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ABSTRACT

Increasing needs for personalized products in the market require the changeability of product func-
tions and users’ involvement in the product implementation. Open-architecture products (OAPs) allow
changes of product functions by adding or replacing functional modules in products’ original struc-
ture. OAPs can therefore support the product adaptability to meet user’s requirements in the product
life cycle. Interfaces connect functional modules of OAPs playing an important role in the product
operation and maintenance when upgrading and replacing modules. Adaptable design (AD) provides
the concept for the development of OAPs’ modules and interfaces. Adaptable interfaces support the
module replacement in the life cycle of OAPs. This research applies the AD concept to generate alterna-
tive plans of interfaces. The plans are evaluated for an optimal solution using the function correlation
matrix, morphologic and fuzzy logic analyses. The design importance is ranked based on interface
types, user requirements, and performance measures. The proposed method is applied in the design
of an industrial painting machine.

Keywords: adaptable interface, open-architecture product, product design, fuzzy analytical hierarchy
process.

1. INTRODUCTION

Industrial products have experienced in mass pro-
duction, mass customization, and emerging person-
alization of development modes. The development
of personalized products requires the changeabil-
ity of product functions and users’ involvement in
the product design and implementation. The user
involvement challenges the existing design and imple-
mentation of products. Open-architecture products
(OAPs) allow adding or replacing functional mod-
ules to upgrade the initial product function [14].
OAPs consist of common functional modules, cus-
tomized modules, and personalized modules for the
product life cycle requirement [12]. The common
modules and customized modules are designed and
produced by original manufacturers, users can choose
customized modules. The personalized modules are
usually designed or purchased based on users’ spe-
cific needs. Users may provide their own personal-
ized module. Interfaces are key elements of OAPs
to ensure the module updatability. Adaptable inter-
faces as bridges between modules ensure the final
implementation of OAPs [17].

Interfaces use different physical structures to
transfer flows of energy, motion and signal [11].
Adaptable interfaces have features of adaptability,
stability and easy assembly. Products with adaptable
interfaces are easy for module upgrading and replac-
ing. There are different frequencies and probabilities
for modules’ upgrading or replacing in OAPs. Degrees
of users’ involvement in different design phases are
also different. Therefore, the interface design should
be determined according to the type of modules.
Interfaces should be treated differently when linking
different types of modules.

There is limited research on OAPs and their inter-
faces. Most of the existing research looks at only
strategies or guidelines for the interface design. This
research proposes a method of the adaptable inter-
face design for OAPs. The interface is planned based
on different types of modules as follows:

• Interfaces and design requirements are defined
based on different types of modules.

• Interface plans are generated based on the
importance and applications of interfaces.
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• Measures of the interface performance are
ranked using morphologic and fuzzy logic anal-
yses.

An industrial painting machine is designed as an
OAP using the proposed method.

2. RELATED RESEARCH

Diversification and personalization have become a
trend of product development in today’s competitive
market. Besides advanced manufacturing technolo-
gies and production patterns, the innovative design
plays an important role in the product development
[8]. Koren et al proposed the concept of OAPs for
users to participate in product design and imple-
mentation using personalized modules [14]. The per-
sonalized module can be upgraded or replaced on
a common platform of the product for users’ self-
realization of special needs of the product. Interfaces
connect different modules of OAPs. Design solutions
of modules and interfaces affect duration and cost
of the product development [10]. Adaptable inter-
faces enable flexibility and feasibility of the module
combination for OAPs.

Compared to other functional modules, person-
alized modules demand more for the interface to
fit different user requirements, which increases the
complex of the interface design for OAPs. Existing
research on interfaces are mainly for design guide-
lines and the interface evaluation. There is not a
systematic method for the interface planning. For
example, the MechBus concept proposed a three-
step guideline to decide the functional structure of
interfaces including the need identification, module
selection and interface design [7]. Scalice et al sum-
marized five standard interfaces through the func-
tion definition of interfaces with a conceptual design
flowchart [18]. Chen and Liu suggested the inter-
face strategy for modular products using concepts of
external interfaces, internal interfaces and interface
openness [3].

Conceptual design is an important process of
interface planning. Research on the conceptual design
is mainly for product design, such as the product con-
ceptual design using a function-behavior-state (FBS)
model [1], functional design based on the concep-
tual product structure and layered functions [5], and
the product planning using a hybrid model of the
behavior-function and behavior-structure [4]. Inter-
faces have to be abstracted from physical forms into
analytical models to be described and evaluated. The
existing interface representations use either a stan-
dard language or matrix. The related research is
mainly for storing and matching of interface informa-
tion to meet the need of design, compatible assembly
and connection evaluation [6], [9], [15], [19], such as
the method to represent interfaces of CAD/PDM sys-
tems [2], and the interface efficacy (IE) proposed for

upgrading and replacing of product modules [11]. The
IE is defined for the easy of assembly and disassem-
bly of functional modules in the product. This method
is constrained by the existing product structure. The
adaptable interface should be considered at the stage
of product design.

In summary, there is a lack of the systematic
method for the interface design and planning. The
less detail is found from literature for the inