. The test consists of two parts which involve the
proposed extensionmethod and interpolation preprocessing.
Two rotatingmachine signals exhibiting linear and nonlinear
instantaneous frequency laws are used for evaluating the
performance of the algorithms.

5.1. Performance Assessment of Fourier Series Extension. First
consider that the linear rotatingmachine signalwas presented
in Section 2. Some results that illustrate the performance of
the Fourier series extension in the instantaneous frequency
estimation are shown in Figure 4. For comparison purposes,
the extension algorithm is compared with symmetric exten-
sion which is superior over the other two basic methods. It
is apparent that the results provided by the Fourier series
extensionmethod are in better agreementwith the theoretical
values in Figure 4(a). As we have done in the Section 2, the
error between theoretical and estimated wavelet ridges are
shown in Figure 4(b) to illustrate the effect of Fourier series
extension. It can be observed that Fourier series extension has
less singularity appearing at the boundary than symmetric
extension.

In the nonlinear case, we consider a logarithmic fre-
quency modulated rotating machine signal with same sam-
ples as the linear case, and its instantaneous frequency is given
by

𝑓 = 𝑓
0
(
𝑓
0

𝑓
1

)

(𝑡/𝑡1)

. (18)

We set 𝑓
0
= 0.1, 𝑓

1
= 0.4, and 𝑡

1
= 3. The total rotating

machine signal length and sample period used are 𝑁 =

300 and 𝑇 = 0.01 s. The proposed algorithm is successfully
applied on this nonlinear rotating machine signal. Figure 5
illustrates the results provided by the Fourier series extension
and symmetric extension applied on the nonlinear rotating
machine signal. It can be seen that the results are similar to the
results of linear rotating machine signal. Figure 5(b) shows
that the Fourier series extension is indeed efficient to reduce
boundary effects for complicated rotating machine signals
with time-varying instantaneous frequency laws.

5.2. Performance Assessment of the Interpolation Method.
Several tests have been conducted in order to assess the capa-
bility of the proposed interpolation preprocessing to further
reduce the boundary effects. All the basic extension methods
and the Fourier series extension will be considered in this

Table 1: Performance comparison of extension methods with and
without interpolation processing.

Method Bias Variance MSE
Zero 8.60 × 10−3 1.28 × 10−5 8.68 × 10−5

Zero (interpolation) 3.14 × 10−3 9.05 × 10−6 2.07 × 10−5

Periodic 8.68 × 10−3 1.21 × 10−5 8.76 × 10−5

Periodic (interpolation) 3.53 × 10−3 7.94 × 10−6 2.04 × 10−5

Symmetric 3.77 × 10−3 4.17 × 10−6 1.84 × 10−5

Symmetric (interpolation) 1.41 × 10−3 1.05 × 10−6 3.04 × 10−6

Fourier 9.24 × 10−4 4.87 × 10−7 1.34 × 10−6

Fourier (interpolation) 3.37 × 10−4 5.61 × 10−8 1.69 × 10−7

section. The performance of the interpolation preprocessing
is examined using the same two classes of rotating machine
signals.

We plot the comparison results of symmetric extension
and the Fourier extension with and without interpolation
processing on the linear rotatingmachine signal and logarith-
mic rotating machine signal in Figures 6 and 7, respectively.
It can be clearly observed that the interpolation processing is
indeed able to further reduce the distortion resulted from the
boundary effects for both rotating machine signals.

To show the effect of the interpolation preprocessing,
compression test results of the linear rotating machine
signal for different extension methods with and without
interpolation processing are provided in Table 1. MSE is the
mean square error. All of the values are calculated from true
normalized frequency and estimating normalized frequency.
In order to display the performance of boundary effects
reduction, we only calculate the data from the boundary part.
The number of data participating to the calculation is 50
points.

It can be concluded that the Fourier series extension with
the interpolation processing provides the best performance
among the four methods mentioned in this study. Further-
more, the interpolation processing is able to produce a better
accuracy of the time-frequency characteristics estimate no
matter which extension method is applied.

6. Conclusion

In this paper, we have investigated the problem of dealing
with the boundary effects that would arise in the analysis
of rotating machine signals. Basic methods including zero
padding, periodic extension, and symmetric extension were
shown to provide unsatisfied performance to reduce the
boundary effects. We derived a generalized expression for
various extensionmethods.The relationship between smooth
and the boundaries effect has been stressed. A smooth
extension scheme using the Fourier series to avoid distortion
appearing at the boundaries was proposed. This extension
technique possesses the property of preserving the harmonic
oscillations of the time-varying signal that makes it more
suitable than the other methods for the time-frequency
analysis application. A new algorithm based on interpolation
technique was proposed from new perspectives to further
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Figure 6: Estimation error of wavelet ridge of linear rotating machine signal with and without interpolation processing for (a) symmetric
extension and (b) Fourier series extension.
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Figure 7: Estimation error of wavelet ridge of logarithmic rotating machine signal with and without interpolation processing for (a)
symmetric extension and (b) Fourier series extension.

reduce the boundary effects. It has been shown that the
range of interpolation is determined by the scale factor which
maximized the amplitude of the wavelet transform at the
boundaries. By comparing the results of the analysis, it has
been shown that the adaptive smooth extension with the
interpolation processing provided the best performance in
the study. Although we have restricted the analysis to the
wavelet transform, the proposed methods can be applied on

any time-frequency distributions that involve convolution
operation.
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Due to the advantages of its compact structure and high operation accuracy, the six degrees of freedom (6-DOF) parallel platform
has been widely used as a carrier of medical rehabilitation devices. Fuzzy adaptive algorithm does not depend on the mathematical
model of controlled object, which possesses good nonlinear characteristics. Those entire features make it an effective method to
control such complex and coupling platforms. To facilitate the application of robotics in lower limb rehabilitation fields, a robotic
system in practical environment was established based on kinematics modeling of the 6-DOF Stewart-based platform. In order
to improve the velocity tracking accuracy, this paper proposed a closed-loop control strategy based on fuzzy adaptive algorithm.
The velocity feedback information was utilized to modify the PID parameters adaptively in realtime through fuzzy inference units.
Several experiments in practical environment were conducted, and the results demonstrated that the proposed algorithm could
effectively reduce the speed jitter, enhance the position and velocity tracking precision of the robot, and the reliability and robustness
of the system could also be ensured.

1. Introduction

With the tendency of aging society, there is a considerable
increase in the needs of health care and rehabilitation, espe-
cially among elderly and disabled people, which are supposed
to recover or compensate patients’ functional capabilities,
enable them to be independent, and improve their living
qualities [1, 2]. Applying assistive robotics to rehabilitation
can not only release rehabilitation physicians from the heavy
training missions but also provide a platform to evaluate
the convalescence results of the patients by analyzing the
data recorded during the training process. Nowadays, there
exists a wide variety of medical robots that differ in mechan-
ical structures, control strategies, or even the target users.
Particularly in recent years, due to the rapid development
of biological techniques and intelligent control methods,
various rehabilitation robots including those for both upper
and lower limbs have been developed by many institutions

[3]. In terms of lower limb rehabilitation, the HAL in Japan
is a typical lower limb rehabilitation robot that implements
active control for patients, making people able to move the
actuators by mapping the EMG signals to the joint angles
of lower extremity [4]. Moreover, the NeXOS in England
is a novel robotic prototype which combines engineering
experience with medical theory [5], and it is used for hip and
knee joint exercise training on various operating modes. The
mechanical design is the basis of robot-assisted rehabilitation
system, which should comply with the disciplines of being
simple, lightweight, and to control [6]. Meanwhile, the 6-
DOF parallel robot is probably a feasible solution in the lower
limb rehabilitation fields, for its simple structure and superior
adaptability, enabling the robot’s movement of range, and
the rehabilitation parameters can be adaptable to different
patients.

The Stewart platform is a kind of typical 6-DOF parallel
robot. As a multi-input multioutput (MIMO) and nonlinear
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Figure 1: Model of the parallel robot: (a) mechanical structure (b) victor analysis diagram.

system, the 6-DOF parallel robot’s position and orientation
are the results of six actuators’ interaction and coordina-
tion with each other, involving serious nonlinear coupling
interference [7]. In order to improve the trajectory tracking
performance, many intelligent control methods for parallel
robots have been proposed. Lee et al. presented a linear H∞

robust controller based on computed torque, to overcome
the adverse effects caused by parameter variations and load
disturbances [8]. However, this approach is complex and the
calculation time is too long, so it is not suitable for real-time
control applications. A simplified robot model and cerebella
model articulation controller (CMAC) with neural network
were introduced by Wang et al. [9] to reduce the coupling
effects between the branches and achieve higher control
accuracy, but this requires a huge amount of training and
learning time [10]. Besides, many pieces of literature tend to
propose control approaches based on simulation but without
verifying them through specific experiments in practical
environment [11, 12]. Nowadays, there are still not enough
research papers on velocity control, because the parallel robot
containsmultiple kinematic chains, and the dynamicmodel is
very difficult to establish [13]. Meanwhile, due to its inherent
advantages of inference, as well as possessing good robustness
and nonlinear characteristics, fuzzy adaptive method is a
potentially effective approach to control such objectives with
time-varying and nonlinear parameters.

Currently, many research papers on fuzzy adaptive algo-
rithm are obtained from theoretical analysis or simulation
experiments, while applying such approaches for actual par-
allel robot is not very common [14]. In this paper, we propose
a practical fuzzy PID controller based on the combination
of fuzzy adaptive algorithm and the PID controller, and the
designed strategy is applied to control the parallel robot in
actual environment for medical purpose. In this context, the
real-time feedback information of the platform is utilized

to complete the correction and optimization of the PID
controller based on fuzzy inference. This paper is organized
as follows: Section 2 presents a multi-DOF parallel robot
and its kinematic model, and a velocity tracking control
strategy based on fuzzy PID adaptive algorithm is proposed
in Section 3. Several experiments based on the real robotwere
conducted in Section 4. Finally, conclusion and future works
are drawn in Section 5.

2. Modeling of 6-DOF Parallel Robot

The Stewart platform is a parallel robot whose operation is
based on the simultaneousmovement of its six branches. Dif-
ferent from traditional serial robots, Stewart parallel platform
consists of a moveable upper platform, a fixed base platform,
and six actuators. The upper platform and the base platform
are connected by linkages, where spherical and Hooke joints
are adopted between these linkages and platforms.Amodel of
the 6-DOF parallel robot is established in ADAMS (as shown
in Figure 1(a)), where the servomotor is equipped to drive
the electric cylinders, and thus we can achieve the desired
trajectory of the moving platform. In order to control such
parallel platform effectively, its kinematic model has to be
established.

2.1. Kinematics of the Parallel Robot. The kinematics prob-
lems of parallel robot can be divided into the forward
kinematics and inverse kinematics. The forward kinematics
means to calculate the position of the end effectors when
the joint coordinates of six legs are known, while the
inverse kinematics is opposite. For parallel manipulators,
the inverse kinematics is much easier to be calculated than
the forward one [15, 16]. The reason is that the forward
kinematic model contains highly nonlinear parameters and
high-order equations need to be solved.Themost widely used
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methods for this problem include analytical and numerical
solutions. However, the mathematical model of analytical
approach is very complex, while the numerical approach is
also unsuitable as its convergence will be largely influenced
by the parameters’ initial value. Therefore, it is difficult to
calculate the forward problem in practical applications. On
the other hand, if the desired translational and rotational
position of the upper platform is given, the inverse kinematics
could be used to transform the desired trajectory into the
displacement of each actuator, and thus we are able to
control the respective joints instead of the moving platform.
Therefore, the inverse kinematic model is our concern in
this paper. The geometric model of platform is illustrated in
Figure 1(b), where the radius of the upper platform is defined
as r
𝑏
and the angle is 𝜃

2
; likewise, the fixed platforms are

defined as r
𝑎
and 𝜃
1
, respectively.

Define the coordinate vector of the upper platform center
in an inertial coordinate as (1), while the position and
orientation vector of the moving platform as (2),

cp = [𝑥 𝑦 𝑧]
𝑇
, (1)

xp = [𝑥 𝑦 𝑧 𝛼 𝛽 𝛾]
𝑇
. (2)

The coordinate of the upper platform joint B
𝑖
can be

calculated as

𝐵
𝑖
= 𝑟
𝑏
[sin𝛼

𝑖
− cos𝛼

𝑖
0]
𝑇
, 𝑖 = 1, 3, 5,

𝐵
𝑖
= 𝑟
𝑏
[cos𝛼𝑖 sin𝛼

𝑖
0]
𝑇
, 𝑖 = 2, 4, 6,

(3)

where

𝛼
𝑖
=

𝜃
1

2
+ (𝑖 − 1) ×

𝜋

3
, 𝑖 = 1, 3, 5,

𝛼
𝑖
=

𝜋

6
−

𝜃
1

2
+ (𝑖 − 2) ×

𝜋

3
, 𝑖 = 2, 4, 6.

(4)

Similarly, the coordinate of the fixed platform jointA
𝑖
can

be expressed as

𝐴
𝑖
= 𝑟
𝑎
[sin𝛽

𝑖
− cos𝛽

𝑖
0]
𝑇
, 𝑖 = 1, 3, 5,

𝐴
𝑖
= 𝑟
𝑎
[cos𝛽𝑖 sin𝛽

𝑖
0]
𝑇
, 𝑖 = 2, 4, 6,

(5)

where

𝛽
𝑖
=

𝜋

3
−

𝜃
2

2
+ (𝑖 − 1) ×

𝜋

3
, 𝑖 = 1, 3, 5,

𝛽
𝑖
= −

𝜋

6
+

𝜃
2

2
+ (𝑖 − 2) ×

𝜋

3
, 𝑖 = 2, 4, 6.

(6)

The basic movements of upper platform include rotation
and translation, and the inverse kinematics can be calculated
by using matrix tools, which can be defined as

𝑅
𝑧
= [

[

cos 𝛾 − sin 𝛾 0

sin 𝛾 cos 𝛾 0

0 0 1

]

]

, 𝑅
𝑦
= [

[

cos𝛽 0 sin𝛽

0 1 0

− sin𝛽 0 cos𝛽
]

]

,

𝑅
𝑥
= [

[

1 0 0

0 cos𝛼 − sin𝛼

0 sin𝛼 cos𝛼
]

]

.

(7)

And rotation matrix of the 6-DOF parallel robot can be
obtained as

𝑅 = 𝑅
𝑧
𝑅
𝑦
𝑅
𝑥
= [

[

cos𝛽 cos 𝛾 − cos𝛼 sin 𝛾 + sin𝛼 sin𝛽 cos 𝛾 sin𝛼 sin 𝛾 + cos𝛼 sin𝛽 cos 𝛾
cos𝛽 sin 𝛾 cos𝛼 cos 𝛾 + sin𝛼 sin𝛽 sin 𝛾 − sin𝛼 cos 𝛾 + cos𝛼 sin𝛽 sin 𝛾

− sin𝛽 sin𝛼 cos𝛽 cos𝛼 cos𝛽
]

]

. (8)

We can now give the expression of the length vector l
𝑖
of leg i

as the difference between B
𝑖
and A

𝑖
.

l
𝑖
= cp + 𝑅𝐵

𝑖
− 𝐴
𝑖 (𝑖 = 1, 2, . . . , 6) ,

𝑙
𝑖
=

l𝑖
 , (𝑖 = 1, 2, . . . , 6) .

(9)

Then the relationship between displacement of each leg
l
𝑖
and position of the upper platform xp is obtained. In

this paper, the kinematic model is utilized to transform the
trajectory in task space to that in joint space, and after that,
we are able to drive each joint of the robot to reach the desired
movement of the upper platform.

2.2. Prototype of the Robotic Control System. The designed
prototype of 6-DOF parallel robot control system is shown
in Figure 2. The parallel robot is equipped with six actuated
joints, and each joint is separately driven by an AC servo
motor, which works at the position closed-loop mode. The
feedback information of each actuator includes the posi-
tion and velocity that can be obtained from photoelectric
encoders, which are coaxially integrated in the motor. In
this system, the control software firstly develops the desired
trajectory of the upper platform according to the users’
requirement, and then the system will transform the planned
trajectory into the displacement of each leg through inverse
kinematics. As indicated in Figure 2, the robot control system
contains six independent control loops, where feedback
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Figure 2: Prototype of the control system for parallel robot.

signals are utilized to be compared with the expected values.
According to the calculated errors between these desired
and actual data in each loop, the system will generate
corresponding control commands for each actuator so as to
realize the position and velocity tracking control of the entire
system.

3. Control of The 6-DOF Parallel Robot

Traditional PID controllers have the fixed parameters and
cannot adjust the parameters according to the control results,
which makes it difficult to provide perfect performances
in controlling complex system such as the parallel robots.
Since fuzzy adaptive algorithm does not need the robot’s
dynamic model and also is able to adjust its parameters
according to the external changes, the combination of fuzzy
and PID adaptive controllers would further improve the
performance to achieve a higher control precession [17]. The
objective of this fuzzy adaptive controller is to establish the
relationship between the velocity tracking errors and PID
parameters through fuzzy inference.The PID parameters can
be adaptively tuned according to the fuzzy rules so as to
make the controller work on a changeable mode. In this
way, the robotic system is able to run with a certain optimal
performance even when some disturbances or errors exist in
the external environment.

3.1. Control Objective. The purpose of designed fuzzy adap-
tive controller is to find out the relationship between the PID
controller parameters (K

𝑝
, K
𝑖
, and K

𝑑
) and the position and

velocity feedback of each joint, so that the PID parameters
can be adjusted in realtime based on the velocity error Vel e
and its change rate Vel ec. In this way, the PID parameters
are able to be tuned adaptively to meet the requirements
of control accuracy in a different position and orientation.
In the practical environment, a high-precision incremental
photoelectric encoder is used in the robotic platform for
recording displacement information of each joint, while the
velocity can be obtained through a differential and low-pass
filter. Define the speed tracking errorVel e and its change rate
Vel ec as follows, respectively:

𝑉𝑒𝑙 𝑒 [𝑛] = 𝑉𝑒𝑙 exp−𝑉𝑒𝑙 𝑎𝑐𝑡, (10)

𝑉𝑒𝑙 𝑒𝑐 = 𝑉𝑒𝑙 𝑒 [𝑛] − 𝑉𝑒𝑙 𝑒 [𝑛 − 1] , (11)

where Vel exp is the desired velocity, Vel act is the actual
velocity obtained from the encoders, while Vel e is the
velocity tracking error, andVel ec is the change rate of velocity
error. In order to achieve smooth control for the parallel
robot, the designed velocity close-loop controller consists of
a fuzzy inference unit as well as a PID adaptive controller.
The proposed controller utilizes the velocity tracking errors
as the input variables, while the defuzzified results are utilized
to adjust the PID parameters adaptively by adding them to
the initial PID parameters. Figure 3 shows the proposed fuzzy
PID controller.

3.2. Fuzzy PID Adaptive Controller Design

3.2.1. Membership Functions. The inputs of fuzzy controller
are the velocity tracking errorVel e and its change rateVel ec,
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Figure 3: The fuzzy PID adaptive controller for parallel robot.
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Figure 4: Membership functions of input variables Vel e and Vel ec.

while the outputs of the system are the additive variations
of three PID parameters: ΔK

𝑝
, ΔK
𝑖
, and ΔK

𝑑
, which are

used to adjust the PID controller by adding them to the
initial parameters K∗

𝑝
, K∗
𝑖
, and K∗

𝑑
. Define fuzzy subset of

the input variables Vel e and Vel ec as {negative big, negative
middle, negative small, zero, positive small, positive middle,
positive big}, which can be denoted by {NB, NM, NS, ZO,
PS, PM, PB}. Vel e is quantized to (−3, 3), with Vel ec to
(−0.3, 0.3). Similarly, define fuzzy subset of ΔK

𝑝
, ΔK
𝑖
, and

ΔK
𝑑
as {negative big, negative middle, negative small, zero,

positive small, positive middle, positive big}, also denoted
by {NB, NM, NS, ZO, PS, PM, PB}. ΔK

𝑝
is quantized to

(−0.3, 0.3), with ΔK
𝑖
to (−0.06, 0.06) and ΔK

𝑑
to (−0.03,

0.03), respectively. Consequently, the membership functions
of the input and output variables are shown in Figure 4 and
Figure 5.

3.2.2. Fuzzy Rules. The fuzzy rules must be developed appro-
priately in accordance with the PID tuning principle, and the
empirical relationship between the three PID parameters and
the robot tracking errors must be considered when designing
fuzzy rules. For example, the K

𝑝
should increase when the

system needs to respondmore quickly and decrease when the
chattering needs to be avoided; the K

𝑖
should increase when

control function needs to be enhanced and decrease when
the overshoot needs to be reduced; the K

𝑑
should increase

when the errors need to be corrected earlier and decrease
when the controller noise is high. Based on PID parameters

tuning principle, the additive variables ΔK
𝑝
, ΔK
𝑖
, and ΔK

𝑑

can be adjusted adaptively, and we are able to reach the
fuzzy inference rules of the three parameters when the input
variables areVel e andVel ec.The fuzzy rules described above
are built as the “If-Then” form, shaped like: if (Vel e is NB) and
(Vel ec is NB), then (ΔK

𝑝
is PB) (ΔK

𝑖
is NB) (ΔK

𝑑
is PS).The

fuzzy inference rules of additive PID variables are established
as shown in Table 1.

3.2.3. Fuzzy Inference. In this fuzzy PID adaptive controller,
Mamdani inference method is adopted as a fuzzy set R
(relationship) expressing fuzzy conditional statement. Con-
sidering the impact of velocity tracking errors on the adaptive
PID parameters, we set the generation function of fuzzy
relationship Mamdani as the max operation, and let 𝜇(x)
represent the membership function, as

𝜇
𝑅
(𝑥, 𝑦) = [𝜇

𝐴 (𝑥) ∧ 𝜇
𝐵
(𝑦)] = max (𝜇

𝐴 (𝑥) , 𝜇𝐵 (𝑦)) .

(12)

Therefore, the membership function of output B∗ can be
expressed as

𝜇
𝐵
∗ (𝑦) = sup

𝑥∈𝑋

{𝜇
𝐴
∗ (𝑥) ∧ [𝜇

𝐴 (𝑥) ∧ 𝜇
𝐵
(𝑦)]} . (13)
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Figure 5: Membership functions of variables ΔK
𝑝
, ΔK
𝑖
, and ΔK

𝑑
.

3.2.4. Defuzzification. The process of converting the fuzzy
variables to the accurate values is known as defuzzification
or fuzzy judgment. In order to obtain accurate results of
the fuzzy output, the method must be able to calculate
the membership function results effectively. In this paper,
weighted average method is used for outputting the member-
ship values, which can be represented by

Δ𝐾 =
∑
𝑛

𝑖=1
𝐶
𝑖
⋅ 𝜇 (Δ𝐾

𝑖
)

∑
𝑛

𝑖=1
𝜇 (Δ𝐾

𝑖
)

, (14)

where 𝜇(ΔK) and C
𝑖
are the membership and weighting

coefficients of ΔK in the collection of elements.

3.2.5. PID Parameters Tuning. According to the fuzzy rules,
the fuzzy matrix of PID parameters can be obtained by fuzzy
reasoning and inferring, and then the adaptively tuned PID
parameters can be calculated through

𝐾
𝑝
= 𝐾
∗

𝑝
+ Δ𝐾
𝑝
, 𝐾
𝑖
= 𝐾
∗

𝑖
+ Δ𝐾
𝑖
, 𝐾
𝑑
= 𝐾
∗

𝑑
+ Δ𝐾
𝑑
,

(15)

where K∗
𝑝
, K∗
𝑖
, and K∗

𝑑
are the initial PID parameters, ΔK

𝑝
,

ΔK
𝑖
, and ΔK

𝑑
are the outputs of fuzzy inference, while K

𝑝
,

K
𝑖
, and K

𝑑
are the tuned parameters. Therefore, the fuzzy

controller is able to adaptively adjust the PID parameters
online based on the real-time position and velocity feedback.

4. Experimental Results

The Stewart platform in actual environment designed by our
research group in WHUT is shown in Figure 6. Specifically,
the detailed architecture of this platform is shown in Figure 7.
The system mainly includes an industrial PC with Pentium
Dual-core CPU E5400, motion controllers based on DSP
boards of model TMS320 LF2407A, and Panasonic Minas
servodrivers with output power of 400W and rated speed of

Table 1: Fuzzy inference rules of Δ𝐾
𝑝
, Δ𝐾
𝑖
, and Δ𝐾

𝑑
.

Vel ec Vel e
NB NM NS ZO PS PM PB

NB
PB PB PM PM PS PS ZO
NB NB NB NM NM ZO ZO
PS PS ZO ZO ZO PB PB

NM
PB PB PM PM PS ZO ZO
NB NB NM NM NS ZO ZO
NS NS NS NS ZO PS PM

NS
PM PM PM PS ZO NS NM
NM NM NS NS ZO PS PS
NB NB NM NS ZO PS PM

ZO
PM PS PS ZO NS NM NM
NM NS NS ZO PS PS PM
NB NM NM NS ZO PS PM

PS
PS PS ZO NS NS NM NM
NS NS ZO PS PS PM PM
NB NM NS NS ZO PS PS

PM
ZO ZO NS NM NM NM NB
ZO ZO PS PM PM PB PB
NM NS NS NS ZO PS PS

PB
ZO NS NS NM NM NB NB
ZO ZO PS PM PB PB PB
PS ZO ZO ZO ZO PB PB

3000 r/min, as well as the Stewart platform. Furthermore, the
incremental photoelectric encoders are mounted coaxially
with the servomotors to provide high-resolution position and
velocity feedback.

Before performing the experiments, firstly the real-
time position and velocity feedback of each joint cylinder
should be addressed. In this experimental system, each AC
servo motor is coaxially equipped with a 20-bit incremental
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Figure 6: The Stewart platform designed by our research group.

photoelectric encoder to provide high-resolution movement
information feedback. Define the detection time as T (unit:
s) and the pulse count value asm within this duration and let
the number of pulses generated with per motor rotation be P
(that is, photoelectric encoder resolution). Therefore, within
the detection time T, the number of motor rotations is m/P,
so the motor rotation speed reachesm/PT (units: r/s). While
the actual transmission gear ratio is n and the displacement
of screw nut is L (unit: mm), the actual speed of the electric
servocylinder can be obtained through

𝑉 =
𝑚𝐿

𝑃𝑇𝑛
. (16)

In the robotic system, the motion control of the robot
is realized by solving the inverse kinematics to get the
desired position and velocity of each joint. The designed
robot is able to reach a wide variety of trajectories including
point-to-point movement and continuous movement. For
rehabilitation robot engineering applications, the trajectory
of this platform can be decomposed into straight line and arc
trajectories, and here an example of arc trajectory experiment
is conducted. As for the configuration of this robot, the radius
of the upper moving plate is 180mm, the radius of the fixed
base plate is 270mm, and the angles of the platforms are 28∘
and 22∘, respectively.Themass of the upper platform is 3.6 kg,
and the masses of the base platform and linkages are 17.9 kg
and 1.2 kg, respectively. The trajectory for upper platform is
defined as follows: the initial position of the platform center
is (0, 0, 0), and move the plate to (90, 0, 90); here the unit is
mm. And then the platform moves by following a counter-
clockwise circle, and the radius is 90mm; thus the path
planning of the moving platform is

[

[

𝑥

𝑦

𝑧

]

]

= [

[

90

0

90

]

]

− 𝑅[

[

90 cos𝜑
90 sin𝜑

0

]

]

,

where 𝜑 ∈ [0 𝜋] , 𝑅 = [

[

1 0 0

0 −1 0

0 0 1

]

]

.

(17)

Once we get the planned trajectory in task space, the
movements of six joints can be obtained by using inverse
kinematic solutions. The motion controllers developed in

DSPswill receive the commands and accordingly generate the
output PWM signals to drive each joint. As the 6-DOF par-
allel robot’s position is the results of six actuators’ interaction
and coordination, so we can achieve the reference trajectory
tracking as long as each joint of the robot can be controlled
accurately. Both experimental results of the traditional PID
controller and the proposed fuzzy PID adaptive controller are
presented in the following parts.

4.1. Traditional PIDController. Thetraditional PID controller
has fixed parameters, so firstly, we have to select the proper
PID parameters according to the controlled object. In this
paper, the critical ratio method is utilized to adjust the
parameters of PID controller. That is, firstly, to retain the
proportional component and gradually increase this factor
until achieving the critical state, record the parameters at this
time. However, in the actual experiment, the PID parameters
have to be further adjusted according to the actual control
results. Under the above conditions, the robot is programmed
to track a circular trajectory whose radius is 90mm, and the
duration is 50 s.

The joints’ position tracking results of the traditional PID
controlled parallel robot are shown in Figure 8, where we
find the PID controller already able to achieve a relatively
satisfied position tracking performance, especially under
low-speed conditions. Meanwhile, the six joints’ velocity
tracking results of the PID controller are shown in Figure 9,
and the velocity tracking errors of six joints can be seen
in Figure 10, where the data is measured by photoelectric
encoders. From velocity tracking results of each joint, we find
that although the traditional PID controller can guarantee
the overall tendency, the actual speed value has severe
fluctuations. In this experiment, the maximum joint velocity
error of the parallel robot is 1.752mm/s, while the average
velocity error of the platform is 0.154mm/s. Particularly, the
tracking errors increase gradually when the target velocity
grows, especially in the period when the robot just starts
to move. Because the motor itself has a quite large gravity,
and there is static and kinetic friction force that has to be
overcome, so the velocity control errors are obvious at the
beginning. When the PID control algorithm is applied to
6-DOF parallel robot, the adjustment process is relatively
slow, and the overshoot is quite significant. It is suggested
that traditional PID controller cannot achieve high accuracy
for velocity tracking, which is an important indicator of
rehabilitation robotics. In other words, we need to introduce
other intelligent control algorithms to improve the accuracy.

4.2. Fuzzy PID Adaptive Controller. Fuzzy PID adaptive
controller is able to adjust its PID parameters according to the
external changes. The relationship between velocity tracking
errors and PID parameters is established in this experiment.
The additive variables of PID parameters can be adaptively
tuned according to the fuzzy rules, so as to make the PID
controller changeable by adding the fuzzy inference output to
the initial PID parameters. In this paper, a practical velocity
closed-loop controller based on fuzzy PID adaptive method
is developed, and the experimental data is recorded by using



8 Advances in Mechanical Engineering

Control software PC

I/O interface
Servodriver

Stewart parallel robot

Photoelectric encoder

Motion controller

Figure 7: The parallel robot control system composition.

0 5 10 15 20 25 30 35 40 45
0

20

40

60

80

100

120

Time (s)

D
isp

la
ce

m
en

t (
m

m
)

Ac
tu

at
or

 1

Ac
tu

at
or

 2

Ac
tu

at
or

 3

Ac
tu

at
or

 4

Ac
tu

at
or

 5

Ac
tu

at
or

 6

Figure 8: The robot’s position tracking results of PID control.

photoelectric encoders. As a result, the velocity tracking
results of the fuzzy controlled robot are shown in Figure 11,
and the velocity tracking errors of its six joints can be seen in
Figure 12.

By filtering the experimental data and analyzing the
results, the maximum single joint velocity error of the 6-
DOF parallel robot decreased from 1.752mm/s to 1.120mm/s,
while the average velocity error of the platform reduced from
0.154mm/s to 0.057mm/s in this circular movement. From
the experimental results, it is illustrated that the impact of
changeable target value on the tracking accuracy has been
greatly reduced and the fuzzy PID adaptive controller shows
better robustness. Compare Figure 9 with Figure 11, as well
as Figure 10 with Figure 12; we find that the robot’s velocity
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Figure 9: The robot’s velocity tracking results of PID control.

tracking performance has been significantly improved, espe-
cially in the initial phase when robot starts to move, where
the actual velocity trajectory can follow the desired trajectory
in a better way. This is because the PID parameters can be
adjusted in real time based on fuzzy rules, and it will take
the current robot movement situation into account, so the
proposed controller can adapt itself to the external changes.

The experimental results illustrate that the fuzzy PID
adaptive method has played a significant role in the track-
ing accuracy improvement of parallel robots, the velocity
tracking delay has been effectively reduced, and the steady
state performance can also be guaranteed. In addition, the
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Figure 10: The robot’s velocity tracking errors of PID control.
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Figure 11: The robot’s velocity tracking results of fuzzy PID control.

calculation amount of fuzzy PID adaptive controller is rel-
atively small, which can be easily implemented on DSPs to
meet the real-time data processing and instant transmission
requirements. If the trajectory planning of the upper platform
is given, the displacement and velocity of six motor actuators
can be obtained, and applying the proposed fuzzy adaptive
controller to drive the related joints, we are able to achieve
the efficient and reliable motion control of the robot. In
other words, the proposed controller can be used in various
applications as long as the defined trajectory is within its
constraints, and this, in turn, provides a feasible solution for
position control of parallel rehabilitation robot in the future
work.

5. Conclusion and Future Work

During the motion control of the rehabilitation robot, the
system may become unstable due to the uncertain variations
of the system loads and dynamic parameters, which would
lead to the secondary injury of the patients. Therefore, it is
of great significance to maintain the trajectory and velocity



10 Advances in Mechanical Engineering

0

2

−2
0 10 20 30 40

Time (s)

Actuator 1
Ve
le

(m
m

/s
)

(a)

0

2

−2
0 10 20 30 40

Time (s)

Actuator 2

Ve
le

(m
m

/s
)

(b)

0

2

−2
0 10 20 30 40

Time (s)

Actuator 3

Ve
le

(m
m

/s
)

(c)

0

2

−2

0 10 20 30 40
Time (s)

Actuator 4

Ve
le

(m
m

/s
)

(d)

Actuator 5

0

2

−2
0 10 20 30 40

Time (s)

Ve
le

(m
m

/s
)

(e)

Actuator 6

0

2

−2

0 10 20 30 40
Time (s)

Ve
le

(m
m

/s
)

(f)

Figure 12: The robot’s velocity tracking errors of fuzzy PID control.

tracking accuracy and stability for medical purpose [18].This
paper aims at designing an effective method to control the
Stewart robot used for lower limb rehabilitation. Based on the
study on parallel robot’s kinematic model, a prototype of 6-
DOF parallel robot control system is established, and accord-
ingly a fuzzy PID adaptive controller is proposed for velocity
close-loop control.The experimental results performed in the
actual experiment demonstrate that applying the proposed
adaptive fuzzy control method to 6-DOF parallel robot
manipulator is reasonable and valid; the position and velocity
tracking accuracy can be greatly improved. Currently, it
seems that there are not enough realistic applications of
the parallel robot; thus it is worthwhile to propose a fuzzy
adaptive controller that can achieve a good performance in
the actual environment and put it into practice for medical
purpose.

The future works involve improving the dynamic
response of such parallel platform and obtaining a better
trajectory tracking performance by combining the fuzzy
controller with other advanced control techniques, such
as neural network and sliding mode control strategies.
Furthermore, in order to improve the rehabilitation results,

force feedback between the robot and the patient should
be taken into consideration; putting the position/force
hybrid control and impedance control into practice is also
important in this field. Finally, in order to implement the
rehabilitation control strategies in the actual environment,
more attentions should be attracted to biomedical signals
processing, human-machine interface, and the rehabilitation
assessment strategies.
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This paper designs and implements the high-speed FBG demodulation system which can demodulate multiple FBG sensors (up
to 64 sensors in series per channel) of 4 channels synchronously. The system is based on the method of tunable F-P filter. Both
the nonlinear effect and the temperature drift effect of the F-P filter are eliminated by applying the triangular-like drive signal and
reference channels. In addition, a high-speed adaptive algorithm for peak-find is designed for the system. The experiment results
show that, for the whole system, the stability is 2 pm, the resolution is 1 pm, the linearity is 0.999, the measurement precision is
20 pm, and the demodulation frequency is 4 kHz. Consequently, the system is very suitable for distributed dynamic monitoring of
complicated mechanical equipment.

1. Introduction

In industrial applications, we need to ensure the normal
operation of machinery manufacturing equipment through
the dynamic monitoring of the system. The Information
of these equipment such as temperature, deformation, and
vibration parameters is acquired timely to feedback the sys-
tem condition. Requirements for the monitoring of equip-
ment condition increase since machinery manufacturing
equipment become more automatic, intelligent, and precise.
Sensor technology based on electrometric method is widely
used in the field, but a single sensor inmost of these cases can
only measure a single signal. So it is hard to even not realize
the condition monitoring for distributed multiparameters
online.This high-speed FBGdemodulation systemhas solved
the problem perfectly.

FBG (Fiber Bragg grating) has many characteristics such
as small volume and selective wavelength. It is suitable for
WDM and will not disturb signal transmission. So it can be
packaged into various sensors which are widely used in the
monitoring of structural health, largemechanical equipment,
physical quantity of severe environment, and so forth [1]. As
technology evolves, FBG demodulation systems are required
to measure the change of FBG reflection wavelength with

higher speed and resolution in awider optical spectrum range
[2].There aremanymethods in the research of demodulation,
such as matching grating [3], the polarization interference
[4], CCD (Charge-coupledDevice) detection [5], and tunable
F-P (Fabry-Perot) filter [6]. The optical spectrum of the
matching grating method is usually within the range of a
few nanometers, and the demodulation frequency is very
low. Even when adopting some improvements, such as using
an optical switch to widen the spectrum [7], the spectral
range is also limited. The interference method is susceptible
to the changes of environments which would lead to the
bad stability of the demodulation results. The demodulation
accuracy of the CCD detection method is relatively low.
Tunable F-P filter method has significant advantages with
the comprehensive comparison of factors like demodulation
speed, spectral range, resolution, and capacity. This system is
based on the tunable F-P filter method.

At present, there already exist many commercial demod-
ulation systems at home and abroad. For example, Micro
Optics, an American company, has presentedmany commer-
cial systems like SM220 and Si425. In comparison with those
systems, many methods have been applied to this system
to improve the performance. Experiments have shown that
this demodulation system has higher demodulation speed
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Figure 1: High-speed FBG demodulation system diagram.

(4 kHz) and higher stability (2 pm)with the resolution of 1 pm
than other demodulation systems.

2. High-Speed FBG Demodulation System

As illustrated in Figure 1, this system is composed of 6 parts:
SOA (semiconductor optical amplifier) part, tunable F-Pfilter
part, detection channels part, reference channels part, and
signal acquisition and processing part. The SOA is driven by
the constant-current source. The SOA thermostat circuit is
specially designed to eliminate the influence of the temper-
ature. The F-P filter is driven to scan fast around the center
wavelength of 1310 nm with the spectral range of 40 nm at
the frequency of 4 kHZ.The SOA, F-P filter, and other optical
equipment form a loop structure and produce scanning laser
light. The optical signals are converted to electric signals by
photoelectric diode and then sampled by the high-speed AD
converters. Finally, the algorithm in the FPGA analyzes the
sample data and detects the FBG reflection wavelength.

PZT (piezoelectric ceramics) in the tunable F-P filter is a
large capacitive load and has hysteresis effect, so both trian-
gular wave and sine wave do not have good performances at
high frequencies. This paper puts forward the triangular-like
signal to solve this problem. The peaks and troughs of this
signal are a smooth curve, while the slope is a linear line. As
illustrated in Figure 2, the comb filter signal is observed when

the F-P filter is driven by the triangular, sine, and triangular-
like signal separately at the frequency of 4 kHZ. As shown in
Figure 2(a), the comb filter signal is chaotic when the drive
signal is the triangular wave. It is caused by the unevenness
of the cavity length change of the F-P filter. It is uneven
because the trianglewave is a superposition of sinewaveswith
different frequency. The situation improves when using the
sine wave, as shown in Figure 2(b). However, both sides of the
output signal are sparse, while the middle dense as the sine
wave is nonlinear. As shown in Figure 2(c), the output signals
are equally spaced within the 50 nm optical spectrum. The
triangular-like signal contains less frequency components.
Therefore, it can reduce the nonlinear effect of the F-P filter
perfectly.

Reference channels are applied to eliminate the nonlinear
effect and the temperature drift effect of the F-P filter. The
tunable F-P filter changes the output wavelength through
the adjustment of PZT, but PZT regulation has nonlinear
effect at high speed. Furthermore, the initial cavity length
of the F-P filter [8] would change with the environmental
temperature, which leads to the temperature drift effect of
the F-P filter. Reference channels are composed of an optical
comb filter and a single peak filter, both of which are etalon
and made of the glass with zero temperature coefficients. So
the reference channels are hardly affected by the changes of
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Figure 2: The output waveform of the optical comb filter at 3 kinds of the F-P drive signal.

temperature. The output spectrum cycle of the optical comb
filter is 2 nm, and the extinction ratio is 20 dB. So there will
be 25 interference fringes in the spectral range of 50 nm, as
illustrated in Figure 3 (CH2).The detected wavelength will be
seriously affected if the drift is greater than 1 spectrum cycle
of the comb filter. The single peak channel is specially added
in reference channels to solve this problem. The single peak
filter outputs only one peak signal (Figure 3, CH1, 1310 nm)
in the spectral range of 50 nm. Since the reference channels
are almost not affected by temperature, the wavelength of
interference fringes and the single peak is definite. The
detected reflection grating wavelength is corrected referring
to the definite wavelength of interference fringes. This data
correction eliminates the nonlinear effect of scanning laser
light. Sampling points of the single peak signal will change
according to the temperature drift effect of the F-P filter. This
effect can be eliminated by regulatingDCbias of the F-P drive
signal according to this change and controlling the sampling
point of the single peak signal in a certain range.

Detection channels are composed of a 1× 4 optical splitter,
optical circulators, and FBG sensors. The light which enters
detection channels flows into 4 channels by a 1 × 4 optical
splitter and optical circulators. The light which is reflected
back by FBG sensors is converted to electric signals by
photoelectric diode (Figure 3, CH3 shows the signal of one
detected channel) and then sent to FPGA for analysis.

The high-speed peak-find module in FPGA gets peaks
position of 6 channels including the comb filter and the single
peak filter.Themaximum capacity of each channel is 64 FBG
sensors through WDM technology. The dynamic control
module finely tunes the F-P drive module and the SOA
temperature control module according to the peak position
of the comb filter and the single peak filter to ensure that the
system is in the best working state. The high-speed peak-find
module stores peak position data with FIFOmodule and then
sends data to PC through the data transfer module by the
Ethernet interface.ThePC can show and store thewavelength
of each FBG sensor of the 4 channels in real time.
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3. High-Speed Adaptive Algorithm for
Peak-Find

3.1. AlgorithmPrinciple. Theexisting FBGdemodulation sys-
tems usually collect a cycle of data in the process of peak-find
[9] and process this data under the instruction of Gaussian
transformation [10]. This method needs enough memory to
store a cycle of collected data and consume a lot of instruction
cycles, and thus not only affects the speed of peak-find but
also limits the speed of the FBG demodulation system.

Therefore, a high-speed adaptive algorithm for peak-find
is designed for the system. The algorithm locates the system
states based on the current data and the last data (sampling
value by AD converters) and detects the peak wavelength
according to the system state. The state machine of this
algorithm is designed as shown in Figure 3(a). Because the
task of data collection and the task of data analysis can be
done almost synchronously, the whole algorithm has a high
speed of demodulation.

3.2. Algorithm Description. As illustrated in Figure 4(a), the
algorithm module in FPGA has 6 states and transforms
among these states based on the current data and the last
data. Usually, the algorithm is on ready state and turns to rise
state when the waveform data comes. If the current data is
higher than the last data and also higher than the threshold
for the first time, the algorithm will record the start position
of the waveform. If the algorithm is on down state and the
current data is lower than the threshold for the first time,
the algorithm will record the end position of the waveform.
Through these transformations, the algorithm can identify
and save the data which contains the FBG peak information
and discard the irrelevant or interfering data. Particularly, a
“data valid confirmation” flag is set up.The algorithmcan turn
to the completion state or error state quickly by the analysis

of the flag and the current state of the system. The error state
is often caused by the system interference or the sample error
of AD converter. As illustrated in Figure 4(b), when achiev-
ing the completion state, the algorithm analyzes the saved
waveform data and detects the peak value finally. At first, the
algorithm calculates the expectation value and quantile value
(e.g., 75% quantile: take a value from a set of data, that is, 75%
of all the data less than or equal to the value) of the saved
waveform data.The degree of quantile can be chosen accord-
ing to the actual demand, and generally we choose 75%. 𝑌avr
(the centroid value of the peak waveform) can be obtained by
taking an average of the expectation value and 75% quantile
value. Secondly, we get two values (𝑋

𝑚
and𝑋

𝑛
) whose corre-

sponding 𝑦-axis value is equal to 𝑌avr. Thirdly,𝑋avr (the peak
value) can be obtained by taking an average of 𝑋

𝑚
and 𝑋

𝑛
.

And then the FBG reflection wavelength can be obtained by
the calculation of𝑋avr values of FBG and reference channels.

The peak-find algorithm with high repeatability detects
the peak position from the whole instead of the single
sample point. Therefore, it can reduce the effects of system
interference or sample errors of AD converters. Furthermore,
the state of the algorithm is synchronized with the sample
waveform, which can greatly save the storage space and
the analysis time of waveforms. Experiment results have
shown that the algorithm meets the requirements of the
demodulation system.

4. Experiment Results and Analysis

4.1. Demodulation Accuracy and Linearity Experiment. 22
cascade FBG sensors with different wavelengths are put in
the hygrothermostat, and the high-speed FBG demodulation
system is applied to demodulate these sensors at different
temperatures. At the same time, a spectrometer is applied to
monitor the wavelength changes of FBG sensors in real time.
We can analyze the demodulation accuracy and linearity of
the system according to the experiment results.

We change the temperature of the hygrothermostat from
−5∘C to 105∘C and collect data every 10∘C. Figure 5 shows
the wavelength change of 22 FBG sensors at −5∘C, 15∘C, 35∘C,
55∘C, and 75∘C.

We observe the wavelength change of one FBG sensor
singly. Figure 6 shows the wavelength of the FBG sensor from
10000 times of measurements at 25∘C.The 𝑥-axis represents
sampling points and 𝑦-axis represents wavelength value. As
we can see, demodulating value focuses on 1313.857 nm ±
2 pm, and the mean square error of 10000 times of the
measurement is 0.9975 pm.Therefore, the stability of the FBG
demodulation system is 2 pm and the resolution is 1 pm.

We observe the demodulation wavelength changes of
this FBG sensor at different temperatures. As illustrated in
Figure 7, demodulating wavelength increases about 335 pm
when the temperature rises every 10∘C. The 𝑅-square of the
linear fitting of the 13 measuring points is 0.999, which shows
that the demodulation system has a good linearity.

The reflection wavelength of the 22 cascade FBG sensors
is acquired by the FBG demodulation system and the spec-
trometer at the same time. Figure 8 shows the comparison
of both values. The 𝑥-axis represents wavelength measured
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by the spectrometer and 𝑦 represents the FBG demodulation
system. We do linear fitting of the 22 points. Its 𝑅-square
is 0.99957. The RMSE is 0.0206 nm. So the demodulation
system has a good linearity in the range of 40 nm, and its
measurement accuracy is about 20 pm.

4.2. Demodulation Frequency Experiment. The demodula-
tion frequency of the system is experimented by using
the vibration experiment table (Denmark B&K Company).
Figure 9 shows the FBG array model. Numbers 1 to 22 are the
labels of FBG sensors. Dots A, B, C, andD are the fixed points
of the vibration experiment table and dot E is the center of the
vibration.

The wavelength of these FBG sensors is demodulated by
the high-speed FBGdemodulation system at the frequency of
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Figure 9: FBG array model.
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Figure 10: The stereoeffect of vibration for the FBG array.

10Hz, 100Hz, 1000Hz, 1500Hz, and 1990Hz.We can analyze
the spectrum of the vibration signal by doing FFT of the
wavelength. Figure 10 shows the stereoeffect of the vibration
for the FBG array at the frequency of 100Hz. In the figure,
the 𝑥-𝑦 plane is the FBG array plane just shown in Figure 9,
and the 𝑧-axis represents the vibration intensity of each FBG
sensor. Apparently, the vibration intensity of number 8 FBG
is the largest because this FBG sensor is the closest to the
vibration center. The vibration intensity declines from the
vibration center to the edge.

Figure 11(a) shows the results of one FBG sensor at the
frequency of 10Hz. The previous waveform is the reflection
wavelength of the vibration sensor, and 𝑥-axis represents
sample points while 𝑦 represents wavelength; the waveform
in the middle is the spectral distribution which is acquired
by making FFT of the wavelength, and 𝑥-axis represents
frequency while 𝑦 represents amplitude; the next waveform is
the spectral distribution near the basic frequency fromwhich
the spectral distribution can be observed more clearly. As we
can see, the frequencies acquired by the FBG demodulation
system are 10Hz, 1000Hz, 1500Hz, and 1990Hz, and all of
them are consistent with the experiment frequencies we have
set. Experiments demonstrate that the demodulation system
can analyze vibration signal in the range of 2 kHZ.Therefore,
the demodulation frequency of the system is 4 kHZ.
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Figure 11: The wavelength and spectrum of FBG sensors at 4 vibration frequencies.

5. Conclusion

This paper designs and realizes the high-speed large capac-
ity FBG demodulation system which can demodulate 4
channels of FBG sensors at the same time. The system is
very suitable for the dynamic monitoring of complicated
mechanical equipment. It has solved the monitoring and
diagnosis problems of many mechanical equipment which
cannot be solved by traditional methods. The demodulation
system has excellent stability and linearity by adding the
reference channels, using the particular triangular-like drive
signal for the F-P filter and applying the high-speed adaptive
peak-find algorithm. The experiment results show that, in
the optical spectrum range of 40 nm, the stability of the
FBG demodulation system is 2 pm, the resolution is 1 pm, the
linearity is 0.999, the measurement precision is 20 pm, and
the demodulation frequency is 4 kHZ.
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To solve the product data consistency problem which is caused by the portable system that cannot conduct real-time update of
product data in mobile environment under the mass customization production mode, a new product data optimistic replication
method based on log is presented.This paper focuses on the design thinking provider, probing into amanufacturing resource design
thinking cloud platform based on manufacturing resource-locating technologies, and also discuss several application scenarios of
cloud locating technologies in the manufacturing environment. The actual demand of manufacturing creates a new mode which
is service-oriented and has high efficiency and low consumption. Finally, they are different from the crowd-sourcing application
model of Local-Motors.The sharing platform operator is responsible for a master plan for the platform, proposing a open interface
standard and establishing a service operation mode.

1. Introduction

The working environment of representative of enterprises
implementing the “gotten out” strategy is changeable and
unpredictable. If adopting the B/S structural system, a lot of
limitations would be brought to the work of enterprise repre-
sentative because of the network; even effective information
service cannot be provided to the customer [1].The repetitive
construction of the manufacturing capacity as well as the
imbalance widely exists in the manufacturing industries of
China, leading to the problem of resource idle and resource
bottleneck.

The enterprise representative needs to update local prod-
uct data in no time when data update requirements are
qualified, so that the enterprises can obtain the customer
information in the shortest time and the enterprise represen-
tative can obtain the latest product information to promote
customer trust degree [2] of service-oriented technology,
virtualizing technology, cloud computing technology, a net-
working technology, and so forth; the actual demand of
manufacturing creates a newmode which is service-oriented,
has high efficiency and low consumption, and is based on

the knowledge networking intelligent manufacturing, that is,
a cloud manufacturing service mode [3]. In fact, this mode
has started to be accepted and attempted by some domestic
and foreign enterprises. The USA Local-Motors.com adopts
a bran-new operation mode, which only spends less than 20
monthsmanufacturing a distinctive Rally Fighter concept car
in a microfactory with a size of dry cleaner. The problem
associated with it is how to control the product data consis-
tency between duplicate database and primary database and
duplicate database and duplicate database. Thus, it can be
seen that the product data consistency control is one of the
key factors for successful mass customization production.

To realize a business function decoupling among each
participator and promote the optimized distribution of
resource, a new kind of cloud manufacturing service mode
is presented. Firstly, the paper briefly analyzes distributions
and relationships of several roles in the cloud manufacturing
service mode. The enterprises implement “gotten out” strat-
egy and provide the customer with comprehensive product
information initiatively. To win the customer’s trust and
quickly obtain customer order, it has been inevitable to make
full use of computer technology and network technology.
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Figure 1: Cloud manufacturing service mode distributed storage supporting mobile environment.

The enterprises are developing portable system to obtain
customer order and provide customer with product informa-
tion.

2. Distributions in the Cloud
Manufacturing Service

Most of enterprises still choose to employ the C/S structural
system and adopt the primary copy’s data storagemethod: the
enterprise database is the primary database, and the portable
system takes possession of duplicate database [4], and the
roles involved include a manufacturing service demander, a
manufacturing service provider, a manufacturing application
provider, and a sharing platform operator, as shown in Figure
1.

The manufacturing application provider is subdivided
into a solution integrator, an application tool developer, a
design thinking provider, and so forth as required.The design
thinking, such as equipment, cutter, tool, and locating, in
the application service are provided by the specialized design
thinking provider, and the specific fine-grained service tools
are provided by the application tool developer, so the integra-
tion of the application service is completed by the solution
integrator. For example, for the application in the production
management of the cloud manufacturing, the constitutions
of its manufacturing application in the C/S are as shown in
Figure 2.

The integration among the cloud manufacturing shar-
ing platforms mainly reflects the integration among the
manufacturing application providers. In the design think-
ing layer, the integration usually adopts the data share
mode or the realized public design thinking mode; in the
application tool layer, generally, the reuse of the service
tool is achieved via the design of the open interface; and,
in the application service layer, the complementation and
integration of the cloudmanufacturing platform are achieved
bymutually invoking among the services.Themanufacturing

resource/manufacturing capacity, the manufacturing cloud,
and the manufacturing whole-life cycle application in the
cloud manufacturing system [4] can, respectively, provide
supports by the above-mentioned design thinking layer,
the application tool layer, and the application service layer.
Adopting the cloud manufacturing service mode shown in
Figure 2, the design thinking layer exists independent of the
application layer to form a specialized data cloud service.This
data cloud is voluntarily provided by relevant enterprises and
is realized by means of the public design thinking service.

3. The Cloud Manufacturing Service System
Based on Log

3.1. Manufacturing Process of Manufacturing Resource Loca-
tion Data. In optimistic duplication, product data consis-
tency control based on log suggested in this article is achieved
via exchanging the modified log record of the data among
nodes of different primary copy. A unified log record struc-
ture is adopted for themodification of all data in this method.
The overhead recording data change only depends on the
modification frequency of product data, and the frequency
of data synchronization is irrelevant of the size of individual
product data item and the quantity of data item and primary
copy. Therefore, a large number of storage and network
transmission overhead will be saved. Furthermore, the log
organization mode provided in this article will save space
consumed by log effectively, which makes the consistency
control of product data more flexible and much easier to
be realized [5]. In the process of repair and maintenance of
the equipment, the scheduling for a maintenance personnel
usually is unable to be near response, and so forth, because of
not controlling the location information of the faulty equip-
ment and the maintenance personnel having qualifications.
Applying the locating technology to the manufacturing field
can help to locate and monitor the manufacturing resource
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and to control locations and states of all kinds of manufactur-
ing resources in real time, thereby promoting the refinement,
transparency, and just in time (JIT) to achieve the purpose
of improving the production efficiency and economizing the
production cost. As it were, the location data of manufactur-
ing resources have important implications for improving the
management refinement in each manufacturing process.

The rapid development of locating technology makes it
possible to do the fine-grained locating, tracking, and man-
aging of all kinds ofmanufacturing resources in themanufac-
turing field. The location information of the manufacturing
resources, such as WIP, materials, personnel, and products,
is integrated to establish a manufacturing resource location
database, thus providing a powerful support for the trans-
parency of workshop WIP and materials and the quick-res-
ponse of personnel as well as the agility of the product ser-
vices.

To support product data consistency control based on
log effectively, product data model is designed as a two-tuple
(Key, Value). At present, it is a common data model, which is
the prerequisite that the method can be widely applied. For
a single enterprise, establishing an enormous location data-
base give rise to heavy maintenance cost and inefficient data
utilizing for the lack of location information from external
manufacturing resources.

3.2. Product Data Model and Data Operation. To support
product data consistency control based on log effectively,
product datamodel is designed as a two-tuple (Key, Value). At
present, it is a common data model, which is the prerequisite
that the method can be widely applied. “Key” is the unique
identification of a set of data in product database, and the data
could be a single data item aswell asmultiple data item jointly
constructed; “Value” is the data corresponding to “Key”. A
“Key” corresponds to one or a plurality of different “Value.”

Product data operation is defined as the following three
kinds.

(1) ADD (Key, Value), adding a “Value” to the data item
corresponding to “Key” in data.

(2) DELETE (Key, Value), deleting a “Value” in the data
item corresponding to “Key” in data.

(3) CHANGE (Key, Value), firstly deleting all the values
corresponding to “Key” and adding to a given “Value”.

Meanwhile, it is set that if we repeatedly implement the
same ADD, DELETE, or CHANGE operations on the same
data item, then, the later operations after the first time make
no difference to the product data.

3.3. The Log Record Method of Product Data Modification.
Both the primary database and duplicate database can inde-
pendently operate the present node in distributed product
data storagemanner.Theunified datamodification log record
methodmust be adopted to make the log become the basis of
the data consistency control. LOG could be composed of two
single LOG items in the following formats.

(1) (A, KEY, and VALUE): used for recording the opera-
tion of adding the “Value” to the “Key”.

(2) (D, KEY, and VALUE): used for recording the opera-
tion of deleting the “Value” from the “Key”.

The LOG only records the operation that makes the
product data change. If and only if the modification of
product data has already been submitted and completed, this
operation could be recorded in LOG record. For example,
a value is add to a data item corresponding to a “Key” as
the value already exists in this data item, or deleting a data
value that does not exist. No change occurs to the product
data. Thus, such operation will not be recorded in LOG and
LOG storage overhead could be saved.There is no CHANGE
operation in LOG item, because it can be realized via first
DELETE operation and later ADD operation.

Thewhole LOG is divided into a number of LOGdomains
after product data consistency control. In the same primary
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or duplicate database, a LOG domain includes the LOG items
of all data update in the intervals of twice data consistency
control. (ID, CRE-TIME) is identified as a mark of all the
LOG domains within a same node. ID is the identification
number of the node, and CRI-TIME is timestamps for
identifying the creation time of LOG domain.

LOG domain is built in local node database. Once the
domain begins to conduct data consistency with other nodes,
the current LOG domain should be closed before transmitted
to other node database. A new LOG domain identification
will be created when the data consistency is completed.

Because different node databases often make product
data consistency with other node databases, different LOG
domains are made as smallest data unit to conduct transmis-
sion and exchange. Therefore, in fact, LOG is a mixture of
the LOG domains created locally and those created on other
nodes.

The positioning conditions of the manufacturing re-
sources are recorded from the manufacturing, logistics, and
sales to the product maintenance by combining all kinds of
positioning technologies in order to form the rich location
design thinking. These location data can be distributed on
different resource clouds, and the manufacturing resource
locating clouds (as shown in Figure 3) are formed by the
data share and integration, and the manufacturing resource
locating clouds will provide supports for the upper cloud
manufacturing services.

4. The Implementation Process of
the Product Data Consistency Control of
Cloud Locating Supports

4.1. Support for WIP and Material Locating of a Transparent
Workshop Service. Under the support of the cloud locating
platform, an enterprise can obtain the position information
of WIP and material in the workshop during a certain
period. The enterprise can understand current circulation
and consumption conditions of WIP and material by query-
ing position information of WIP and material and can also
grasp the circulation and use conditions ofWIP andmaterial
in the past certain time, thereby achieving the vitrification of
WIP andmaterial in the workshop.The positions ofWIP and
material are important production information, which can
reflect the production line status, the material consumption
condition, the inventory situation, and other production
conditions. Grasping the positions of WIP and material can
provide a direct basis for the control of the production
rhythm and the material scheduling and also provide a basis
for the production improvement, thereby reducing waste and
speeding up decision making and production efficiency.

4.2. Support for Personnel Locating of an Agile Supply Chain
Service. Essentially, the product data consistency control

based on log is achieved through synchronizing the log data
stored in different primary duplicate database. The obtained
difference log is mapped to data operation modification
language through local system to modify local database
to achieve data consistency. The supply chain helps the
enterprise to ship and also helps the enterprise to obtain the
material, and the quick and smooth supply chain can help the
enterprise to reduce the inventory, at the same time, to reduce
the material shortage, thus saving costs for the enterprise and
keeping a fluency of production.

It is included as an example of descripting the following
process that database A asks database B to conduct data con-
sistency control. The upstream and downstream enterprises
can reasonably arrange the production, the material delivery,
and other activities in accordance with the query results of
the manufacturing resource information.

Under the support of the cloud locating platform, the
enterprise provides the query permissions of this enterprise’s
material condition for the upstream supplier, and the supplier
draws up a reasonable production plan and a material deliv-
ery plan depending on the queried material condition and
in accordance with the materiel condition and the supplier
condition. At the same time, the enterprise also provides
the position information of product transportation vehicles,
and the downstream enterprise arranges the storage and
production plan in accordance with this information.

4.3. Quick-Response Service for Product Positioning. The state
vector of A includes the state of other primary duplicate
databases B and C that the current A has known. Meanwhile,
the state vector is also reflected in the LOG of A. The
transmission overhead required in the process is very small.

The product positioning provides location information of
products for enterprises, when the products break down or
are stolen, the nearby person who can deal with it will be
sent to conduct the maintenance, in accordance with current
positions of products, thereby achieving the service agility.

Under the support of the cloud locating platform, when
the products appear failures, the enterprise can query faulty
product locations for the cloud locating database, at the same
time query the locations, qualifications, and states of mainte-
nance personnel around the faulty products. The enterprise
timely sends the maintenance personnel who are nearest to
the failure locations, have maintenance qualifications, and
have free time to conduct the maintenance according to the
queried product and maintenance personnel information.

4.4. Support for the Cloud Locating Platform. With the
continuous modification and consistency control of product
data, the log increases continuously. Thus, the efficiency of
the system will be reduced in a period of time. Therefore,
the maintenance for the log should be made to guarantee
the working efficiency of the system. The cloud locating
platform will integrate position information of all kinds of
manufacturing resources in each enterprise to provide a
convenient and efficient positioning service for the manufac-
turing enterprises and to provide a bridge for communicating
among each enterprise, in order to promote the coordination
among enterprises.
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In order to contact each enterprise in the industry
chain to communicate, the enterprise can open the query
permission of this enterprise’s manufacturing resource for
the industry chain or other relevant enterprises in the area
and at the same time can obtain the query permissions of
other enterprises’ manufacturing resources. The enterprises
which obtain permissions can query relevant manufacturing
resources information based on permissions and conduct
the design, production plan arrangement, materiel delivery,
after-sales service, and so forth of products according to
these information. Each enterprise conducts a coordination
operation for the design, production, logistics, after-sales
service, and so forth, which ties the cloud locating platform.

5. Cloud Manufacturing Service Framework in
Which the Design Thinking Cloud

For any one of database, when the LOG domains included
in this node have already been copied to all the databases in
the system, then the LOG domains could be deleted from the
node. Because it will never be requested by other databases.
As well, for the LOG item, if the LOG item no longer made
any difference to the data in the system, it can be deleted from
LOG either.

The copy will ultimately be made to conduct consistency
control with primary database in product data primary copy
distributed storage mechanism. Therefore, creating a log
maintenance system in primary database is feasible. The
maintenance system judges which logs have been useless
for the system. Instructions are issued to delete the spam
logs when the copy conducts consistency with the primary
database. Generally, the ADD and DELETE items adopted
in this article may be removed from the system. In the
cloud manufacturing service mode shown in Figure 2, a
manufacturing resource design thinking cloud service can
serve as a kind of public infrastructure, independent of the
cloud manufacturing sharing platform. The cloud manu-
facturing sharing platform provides application tools and
application clouds and other different levels of services as
well as the whole service plan integrated by them in order
to provide a support platform for the cooperation between
the manufacturing service demander and the manufacturing
capacity provider.

In that framework, the manufacturing resource design
thinking itself is a kind of cloud service. Different operators
can establish private or publicmanufacturing resource design
thinking clouds through relevant infrastructures. On this
basis, they can integrate existing standards, resource parame-
ters, and other public database. These design thinking clouds
and public database form a powerful design thinking cloud
by the share and integration.

The cloud manufacturing service is realized through the
cooperation between the design thinking cloud and the
application cloud. But for users, the design thinking cloud
is not visible, and it exists as a kind of common resource.
Users can indirectly use public manufacturing resource data
provided by the design thinking cloud as long as they access
the cloud manufacturing sharing platform.

The product data consistency control method based on
log is practically applied in the “sale management subsystem”
of the “HTMC Product Data Management System” software
in a large-scale injection molding machine enterprise.

Because the sales forces in the large injection molding
machine enterprise are usually on business in other places,
the data in the duplicate database of C/S structural “sale man-
agement subsystem” cannot guarantee the real time consis-
tency with the data in the primary database in the enterprise,
mainly reflected in two aspects: (1) the data are not consistent
with the latest product information in the primary database
of the enterprise; (2) the users’ order information collected
by the sales representative is not consistent with that in
the primary database of the enterprise. However, the sales
representative needs to timely obtain the latest product
information and provide it to users, and the enterprise needs
to timely obtain the order information that the sale represen-
tative gets. Then, data consistency control is required.

Under the nonreal-time linkage situation, the consistency
control is achieved between the data of the portable “sale
management subsystem” and that of the primary database
in the enterprise and other duplicated portable “sale man-
agement subsystem”, so that the enterprise could obtain the
customer order collected by the moving “sale management
subsystem” within a short time and win time to configure
the product by order. Simultaneously, the “sale management
subsystem” obtains the latest order information and product
information to help the customer understand the enterprise
and the product and increase the customer’s trust degree on
the enterprise. Due to limitation of pages, we take just the
example of the related software interface of the consistency
control of customer order data in the sale management sub-
system to describe the application of the method in practical
software.

Before data consistency control, the customer order data
in a certain “sale management subsystem” include not only
the just collected customer order, but also the order informa-
tion obtained after conducting data consistency with the cus-
tomer order of other primary copy databases. The data need
to be provided to the customer regularly to win their trust.
After data consistency, the customer order data in the pri-
mary database of the enterprise can be ensured integrity. The
data consistency control interface can determine which pri-
mary copy database in the system is chosen tomake data con-
sistency control and determine what information can be
conduct consistency. Synchronization process is displayed on
the interface, and consistency control result is timely pro-
vided.

According to the statistics of the example, the data volume
required to be transmitted is 82 KB when adopting the
method in this article while the data volume is 367KB when
adopting the traditional data consistency control method.
The reason that the data volume is reduced lies in what
need to be transmitted in the network is just the state
vector and the inconsistent log item when adopting the new
method mentioned in this article while all the data in the
database need to be transmitted in traditional method. The
reduction of data volume will be more outstanding for the
larger database. At present, for the general Internet network
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environment, the reduction of data volume mentioned
enables the data consistency control of larger database in
mobile environment to be realized. And the communication
time and expenses of data are reduced. Meanwhile, the effi-
ciency of data consistency control is increased.

6. Conclusion

The difference between the product data consistency con-
trol method adopted in this article and the existing data
consistency control method is mainly reflected in the archi-
tecture and data replication method adopted.

(1) Compared with the architecture adopting the meta-
data record, the architecture based on log record
suggested in this article is used for recording the
overhead of product data change. And the overhead
depends on the modification frequency of data item,
the frequency of data consistency control and has
nothing to dowith the size of individual data item and
the quantity of data item, and the number of the copy
in the system. The efficiency in consistency control is
much higher and a large number of storage overhead
will be saved.

(2) Compared with the traditional data consistency con-
trol replication method, the optimistic replication
method adopted in this article is conducting the
update propagation after transaction, and all the
information is written in the updating transaction.
Then, the network communication overhead could be
effectively reduced.Meanwhile, the cost caused by the
error is low. What we need to do is just abandon local
data update. The error has nothing to do with other
nodes in the system.

In the rapid development of network technology today,
although the pattern of “fat” server and “thin” client has been
developed and promoted step by step, the disconnected C/S
system pattern will still continue to survive because of the
factors such as the complexity of themobile environment and
the distribution of geography position.
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Rolling bearing is widely used in rotating mechanical system, and its operating state has great influence on accuracy, reliability,
and the life of the whole mechanical system.Therefore, fault diagnosis of rolling bearing is indispensible for the health monitoring
in rotating machinery system. Wavelet package transform (WPT) and envelope demodulation have been common methods in
diagnosis of bearing fault, but the precision of diagnostic results is limited by the degree of damages on bearing. In this paper, a
method based on WPT and ensemble empirical mode decomposition (EEMD) is proposed to detect the fault of rolling bearing
and solve this problem. According to simulation and experimental results, it is effective in fault diagnosis of rolling bearing and is
better than the method based on WPT and envelope spectrum while the faults get more serious.

1. Introduction

Rolling bearing is a very important unit in rotary machinery,
which has been used in various applications, such as aero-
engine, wind turbines, and steam turbine [1–3]. As the com-
ponent damaged most easily, many breakdowns of rotating
machinery are associated with rolling bearing. Moreover,
the function of bearing has great influence on the working
state of mechanical system. Therefore, fault diagnosis of
rolling bearing is of great importance in health monitoring
of machinery.

Bearing failure is often accompanied by abnormal vibra-
tion and noise that can be detected. Hence diagnostic
methods based on vibration signal are the most suitable and
popular methods mentioned and studied by Immovilli et al.
[4]. Vibration signals mainly include three types of feature
related to fault bearing, which have been always analyzed
in time-domain, frequency-domain, and time-frequency
domain, respectively. In time-domain analysis, Wang and
Zhang [5] indicated that amplitude and kurtosis coefficient
are less time consuming. Moreover, the relationship between
kurtosis coefficients and the speed, size, and load of the
bearing was discussed by Ma et al. [6]. However, this method

is only used for the simplest case of qualitative analysis
conclusively. In frequency-domain, resonant demodulation
has been widely applied according to the modulation char-
acteristics of bearing vibration signals. Su et al. [7] indicated
that the resonance demodulation method is a common
method for fault diagnosing of rolling bearings element
but is difficult in determining the resonance frequencies of
mechanical system. In time-frequency domain, Tse et al. [8]
proposed fault diagnosis based on wavelet analysis method,
which is the improvement of fast fourier transform (FFT)
with envelope detection (ED). Then Wang and Zhang [9]
extensively studied onwavelet package transform (WPT) and
envelope analysis for rolling bearing fault diagnosis.However,
the demodulation property of these methods is limited by the
degree of damages on bearing.

To solve problems mentioned above, a method based on
WPT and ensemble empirical mode decomposition (EEMD)
is presented for rolling bearing fault diagnosis in this paper.
In Section 2, the methods ofWPT and EEMD are introduced
simply and then the procedures of bearing fault diagnosis
based on WPT and EEMD are illustrated in detail. The
results in simulation and experiment based on the method
are described in Section 3, and the comparison between
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our method and WPT with envelope spectrum is also
included. Finally, the discussion and conclusion are provided
in Section 4.

2. Methods

2.1. Wavelet Package Transform. WPT is a development of
wavelet decomposition that offers a richer range of possi-
bilities for the signal analysis. This analysis is obtained as a
result of successive time localization of frequency subbands
generated by a tree of low-pass and high-pass filtering opera-
tions. As a result, the frequency resolution becomes higher,
while the time resolution is reduced along with the increase
in the number of used filter banks. Vong et al. [10] studied the
spark ignition in engine with the analysis of WPT and case-
based reasoning. The mother wavelet was applied to detect
and diagnose the gear and bearing fault automatically by
Rafiee et al. [11]. A combination of WPT and neural network
was employed to establish an expert system for fault diagnosis
in internal combustion engines by Wu and Liu [12]. And
Saleh et al. [13] presented an innovative implementation of
the WPT using the Butterworth passive filter for differential
protection of power transformers, which is able to provide
a low-cost, good diagnosis and fast response to the internal
fault currents.

The procedure of WPT starts with original signal 𝑥
𝑑
[𝑛]

of length𝑁 in the first level 𝑗 = 1, which is decomposed into
two subband signals described as follows:

𝑎
1
[𝑛] =

𝑁−1

∑

𝑘=0

𝑔 [𝑘] 𝑥𝑑 [𝑛 − 𝑘] , (1)

𝑑
1
[𝑛] =

𝑁−1

∑

𝑘=0

ℎ [𝑘] 𝑥𝑑 [𝑛 − 𝑘] , (2)

where 𝑎1[𝑛] is the approximations on the first level, 𝑑1[𝑛]
is the details, 𝑘 is an integer, and 𝑔[𝑛] and ℎ[𝑛] are the

response functions of low-pass filter (LPF) and the high-
pass filter (HPF), the parameters of which are directly related
to the selected wavelet function. In order to increase the
frequency resolution and ensure the time localization of each
frequency subband, the outputs of both the LPF and HPF are
downsampled to half of data length on the upper level at the
end of each filtering stage. Figure 1 shows that the response
functions 𝐺(𝜔) and 𝐻(𝜔) transformed by 𝑔[𝑛] and ℎ[𝑛] are
decomposed by LPF and HPF with two successive levels in
WPT [14].

2.2. EEMD. EMD, proposed by Huang [15, 16], is an innova-
tive method applied to decompose the intrinsic mode func-
tions (IMFs) from a complex time series.This decomposition
is called the sifting process, which uses the mean of the upper
and lower envelopes that are formed by connecting the local
extrema (e.g., the maxima and minima) with cubic spline to
produce a difference from the original data, and the difference
is the first component.The sifting process should be repeated
until the component satisfies two conditions:

(a) in the whole time series, the difference between num-
bers of the extrema and the zero-crossing must be
equal to zero or one;

(b) at any point, the mean value of the upper and lower
envelopes is zero.

When the component satisfies those two conditions, an
IMF is noted by 𝑐

1
. The difference between the data and the

first IMF is the first residue noted by 𝑟
1
and treated as the data

for decomposing the next IMF. The decomposing process
should be repeated to find the 𝑛th IMF until the residue
becomes monotonic. The original data can be reconstructed
by the summation of 𝑛 IMFs and the 𝑛th residue and
expressed as follows:

𝑋 (𝑡) =

𝑛

∑

𝑖=1

𝑐
𝑖
+ 𝑟
𝑛
, (3)

where 𝑋(𝑡) is the original data, 𝑐
𝑖
is the 𝑖th IMF, and 𝑟

𝑛
is the

𝑛th residue. As useful as EMDproved to be, it still leaves some
annoying difficulties unresolved.

However, a major drawback of the original EMD is
the mode mixing, which is defined as a single IMF either
consisting of signals with widely disparate scales or a signal
of a similar scale residing in different IMF components.
The phenomenon of mode mixing is a consequence of
signal intermittency. As discussed by Huang [15, 16], the
intermittence could not only cause a serious aliasing in
the time-frequency distribution but also makes the physical
meaning of individual IMF unclear. To overcome the scale
separation problem, Huang and Wu [17, 18] proposed the
EEMD, which can indeed ameliorate some of the difficulties.

The detailed procedures of EEMD are described as fol-
lows:

(1) add a white noise series to the targeted data;
(2) decompose the data with added white noise into

IMFs;
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(3) repeat step 1 and step 2 again and again, but with
different white noise series each time;

(4) obtain the (ensemble) means of corresponding IMFs
of the decompositions as the final result.

The effects of the decomposition using the EEMD are
that the added white noise series cancel each other in the
final mean of the corresponding IMFs and the mean IMFs
stay within the natural dyadic filter windows and thus sig-
nificantly reduce the chance ofmodemixing and preserve the
dyadic property.

In EEMD, the numbers of ensemble and the noise
amplitude are the two parameters that need to be prescribed.
The effect of the added white noise should decrease following
the well-established statistical rule:

𝜀
𝑛
=

𝜀

√𝑁
, (4)

where 𝑁 is the number of ensemble members, 𝜀 is the
amplitude of the added noise, and 𝜀

𝑛
is the final standard

deviation of error, which is defined as the difference between
the input signal and the corresponding IMF(s).

2.3. Fault Diagnosis Based on WPT and EEMD. The basic
idea of WPT is to concentrate energy of signal into part of
trees [19]; then it chooses the frequency band adaptively by
the characteristics of the selected signal discussed by Wang
et al. [20]. EMD decomposes any time series into simple
intrinsic modes; each mode of index (𝑘 + 1), 𝑘 ≥ 2, occupies
a frequency domain which is roughly the upper half of that
of the previous residual of index 𝑘 studied by Flandrin et al.
[21] and applied in fault diagnosis of rotating machinery by
Wang et al. [22].The EEMD succeeding the capability of scale
separation of EMD enables the EMD to be a truly dyadic filter
bank for any data [18]. It decomposes time series into many
IMFs; the frequency band of the first IMF can be obtained by
the FFT, set as 𝐵

1
; then the frequency band of the IMF

𝑘th can
be estimated approximately according to the scale separation
capability of EEMD; the frequency band 𝐵

𝑘
is

𝐵
𝑘
=

𝐵
1

2(𝑘−1)
. (5)

Therefore, the WPT and EEMD are combined together to
detect the fault frequency in vibration signals.

When the failure of bearing emerges, the energy of vibra-
tion signal in different frequency bands has obviously big
differences from normal condition.The frequency band with
the maximum energy contains the most fault features, such
that WPT is used to choose the frequency band containing
maximum energy firstly. Subsequently, EEMD is employed
to extract specific frequency component from complicated
signal adaptively. The flow chart of bearing fault diagnosis
based on WPT and EEMD is shown in Figure 2.

The procedures of method based onWPT-EEMD include

(1) to calculate theoretical fault frequency of bearing
according to the size and structure of detected bear-
ing;

Begin

Input signal

Wavelet package
decomposition

Node energy

Reconstruction of the
index node

EEMD

Add IMF4 and IMF5

FFT

Amplitude spectrum

Extract fault
frequency

Diagnose fault type

End
Envelop of

reconstructed signal

Ei(i = 1, 2, . . . , n)

(Emax, index) = max(E)

Figure 2: Flow chart of bearing fault diagnosis.

(2) to extract the fault feature from vibration signals:

(a) setting WPT with wavelet db10 and 3 layers to
decompose vibration signal of bearing;

(b) selecting the decomposed node with maxi-
mum energy to reconstruct the vibration signal
including fault features;

(c) demodulating the reconstructed signals for its
envelope through the Hilbert transform (HT)
[23],

(3) to refine the fault features:

(a) decomposing the envelope by EEMD;
(b) calculating fault frequency and then choosing

the particular IMFs involving the bearing fault
frequency according to (5), and the sum of
chosen IMFs is analyzed by FFT for amplitude
spectrum analysis;

(c) recognizing the fault frequency and comparing
to the theoretical value.

3. Simulation and Experimental Results

There are many kinds of rolling bearing fault, such as
surface fatigue damage, wear, and bonding. Among the three
kinds of faults, the most common one is the surface fatigue
damage; moreover, it includes surface spalling, surface crack,
and other abnormal conditions. When the localized defects
appear on the surface of bearing element in themotor process
of rolling ball and inner race, cyclical impulsive vibration will
emerge consequently. The frequency of impulsive vibration
in detected vibration signals is called fault frequency, value of
which relies on the size, rotating speed, and damage position
of bearing analyzed by Ma and Li [24]. Therefore, due to
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Figure 3: Simulated signal of inner race fault: (a) simulated signal, (b) amplitude spectrum byWPT and envelope and (c) amplitude spectrum
of IMF 4 by our method.

different faults corresponding to different fault frequencies,
the type and position of damage is able to be identified on the
condition of known rotating speed and size of bearing.

Outer-race defects are easy to be produced on the
bearing in the laboratory and its salient fault signatures are
also simple to be detected by some condition-monitoring
schemes. Thereby, the bearing inner-race fault is taken as
a case to study and verify our method in this paper. The
experimental data of bearings monitoring were collected by
Case Western Reserve University, and the bearing type is
SKF6205, sampling frequency is 12 KHz, and sample number
is 6000 [25].

3.1. Features Analysis of Inner Race Fault. In the process of
loading operation, there is a circulating strike in defected part
when the localized defect appearing in the bearing inner race,
so a series of damped oscillation are generated by impulsive
excitation, which has the fault frequency of inner-race. The
equation of calculating the fault frequency in theory [26] is
displayed as

𝑓
𝑖
=
𝑛

2
𝑓
𝑎
(1 +

𝑑

𝐷
cos𝛼) , (6)

where𝐷 is the diameter of bearing pitch, 𝑑 is the diameter of
rolling ball, 𝛼 is contact angle, 𝑛 is the number of rolling ball,
and 𝑓

𝑎
is the rotating speed of bearing.

Due to the special features of physical structure in bear-
ing, impulsive vibration is always influenced by the system
and surrounding interference, so that the vibration signal
shows modulation feature, especially amplitude modulation.
The impulsive vibration generated by modulated signal is
able to stimulate one inherent frequency of bearing sys-
tem and lead to resonance. Consequently, after the WPT
decomposition and reconstructing of signals at the node
with maximum of energy, then gaining the envelope, the
frequency band of amplitude modulation signal is easy to
be extracted by EEMD. Therefore, the method based on
WPT-EEMD is feasible to demodulate and detect the fault
frequency accurately.

3.2. Simulation Analysis. A simulation analysis of bearing
inner race fault is essential before experiments on practical
data. If pitting fault exists on the bearing inner race, the
frequency of impulsive vibration is 𝑛∗𝑓

𝑖
(𝑛 = 1, 2, . . .) while

the rolling ball passes the damage place of working surface,
where 𝑓

𝑖
is fault frequency of inner race. Owing to the

damage position contacting with rolling ball continuously,
the periodic changes happen in the amplitude of impulsive
vibration, causing the amplitude modulation.Thus, the mod-
ulation frequency is 𝑓

𝑎
, and the carrier frequency is 𝑛∗𝑓

𝑖

(𝑛 = 1, 2, . . .) [26]. Besides that the inherent frequency and
resonance of bearing system triggered by the amplitude
modulation signal, a double modulation is generated as well;
then the amplitude modulation signal locates on both sides
of resonance frequency with the same distance, acting as
sideband in spectrum.

Thereby, the simulated amplitude modulation signal is
computed by (7), the simulated vibration signal of inner race
fault is calculated by (8), inwhich𝑓

𝑎
ismodulation frequency,

𝑛
∗
𝑓
𝑖
(𝑛 = 1, 2, . . .) is the carrier frequency, 𝑓

𝑔
is an inherent

frequency of bearing system [24], and𝑁(𝑡) is white noise:

𝑥
𝑖 (𝑡) = 𝐴 (1 + 𝐵 ∗ cos (2𝜋𝑓

𝑎
𝑡)) cos (2𝜋𝑛𝑓

𝑖
𝑡) , (7)

𝑦 (𝑡) = (1 + 𝐶𝑥𝑖 (𝑡)) cos (2𝜋𝑓𝑔𝑡) + 𝑁 (𝑡) . (8)

In (7),𝐴 = 1,𝐵 = 0.2,𝐶 = 0.4, 𝑛 = 1, and𝑓
𝑎
= 30Hz,𝑓

𝑖
=

160Hz, 𝑓
𝑔
= 2500Hz. Sample frequency is set to 12000Hz,

length of sample is 6000, and the frequency band of the first
IMF of envelope analyzed by EEMD is 0∼2000, according
to (5); IMF4 is chosen as the component concluding fault
frequency. So the simulated signal, amplitude spectrumbased
onWPT envelope, and amplitude spectrumof IMF4 based on
our method are all shown in Figure 3.

It is apparent that the frequency with peak of amplitude
spectrum is 160Hz in Figures 3(b) and 3(c), which is the same
as the setting fault frequency. In the simulation analysis, it is
verified that the method based onWPT-EEMD is effective in
extracting fault frequency and diagnosing fault type.
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Figure 4: Original signals of bearing working in different conditions: (a) normal signal and (b) inner race fault signal.
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Figure 6: Amplitude spectrum: (a) amplitude spectrum of IMF 4 by
our method and (b) amplitude spectrum by WPT and envelope.

3.3. Experimental Results. In practice, the rotating speed of
machinery system ranges from 1730 to 1797 r/min, and the
fault diameter of inner race bearing gets bigger and bigger,
from0.007 to 0.021 inch.Thedatawith the quickest speed and
the biggest fault diameter are chosen as the analyzed object,
so the innerrace fault frequency is 162.2Hz calculated by (6).
The original signals of normal condition and inner race fault
bearing are shown in Figure 4.

In fault condition, the vibration signal includes many
periodic impulsive components and shows amplitude
modulation feature displayed in Figure 4(b), compared
to Figure 4(a). And then, the energy distribution of each
node in the third level is shown in Figure 5, after fault data
are decomposed by WPT. It is obvious that the maximum
energy is located at the second node, and the corresponding

frequency band is (1500, 2250)Hz [20], so that the fault
impulsive signal is modulated to that frequency band.
In order to achieve the fault features, it is necessary to
reconstruct vibration signal in the specific frequency bands
and gain it envelope through HT.

Secondly, the envelope of reconstructed vibration signal
is decomposed into IMFs by EEMD. Analyzing the envelope
by EEMD, the frequency band of the first IMF of envelope
analyzed by EEMD is 0∼2000, the fault frequency of inner
race is 162.2Hz, according to (5), IMF four is chosen as the
component concluding fault, and its amplitude spectrum is
shown in Figure 6(a).Wang andZhang [9] presented the fault
diagnosis based on WPT and envelope spectrum; however,
it is just adaptive to slight bearing fault. While the degree
of fault gets more serious, some interference frequencies
make it difficult to get fault frequency of bearing. Compared
to the result obtained by WPT and envelope spectrum in
Figure 6(b), the fault frequency 162Hz is not only clearly
depicted in Figure 6(a), there are not also other interference
frequencies in it. The method proposed in this paper is the
improvement of WPT and envelope spectrum methods; it
can reduce interference and increase accuracy of identifying
fault type. Finally, according to simulation and experimental
results, fault diagnosis based on WPT and EEMD is effective
in fault diagnosis of rolling bearing and is better than WPT
and envelope spectrum methods while the faults get more
serious.

4. Discussion and Conclusion

In this paper, we studied fault diagnosis method of rolling
bearing and proposed a new method based on WPT and
EEMD, which can overcome the limitation of WPT and
envelope detection methods to the degree of fault. In con-
clusion, according to simulation and experimental results,
fault diagnosis based on WPT and EEMD is effective in fault
diagnosis of rolling bearing and is better than WPT and
envelope spectrummethodswhile the faults getmore serious.
Although the bearing inner race fault is analyzed firstly in
this paper, the method based on WPT and EEMD is also
useful for the fault diagnosis of outer race. However, it still
has some difficulties in diagnosing rolling ball fault because
of its irregularity in collected data. Therefore, it is significant
to improve this method in further study and to enhance the
accuracy in bearing fault diagnosis.

Besides, the calculation in EEMD is time consuming and
memory intensive. It is suggested that a very large internal
memory is necessary if it is calculated on a desktop style
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computer. Also, there are several tricks in Matlab for more
efficient computation; for instance, if there is a multiple-
core processor in your computer, you can specify that in
the preamble of Matlab and then computation will be more
efficient. Moreover, the general-purpose computing on the
graphics processing unit (GPGPU) is also able to enhance
the performance of computation, which has already been
applied in calculating the EEMD to improve its efficiency
[27].Therefore, a desktop style computer withmore powerful
and large internal memory can solve these problems in the
computation of fault diagnosis based on WPT and EEMD in
the near future.
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The fiber Bragg grating (FBG) technology has been rapidly applied in the sensing technology field. In this paper, an FBG pressure
sensor is designed and implemented to detect the leakage of prestressed concrete cylinder pipe (PCCP). The pressure sensor is
mainly based on a Bourdon tube with two FBGs bonded on its outside and inside surfaces, respectively.Themeasurement principle
and simulation analysis results are described. The wavelength shift difference of the two FBGs is utilized as a pressure sensing
signal, the sensitivity is enhanced, and the temperature cross-sensitivity is compensated. Experimental results indicate that the
measurement sensitivity is 1.414 pm/kPa in a range from 0 to 1MPa, and the correlative coefficient reaches 99.949%. This kind of
pressure sensor is effective to quasi-distributed measure and online monitor pressure of gas or liquid in industry and manufacture
fields.

1. Introduction

In recent years, fiber Bragg grating (FBG) sensors have been
widely used in an increasingly large number of sensing
applications due to their especially attractive characteristics
such as intrinsical safety, immunity to electromagnetic fields,
remote sensing, and large multiplexing capabilities, as dis-
cussed by Mihailov [1]. Pressure is one of the most important
physical parameters in a process industry. Unfortunately, the
traditional pressure sensors, mostly based on electrical train
gauge, vibration wire, mechanics, and so forth, as discussed
elsewhere [2, 3], are unable to adapt to the harsh envi-
ronments with serious electromagnetic interference (EMI),
dangerous chemicals, or explosionmatters and are impossible
to realize pressure’s multipoint measurement and online
monitoring at a long distance. Therefore, the FBG-based
pressure sensors have become an important researching
direction as studied elsewhere [4–7].

The intrinsic pressure sensitivity of a bare FBG is only
3.04 pm/MPa, which is too low for the practical pressure
measurement as presented by Xu et al. [8]. There are many

methods proposed to enhance the pressure measurement
sensitivity indirectly, such as embedding FBG in polymer,
soldering metal-coated FBGs on a free elastic cylinder, and
attaching the FBG fiber to a diaphragm as studied elsewhere
[9–13]. However, many of these approaches have relatively
complex structures which are not easy to be fabricated. The
prestressed concrete cylinder pipe (PCCP) has been widely
applied in the world for water conveyance in many areas
like municipal, industrial, and plant piping systems [14].
The security monitoring and reliability management of large
diameter PCCP still meet a lot of challenges for the owners
and the public in some significant projects such as the Great
Man Made River (GMMR) in Libya and the South-to-North
Water Diversion (SNWD) in China [15].

In this paper, an FBG pressure sensor using a Bourdon
tube as spring element is designed and applied to detect
the leakage of prestressed concrete cylinder pipe (PCCP).
The measurement principle and simulation analysis results
of this pressure sensor are introduced. Experimental results
indicate that the measurement sensitivity is 1.414 pm/kPa in a
range from 0 to 1MPa, and the correlative coefficient reaches
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Figure 1: The structure of the FBG pressure sensor.

99.949%.With respect to the features of the designed pressure
sensor, it is expected to be widely used for pressure’s quasi-
distributed measure or online monitoring in industry and
manufacture fields.

2. The FBG Pressure Sensor

2.1. Measurement Principle. Fiber Bragg grating is written
by exposing a single mode fiber to a periodic pattern of
ultraviolet light, and the sensing of FBGs is based on the
principle of Bragg reflection.Thewavelength variation caused
by the axial strain change Δ𝜀 and the temperature change Δ𝑇
could be given by [16, 17]

Δ𝜆

𝜆
= (1 − 𝑝

𝑒
) Δ𝜀 + (𝛼

𝑓
+ 𝜉)Δ𝑇, (1)

where 𝜆 is the initial wavelength of FBG, 𝑝
𝑒
, 𝛼
𝑓
, and 𝜉 are,

respectively, the effective photoelastic coefficient, the thermal
expansion coefficient, and the thermal-optic coefficient of
fused silica fiber. According to (1), the influence of tempera-
ture fluctuation should be eliminated in order to obtain pure
strain variation.

Since the intrinsic pressure sensitivity of FBG is not
very high, thus the FBG pressure sensing has been generally
realized indirectly by sensing the strain instead. In order to
amplify the pressure measurement, a Bourdon tube is used as
a spring element for its simplicity, reliability, and adaptability.
Therefore, the structure of the designed FBG pressure sensor
is depicted in Figure 1.

As shown in Figure 1, two FBGs (FBG-1, FBG-2) are,
respectively, bonded on the outside and inside surfaces of
a C-type Bourdon tube along the circumferential direction
with an epoxy adhesive. The Bourdon tube has a flat oval
cross section. It is assumed that the provided end effects are
neglected, and the strain on longitudinal line of the Bourdon
tube’s surfaces is the same along the circumferential. The
maximum strain value occurs on the center longitudinal line
and could be calculated by the following [18, 19]:

𝜀 =
1 − 𝜇
2

𝐸

𝑅
2

𝑎2
(1 −
𝑏
2

𝑎2
)
3

𝛽 + 𝐾2

2Φ

𝐾
𝑃, (2)

where 𝐾 = 𝑅ℎ/𝑎2, 𝑃 is the applied pressure, 𝐸 is the Young’s
modulus, 𝜇 is the Poisson’s ratio of material, 𝑎 and 𝑏 are
the semimajor axis and semiminor axis of the flat oval cross
section, ℎ is the wall thickness, 𝑅 is the radius of curvature of
the Bourdon tube, andΦ is a position function in the relation
between 𝑎/𝑏 and ℎ/𝑏. Equation (2) could be expressed as

𝜀 = 𝑐𝑃, (3)

where 𝑐 is a constant for any given Bourdon tube. FBG-
1 glued on the outside surface of the Bourdon tube senses
a negative strain, and FBG-2 bonded on the inside surface
of the Bourdon tube detects a positive strain, as shown in
Figure 1. Assuming that the strain transmission ratio is 1,
according to (1) and (3) the relation of wavelength shifts of
the two FBGs and the applied pressure can be expressed as
follows

Δ𝜆FBG-1
𝜆FBG-1

= − (1 − 𝑝
𝑒
) 𝑐Δ𝑃 + (𝛼

𝑓
+ 𝜉)Δ𝑇, (4)

Δ𝜆FBG-2
𝜆FBG-2

= (1 − 𝑝
𝑒
) 𝑐Δ𝑃 + (𝛼

𝑓
+ 𝜉)Δ𝑇. (5)

As the FBG-1’s initial wavelength 𝜆FBG-1 is close to the
FBG-2’s initial wavelength 𝜆FBG-2, and the initial wavelengths
(𝜆FBG-1, 𝜆FBG-2) are much larger than the wavelength shifts
(Δ𝜆FBG-1, Δ𝜆FBG-2), so 𝜆0 could be used to replace 𝜆FBG-1 and
𝜆FBG-2.The difference of the twowavelength shifts is obtained
by subtracting (4) from (5):

Δ𝜆FBG-2 − Δ𝜆FBG-1 = 2𝑐𝜆0 (1 − 𝑝𝑒) Δ𝑃. (6)

Thus, (6) can be adapted as

Δ𝜆FBG-2 − Δ𝜆FBG-1 = 𝑘Δ𝑃, (7)

where 𝑘 = 2𝑐𝜆
0
(1 − 𝑝

𝑒
) is a constant and is able to represent

the pressure sensitivity of the FBG pressure sensor. Equation
(7) shows that the two FBGs’ wavelength shift difference is
a linear function of the applied pressure and independent of
temperature variation. Using the wavelength shift difference
of the two FBGs as pressure sensing signal, the pressure
sensitivity is improved, and the temperature cross-sensitivity
is effectively avoided.

2.2. Simulation Analysis. To verify the feasibility of the pro-
posed method and structure, finite element analysis (FEA)
with ANSYS has been carried out. In the simulation analysis,
the strain distribution on the surfaces of the Bourdon tube
has been calculated. The material of the Bourdon tube is
copper alloy, and the parameters of the Bourdon tube in the
following calculation and simulation are Young’s modulus
𝐸 = 1.1×10

11 Pa, Poisson’s ratio 𝜇 = 0.31, radius of curvature
𝑅 = 33mm, wall thickness ℎ = 0.55mm, semimajor axis
𝑎 = 6mm, and semiminor axis 𝑏 = 2.5mm.

The center strain values on the Bourdon tube’s surface
where the two FBGs are bonded versus pressure variation are
shown in Figure 2. It is obvious that there is a linear relation
between the strain values and the applied pressure, which
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Figure 2: The center strain values on the outside surface versus
pressure variation.

matches the theoretical calculation analysis aforementioned.
The linear relation between the strain (𝜀

1
, 𝜀
2
) and the applied

pressure 𝑃 can be, respectively, expressed as

𝜀
1
= −800𝑃, 𝜀

2
= 943𝑃. (8)

For an FBG of central wavelength of 1550 nm, typi-
cal strain sensitivity is approximately 1.2 pm/microstrain.
According to (6) and (8), the difference of the two FBGs’
wavelength shifts could be obtained as follows:

Δ𝜆FBG-2 − Δ𝜆FBG-1 = 2091.6Δ𝑃. (9)

Equation (9) shows that the pressure sensitivity sim-
ulation calculated is 2091.6 pm/MPa or 2.0916 pm/kPa. In
addition, the modal analysis results with ANSYS explain that
the inherent frequency of the Bourdon tube is 180.7Hz, so the
presented pressure sensor is unsuited for the measurement of
dynamic pressure with high frequency.

3. Experiment and Results

Theexperimental devices are shown in Figure 3, involving the
FBGpressure sensor, a piston gauge, an FBG interrogator, and
a personal computer. The FBG pressure sensor is placed on
a piston gauge which is used to control the pressure applied
to the pressure sensor. An FBG interrogator based on CCD
array with minimum resolution of 0.1 pm is used to monitor
the Bragg wavelength shifts of the two FBGs under different
values of the pressure. During the experiment, the pressure
applied to the sensor by the piston gauge is changed from 0
to 1MPa with a step of 0.1MPa, and the temperature around
is fixed at the room temperature.

Figure 4 depicts the wavelength shifts versus pressure
variation for the twoFBGs.Thewavelength of FBG-2 presents
a red shift, indicating that FBG-2 is stretched and senses
the positive strain while the wavelength of FBG-1 has a blue

FBG pressure sensor

Piston gauge
FBG interrogator

PC

Figure 3: A photo of the experiment instruments.
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Figure 4: Wavelength shifts of the two FBGs versus pressure
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shift which verifies that FBG-1 is compressed and senses the
negative strain. Both variation patterns are linear.

Figure 5 shows the variation of the wavelength shift
difference for the two FBGs versus the applied pressure.
The fitting results are also presented in Figure 5, and the
pressure sensitivity is 1.414 pm/kPa with a fitting linear
correlation coefficient of 99.949%. The measured sensitivity
is in agreement with the simulation calculation value, and
the difference is mainly caused by the simulation calculation
error and the strain transmission ratio.

4. Application in Detecting Pipe Leakage

In the following experiments, the presented FBG pressure
sensor is utilized to detect the leakage of PCCP pipeline. The
experimental devices and procedure are shown in Figure 6,
mainly consisting of two concrete piers, a steel cylinder
pipe, two PCCPs (PCCP-1 and PCCP-2), an FBG pressure
sensor, an FBG interrogator, and a personal computer. The
inside and outside diameters of the PCCP are 2m and 2.6m,
respectively, and the length of each PCCP is 5m. Figure 7 is a
real photo of the partial experimental field.

As shown in Figure 7, the FBG pressure sensor is installed
at the pipe joint between PCCP-1 and PCCP-2, where the
leakage events usually take place in the PCCP pipeline. The
FBG pressure sensor is fixed in the test hole by a screw

thread to measure the pressure variation in the cavity, which
is between the rubber seal A and rubber seal B, as depicted in
Figure 8. If the rubber seal A becomes invalid, the pressured
water in the PCCP would flow into the ring cavity, and the
pressure in the ring cavity would rise. If the rubber seal B also
becomes invalid, the water would go through rubber seal A
and rubber seal B and leak to the outside of the PCCP from
the joint.

After the pipeline was filled with water, the pressure of
the water would be elevated to approximately 0.6MPa by
a motor pump as shown in Figure 7. Figure 9 shows the
pressure variation in the ring cavity recorded by the FBG
pressure sensor. It could be found that the pressure in the
ring cavity firstly gradually rises to 0.6MPa and then has
a downward trend. It is mainly because the water in the
pipelinewas leaking to the outside through the rubber seals as
shown in Figure 8.Therefore the pressure of the water in ring
cavity could not be stabilized at 0.6MPa. This experiment
demonstrates that the presented FBG pressure sensor could
be effectively used to detect the leakage of PCCP pipeline by
monitoring pressure aviation in the ring cavity.

5. Conclusions

An FBG pressure sensor adopting a Bourdon tube with two
FBGs as pressure component has been presented and utilized
in practice. The temperature cross-sensitivity is effectively
avoided by using the wavelength shift difference of the
two FBGs as the pressure sensitive parameter. Moreover,
the experimental results demonstrate that the FBG pressure
sensor possesses a good linearity and repeatability with the
measurement sensitivity of 1.414 pm/kPa, which is 465 times
higher than a bare FBG. The presented sensor has been
utilized to detect the leakage of PCCP pipeline.Themeasure-
ment range and sensitivity of the pressure sensor could be
adjusted by simply optimizing the size and material of the
Bourdon tube, and multiple sensors could be multiplexed in
one single optical fiber. This kind of FBG pressure sensor is
supposed to have many potential applications for pressure’s
quasi-distributed measurement and online monitoring in
industry and manufacture fields.



Advances in Mechanical Engineering 5

Prestressing wire Cement mortar 
place in field

Outer concrete

Inner concrete

Steel cylinder

Spigot ringTest hole

Rubber seal BRubber seal A

Ring cavity

Bell ring

Fiber FBG pressure sensor

Figure 8: Installation of the FBG pressure sensor.

0 200 400 600 800 1000 1200

0

0.1

0.2

0.3

0.4

0.5

0.6

Pr
es

su
re

 (M
Pa

)

Time (s)

Figure 9: Pressure variation in the ring cavity.

Acknowledgment

This work was supported by the National Science and
Technology Major Project of China under Grant no.
2012ZX04001-012-05.

References

[1] S. J. Mihailov, “Fiber bragg grating sensors for harsh environ-
ments,” Sensors, vol. 12, no. 2, pp. 1898–1918, 2012.

[2] C. G. Lan, Z. Zhou, J. He, and J. P. Ou, “A high reliable liquid
pressure sensor based on dual FBGs,”Pacific Science Review, vol.
9, no. 1, pp. 92–96, 2007.

[3] X. Wang and C. Wu, “Pressure sensitivity researched on the
metal-coated FBG sensors,” Advanced Materials Research, vol.
462, pp. 160–163, 2012.
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A fiber Bragg grating (FBG) tension sensor for anchor rope has been proposed and implemented in the full-scale impact test
of rockfall protection barriers in this paper. According to the measurement principle of the tension sensor, the wavelength shift
difference of the two FBGs which, respectively, measure the positive and negative strain in the spring element is utilized as sensing
signal. Therefore, the force sensitivity is increased and the temperature cross-sensitivity is compensated. Experimental results
indicate that the measurement sensitivity is 14.85 pm/kN in a range from 0 to 150 kN. The dynamic forces on anchor ropes in
barriers have been clearly recorded by the designed sensors during the impact test, and the variation of the impact forces could be
mainly divided into three stages.This kind of tension sensor is expected to be widely used for force’s quasi-distributedmeasurement
or remote monitoring in industrial and mechanical fields.

1. Introduction

Anchor ropes have been widely applied in industry and
manufacture fields. For the traditional force transducers or
tension sensors mainly based on electrical strain gauges or
piezoelectric materials, there are many disadvantages which
restrict their utilization in harsh environment, since they
are influenced by electromagnetic interference (EMI) and
difficult to realize force’s remote or multipoint measurement
as discussed elsewhere [1–3]. Therefore, there is a lack
of an efficient and effective method to realize multipoint
measurement or long-term online monitoring of the tensile
forces on anchor ropes at a remote distance.

In recent years, fiber-Bragg-grating- (FBG-) based sen-
sors have been intensively investigated and widely imple-
mented, due to their attractive characteristics such as small
size, immunity to EMI, remote sensing, environmental
ruggedness, and massive multiplexing capabilities, as dis-
cussed elsewhere [4–6]. Thanks to these excellent transmis-
sion capabilities, the distance to the measuring point can
be many kilometers, and a lot of measuring points can be

multiplexed in a single optical fiber as discussed by López-
Higuera et al. [7]. Given their intrinsic capability to mea-
sure a multitude of parameters such as strain, temperature,
pressure, acceleration, chemical and biological agents, and
many others, FBG-based sensors have been developed for a
widespread variety of sensing andmonitoring applications in
civil engineering, aerospace, marine, oil and gas, composites,
smart structures, and biomedical devices as studied elsewhere
[8–11]. A load cell based on fiber Bragg grating for icing
monitoring on high-voltage overhead transmission lines was
presented by Ma et al. [12]. FBG sensors were encapsulated
into steel strand for tension monitoring of a tendon as
proposed by Kim et al. [13]. An FBG pull sensor based on
loop thin-wall section beam was presented by Liu et al. [14].

In this paper, an FBG tension sensor for anchor rope has
been designed and studied. Measurement principle of the
tension sensor is introduced. Using the two FBGs’ wavelength
shift difference as sensing signal, the measurement sensitivity
is improved and the temperature cross-sensitivity is avoided.
The dynamic impact forces acting on the anchor ropes in the
rockfall protection barrier during the full-scale impact test
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have been accurately monitored by the FBG tension sensors,
and the variation of the impact forces could bemainly divided
into three stages. This kind of FBG tension sensor could be
widely used for force’s quasi-distributedmeasurement or real-
time remote monitoring in industrial and mechanical fields.

2. The FBG Tension Sensor

The structure schematic diagram of the FBG tension sensor
is depicted in Figure 1. The tension sensor mainly consists of
two FBGs and a spring element.The two FBGs (FBG-1, FBG-
2) in one optical fiber are bonded on the surface of the spring
element with epoxy adhesive as shown in Figure 1.The spring
element converts linearly the force into strain, and the two
FBGs are used to detect the strain distributed on the surface
of the spring element.

2.1. Fiber Bragg Grating. Fiber Bragg grating is a spectral
filter realized by the principle of Bragg reflection. It is
written by exposing the optical fiber to a periodic pattern
of ultraviolet light. The Bragg wavelength shift of FBG Δ𝜆
is simultaneously modulated by strain and temperature. The
wavelength variation response to axial strain change Δ𝜀 and
temperature change Δ𝑇 could be given by [15]

Δ𝜆

𝜆
= (1 − 𝑝

𝑒
) Δ𝜀 + (𝛼

𝑓
+ 𝜁)Δ𝑇, (1)

where 𝜆 is the initial wavelength of FBG 𝑝
𝑒
, 𝛼
𝑓
, and 𝜁 are,

respectively, the effective photoelastic coefficient, the thermal
expansion coefficient, and the thermal-optic coefficient of
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Figure 3: Strain values of 𝜀
1
and 𝜀
2
versus force.

fused silica fiber. According to (1), the influence of tempera-
ture fluctuation should be eliminated in order to obtain pure
strain variation.

2.2. Measurement Principle. The spring element of the sensor
is a metal plate with two circular holes in a flat oval cavity
as shown in Figure 2. When an external tension 𝐹 is applied,
the spring element deforms and strain is produced on its
surface. FBG-1 and FBG-2 bonded on the surface of the
spring element sense the strain (𝜀

1
, 𝜀
2
) at their placed points

(point 1 and 2), respectively. The wavelength shifts of FBG-1
and FBG-2 are obtained by (1)

Δ𝜆FBG-1 = (1 − 𝑝𝑒) 𝜆FBG-1Δ𝜀1 + (𝛼𝑓 + 𝜁) 𝜆FBG-1Δ𝑇1, (2)

Δ𝜆FBG-2 = (1 − 𝑝𝑒) 𝜆FBG-2Δ𝜀2 + (𝛼𝑓 + 𝜁) 𝜆FBG-2Δ𝑇2. (3)

As the two FBGs in one sensor are fabricatedwith approx-
imate initial wavelengths (𝜆FBG-1 = 1556.101 nm, 𝜆FBG-2 =
1561.895 nm) and the initial wavelengths are much larger
than the wavelength shifts (Δ𝜆FBG-1, Δ𝜆FBG-2), 𝜆FBG-1 and
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𝜆FBG-2 could be replaced by an equivalence value (𝜆). Assum-
ing that the two FBGs undergo the same temperature varia-
tion, the difference between the two wavelength shifts could
be estimated by subtracting (2) from (3):

Δ𝜆FBG-1 − Δ𝜆FBG-2 = (1 − 𝑝𝑒) 𝜆 (Δ𝜀1 − Δ𝜀2) . (4)

For an FBG of central wavelength of 1550 nm, typical
strain sensitivity is approximately 1.2 pm/microstrain. Equa-
tion (4) can be adapted as

Δ𝜆FBG-1 − Δ𝜆FBG-2 = 1.2 (Δ𝜀1 − Δ𝜀2) . (5)

Figure 3 shows the strain values of 𝜀
1
and 𝜀
2
calculated

by the finite element analysis (FEA) with ANSYS, when the
spring element is applied by different values of force 𝐹. The
material of the spring element is 1045 steel and the structure
parameters of the spring element used in the calculation and
simulation are as follows: Young’smodulus𝐸 = 1.93×1011 Pa,
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Figure 6: Variation of the wavelength shift difference of the two
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Figure 7: General view of the test site.

Poisson’s ratio 𝜇 = 0.31, radius 𝑅 = 33mm, diameter 𝐷 =
55mm, thickness 𝐻 = 30mm, ℎ = 10mm, length 𝐴 =
270mm, width 𝐵 = 106mm, and distance 𝑐 = 39mm.

It could be found fromFigure 3 that there is positive strain
𝜀
1
at point 1 and negative strain 𝜀

2
at point 2. The linear

relation between the strain (𝜀
1
, 𝜀
2
) and the applied force𝐹 can

be, respectively, expressed as

𝜀
1
= 5.56𝐹, 𝜀

2
= −9𝐹. (6)

Assuming that the strain transmission ratio from the
spring element to FBGs is 1, regardless of the effect of
adhesive, according to (5) and (6), the relation of wavelength
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Figure 8: Details of the impact test: (a) sketch of the tested barrier, (b) brake ring and ring net, (c) concrete block, and (d) FBG tension sensor
installed on the rope.

Figure 9: The tested barrier after the impact.

shift difference of the two FBGs and the applied force can be
obtained:

Δ𝜆FBG-1 − Δ𝜆FBG-2 = 17.472Δ𝐹. (7)

Equation (7) shows that the difference in wavelength
shifts of the two FBGs is a linear function of force and
independent of temperature variation. In addition, the force
sensitivity calculated is 17.472 pm/kN, and it is enhanced
compared to thewavelength shift of one single FBGas sensing
signal.

2.3. Calibration Experiment. The calibration experiment has
been carried out on a material testing machine as shown
in Figure 4. The wavelength interrogation system is used to
monitor the FBGs’ wavelength shifts andmainly composed of
an FBG interrogator and related ancillary components such
asmultiplexers, switches, and software.The FBG interrogator
shown in Figure 4 is based on diffractive grating and charge-
coupled device (CCD) array technology with minimum
wavelength resolution of 0.4 pm and maximum data acqui-
sition rate of 8 kHz, which could suit most measurement

applications of dynamic force. During the experiment, the
force applied to the FBG tension sensor is controlled by the
material testing machine and changed from 0 to 150 kN.

Figure 5 shows the wavelength shifts of the two FBGs ver-
sus the applied force.The wavelength of FBG-1 presents a red
shift, indicating that FBG-1 senses the positive strain, while
the wavelength of FBG-2 has a blue shift which verifies that
FBG-2 measures the negative strain. Both variation patterns
are linear, and the slope is 5.57 and −9.28, respectively.

Figure 6 lists the difference values in thewavelength shifts
of the two FBGs at each force value.The fitting results are also
presented and the force sensitivity obtained is 14.85 pm/kN
with a fitting linear correlation coefficient of 99.969%. The
measured sensitivity is in agreement with the theoretical
calculation value, and the difference is mainly caused by the
strain transmission and simulation calculation error.

3. Application for Dynamic
Force Measurement

Rockfall protection barriers have been extensively used in
civil engineering as passive countermeasures to prevent a
rockfall event to reach the surrounding roads, railways, and
built-up areas as discussed elsewhere [16, 17]. Full-scale
impact tests are very important to evaluate the behaviour
of rockfall protection barriers and design procedures that
still mostly rely on the results of impact rest as discussed
elsewhere [18, 19]. The FBG tension sensors presented in
this paper have been utilized to measure the dynamic forces
acting on the anchor ropes of the barriers in impact test.

The test site depicted in Figure 7 located in Sichuan,
China, was built by Sichuan OST Slope Protection Engineer-
ing Co., Ltd, in order to verify and assess whether a rockfall
protection barrier is effectively able to withstand the designed
impact energy.The test block, a concrete polyhedron, is lifted
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Figure 10: The impact forces measured by the FBG tension sensors.

by a travelling crane and then released to vertically impact
into the barrier in freefall motion with known kinetic energy.

The tested barrier, a full-scale flexible rockfall protection
barrier manufactured by the company, has a capacity to
protect against rockfall impact energies of up to 1000 kJ.
Figure 8(a) shows the sketch of the tested barrier, which is
mainly composed of ring nets, posts, anchor ropes (support
rope, retaining rope, and other ropes), clamps, studs, and so
forth. The ring nets and brake rings illustrated in Figure 8(b)
are the dissipating devices in a barrier.

Four FBG tension sensors (S1, S2, S3, and S4) were
installed on the main force-bearing retaining ropes (3, 4, 5,
and 6) in the barrier to measure the dynamic tensile forces
during the impact test as shown in Figures 8(a) and 8(d).
After free falling from a height of 20m, the 5 ton concrete
block smashed into the ring net of the barriers with an impact
kinetic energy of 1000 kJ, which is the maximum designed
absorbing energy value of the tested barrier.

4. Results and Discussion

In the impact test, the tested barrier successfully caught the
falling concrete block and effectively withstood the impact
energy of 1000 kJ. The barrier after the impact with the block
in the net is shown in Figure 9.

As depicted in Figure 10, the FBG tension sensors clearly
recorded the impact forces acting on the retaining ropes
during the test with a sampling rate of 1 kHz. The peak
values of impact forces on retaining cope 3, 4, 5, and 6 were,
respectively, 91.2 kN, 119.5 kN, 110.2 kN, and 82.7 kN, and the
overall braking time was approximately 0.87 s. As the block
was still in the net, the forces on the ropes did not return to
zero after the impact as shown in Figure 10.

The impact forces recorded in the initial first second as
shown in Figure 11 indicate that the variation of the impact
forces on the retaining ropes could be mainly divided into
three stages: smooth increasing to a value, seesaw rising until
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Figure 11: The impact forces recorded in the initial first second.

reaching the peak value, and rapidly decreasing. This impact
process measured by the FBG tension sensors has a good
agreement with the results obtained by Gottardi and Govoni
using traditional load cells [20].

Considering the barrier’s structure characteristics and the
measurement results, it could be found that

(1) in the first stage, the tensile forces on the retaining
ropes are lower than the start thresholds of the brake
rings on the ropes, and the impact kinetic energy is at
first absorbed through plastic deformation of the ring
bundles of the ring nets;

(2) in the second stage, the tensile forces on the ropes
reach and exceed the start thresholds, and the brake
rings are added to dissipating the kinetic energy;

(3) finally in the third stage, the impact energy has been
absorbed by the energy dissipating devices.

The presented FBG tension sensors are extremely useful
in the impact tests to provide accurate and reliable experi-
mental data for investigating the behaviour of the rockfall
protection barriers. Furthermore, due to the characteristics
of remote sensing, environmental ruggedness, and massive
multiplexing capabilities, they could be applied to monitor
the security conditions of the barriers at a remote distance.

5. Conclusions

An FBG tension sensor for anchor rope has been presented
and applied to measure the dynamic forces on anchor ropes
in impact test. The temperature cross-sensitivity is effectively
avoided by using the wavelength shift difference between
the two FBGs adhered on the spring element as the force
sensitivity parameter. The experiment results indicate that
the force sensitivity is 14.85 pm/kN in a range from 0 to
150 kN. The dynamic forces on anchor ropes in the full-scale

impact test of a rockfall protection barrier have been clearly
recorded by the FBG tension sensors.Themeasurement range
and sensitivity of the tension sensor can be easily adjusted
by optimizing the size and material of the spring element to
adapt different measure demands, and multiplexing could be
realized by adding the FBGs in a single optical fiber. This
kind of force sensor is supposed to have many potential
applications for quasi-distributed force measurement and
remote onlinemonitoring in industrial andmechanical fields.
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With the development of virtual reality technology, portal slewing crane monitoring system is also gradually moving towards
virtualization; virtual simulation laboratory software appeared in large numbers. After a comprehensive analysis of the domestic
and foreign construction of virtual reality technology development status, this paper proposes a virtual reality method based on
WPF technology. The specific content of this method is summarized as follows. Firstly, the portal slewing crane model was built
by 3ds Max, which includes the undercarriage, cab, and main hook. Secondly, the scenes of the port are added, which includes the
sea, the sky, and the port. Finally, we use WPF to create the virtual reality module of the portal slewing crane monitoring system.
According to a group of performance tests, we can get the performance tests show that the WPF system could improve the CPU
utilization and reduce the memory usage during simulating the 3D model of the portal slewing crane.

1. Introduction

With the development of information technology, virtual
reality technology becomes more and more widely used on
the large port machinery. Many companies have developed
lots of the portal slewing crane remote monitoring systems.
However, these monitoring systems usual display the operat-
ing status of the portal slewing crane by the schematic dia-
gram, legend, and data [1]. The presentation of information
is unable to describe the status of the large number of port
machinery, and it is lacking in interaction with the user.

Windows Presentation Foundation (WPF) is windows
vista-based user interface framework introduced by Micros-
oft Corporation [2]. WPF applications can also be deployed
as standalone desktop programs or hosted as an embedded
object in a website. WPF aims to unify a number of common
user interface elements, such as 2D/3D rendering, fixed and
adaptive documents, typography, vector graphics, runtime
animation, and prerendered media. These elements can then
be linked and manipulated based on various events, user
interactions, and data bindings. Microsoft has released five
major WPF versions: WPF3.0 (Nov 2006), WPF3.5 (Nov
2007), WPF3.5sp1 (Aug 2008), WPF4 (April 2010), and
WPF4.5 (August 2012).

This paper studies WPF technology and 3D modeling
techniques, and on this basis, proposes a kind of the por-
tal slewing crane 3D simulation method based on WPF,
establishes a new generation monitoring system based on
3D, immersive, and interactive real-time simulation environ-
ment. This system could simulate the real-time 3D virtual
scene of the portal slewing crane and real-time 3D analog
display port machinery running posture and operating envi-
ronment.The systemusers can roamanywhere and adjust any
observation point and perspective to achieve the real-time
monitoring.

2. Windows Presentation Foundation

For decades, with the growing popularity of the product
screen operation, the user interfaces are very popular in our
daily work and life. However, Windows developers have been
using the interface display technologies that are similar in
essence. A well-designed user interface can greatly improve
the work efficiency and reduce user inquiries and complaints
due to interface problems so as to relieve the pressure of
customer service and the cost of after-sales service.Therefore,
the design of the user interface is really essential for any prod-
ucts or services [3]. Microsoft proposes to introduceWPF for



2 Advances in Mechanical Engineering

Application

Controls

Styling

Content Layout Data Action

Presentation framework

Presentationcore.dll-managed

Milcore.dll-unmanaged composition

DirectX-a com technology

Driver

Figure 1: The workflow of the WPF application.

Windows unified display system in the architecture of .NET
Framework 3.0. It is the Microsoft’s next-generation graphics
system and provides a unified description and operating
system of user interface, 2D/3D graphics, documents, and
multimedia.WPFunifies themethodof thewindows creation
and display, documents operation and the interaction of user
interface, so that the developers and designers can create
better visual effects [4]. It provides a richer user experience.

2.1. XAML. Extensible Application Markup Language
(XAML) is a declarative XML-based language created by
Microsoft that is used for initializing structured values and
objects. It is available under Microsoft’s Open Specification
Promise. The acronym originally stood for extensible avalon
markup language-avalon being the code name for WPF.
XAML is used extensively in .NET Framework 3.0 & .NET
Framework 4.0 technologies, particularly WPF, Silverlight,
Windows Workflow Foundation (WF) and Windows
Runtime XAML framework. In WPF, XAML forms a user
interface markup language to define UI elements, data
binding, evening, and other features. In WF, workflows can
be defined using XAML. XAML can also be used in Silver-
light applications, Windows phone apps, and Windows store
apps.

2.2. WPF Application. The workflow of the WPF application
is shown in Figure 1. The bottom is display card driver; the
up layer of the bottom is DirectX, which is a com compo-
nent. The presentationcore.dll and milcore.dll are between
the presentation framework and DirectX. The milcore.dll is
unmanaged and the presentationcore.dll is managed. The
WPF application includes controls, data, layout, content, and
interactions with presentation framework.

3. Establish Portal Slewing Crane Model by
3DS Max 2013

3DS MAX 2013 is a PC-based three dimensional animation
design and production software developed by the Autodesk
Company. As early as the other 3D authoring software is
also just large workstation specific software, 3D studio firstly
transplanted the previous three-dimensional modeling and
animation software to microcomputer hardware platform.
The software has become popular among designers and
enthusiasts.

The 3D studio is the predecessor version of the 3ds
max, which runs on DOS platform. After 3D studio max
1.0 was born, it has excellent performance on the Windows
platform. In recent years, with the 3ds max version upgrade,
the function of 3ds max is more and more powerful. 3ds max
offers compelling new techniques for creating and texturing
models, animating characters, and producing high-quality
images. 3ds max has thousands of plug-ins to extend the
functionality of its various aspects, so that it can play an
important role in the construction, the design, and develop-
ment of computer games.

3.1. Creating Geometry Model

3.1.1. Standard Primitives. Standard primitives can be used
to model many objects in the real world; the basic body can
also be combined into more extended primitives in 3ds Max.
Extended primitives are typically combined of two or more
existing standard primitives. It consists of box primitive, cone
primitive, sphere primitive, geosphere primitive, cylinder
primitive, tube primitive, torus primitive, pyramid primitive,
and so on.

3.1.2. Extended Primitives. It consists of morph compound
object, scatter compound object, conform compound object,
connect compound object, B-mesh compound object, shape
merge compound object, and so on. Graphics objects are
composed of curves, multiple curves, and straight lines. Most
default graphics are composed of the splines.There are linear,
rectangular, circular, and so forth in the splines. We can use
create panel menu to Create these compound objects. The
controls on spline rendering panel are identical in name and
operation to those found on the Rendering rollout of editable
spline and Edit Spline objects.

3.2. Creating Portal Slewing CraneModel. Graphics are com-
posed by the splines. There are linear, rectangular, circular,
and so forth in the splines. We can use Create panel menu
to create these compound objects. The controls on Spline
Rendering panel are identical in name and operation to those
found on the Rendering rollout of editable spline and Edit
Spline objects.

We divided the portal slewing crane model into several
parts: undercarriage, base, cab, main jib, slewing platform,
and hook. After that, we establish every part using creating
geometry model method.
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Figure 2: The 3ds Max model of the undercarriage.

Figure 3: The 3ds Max model of the base.

The 3ds max models of the undercarriage and base are
shown in Figures 2 and 3. Firstly, we create an undercarriage
wheel. Secondly, we copy another undercarriage wheel to
compose the left undercarriage. After that, we create a base on
the top. Finally, we compose the left undercarriage, the right
undercarriage and the base.

The 3ds max model of the cab is shown in Figure 4.
The cab is composed by cylinders, boxes, and some

Boolean operations.
The main jib is created by cylinders. The 3ds max model

of the main jib is shown in Figure 5.
The 3ds max model of the cab and jib is shown in Fig-

ure 6. It is composed by cylinders, boxes and some Boolean
operations.

We compose the undercarriage, base, slewing platform,
main jib, and hooks into a whole. The 3ds max model of the
portal slewing crane is shown in Figure 7.

We add the scene of the port into the portal slewing crane.
The 3ds max model of the scene is shown in Figures 8, 9, 10,
and 11.

4. 3D Working Process Simulation
System Design

According to the functional requirements for the portal
slewing crane monitoring system, we have designed the 3D
working process simulation system. There are six functional
modules, such as monitor, reports, 3D animation, user
settings, system setting, and help module. We have imported
the 3dsmaxmodel into the system and simulated theworking
process of the portal slewing crane.

4.1. The Portal Slewing Crane Model Import into the WPF.
WPF is essentially a two-dimensional technology.The panel-
based layout system is responsible for the 2D elements

Figure 4: The 3ds Max model of the cab.

Figure 5: The 3ds Max model of the main jib.

arranged on a 2D screen. How is the 3D content immerging
into 2D world? The Viewport3D elements play a role as a
bridge between 2D and 3D, to solve the problem of the
conversion. For the WPF layout system, Viewport3D is just
a rectangular element it can display moving images.

We save the 3ds max model as .obj file in 3ds max; the
3dsmaxmodel can import intoWPFbyMicrosoftExpression
Blend 4; after that, we can get the XAML file.

4.2. Working Process Simulate. When the portal slewing
gantry crane works, there aremany actions, such as the lifting
and lowering of load, the up and lower trolley traversing left
and right, the hook going up and down. We design a system
to simulate the working process of the portal slewing gantry
crane.

The slewing of the crane is shown in Figures 12 and 13.

5. Performance Tests

After finishing the system detail design, the system’s perfor-
mance is important.We have designed a series of experiments
to test. All the experiments are implemented in the hardware
test environment as follows:
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Figure 6: The 3ds Max model of the cab and jib.

Figure 7: The 3ds Max model of the portal slewing crane.

(1) CPU: Intel Core i5-2500@3.30GHz quad-core,
(2) Motherboard: ASUS P8Z68-V LX (Intel Z68 chipset),
(3) Memory: 4GB (Kingston DDR3 1333MHz),
(4) Graphics: NVidia GeForce GTX 550 Ti (1 GB/Color-

ful),
(5) Hard disk: Seagate ST31000524AS (1 TB/7200 rev/

min).

The software test environment is shown as follows:

(1) Windows 7 Ultimate 32-bit SP1 (DirectX 11),
(2) 3DSMAX modeling environment: 3DSMAX 2013.

We test the CPU usage rate and memory usage to get the
performance. The experiment is divided into three steps.

First, we open the portal slewing gantry cranemonitoring
system. We record the CPU usage rate (before) and memory
usage (before) without any actions.

Second, we give the 3D model some actions, such as
transport (road), trolley travelling, lifting, and zoom. We
record the CPU usage rate (after) and memory usage (after)
with each action.

Finally, we calculate the CPU usage rate of change and
Memory usage rate of change. All of the record data is shown
in Table 1.

6. Conclusion

In this paper, we study theWPF technology, the advantage of
XAMLand the structure ofWPF.We introduce themethod of

Figure 8: The first scene of portal slewing crane.

Figure 9: The second scene of portal slewing crane.

Figure 10: The third scene of portal slewing crane.

Figure 11: The fourth scene of portal slewing crane.

Figure 12: The up trolley lifting of load.
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Table 1: The CPU and memory usage comparison between four kinds of the portal slewing gantry crane’s working process.

3D model move CPU usage rate
(before)

CPU usage rate
(after)

CPU usage rate of
change

Memory usage
(before)

Memory usage
(after)

Memory usage rate
of change

Transport (road) 0 10% +0.12 158664KB 181392KB +0.143246
Trolley travelling 0 12% +0.08 159620KB 189084KB +0.184588
Lifting 0 9% +0.07 158836KB 181428KB +0.142235
Zoom 0 14% +0.15 160040KB 187036KB +0.168683

Figure 13: The slewing of the crane.

creating geometry model by 3ds max. After that, we establish
the 3D model of the portal slewing gantry crane by different
parts and design a portal slewing gantry crane monitoring
system based onWPF.This system has the function of virtual
reality and it could simulate some working actions. The
performance tests results show that the system performance
meets the requirements.
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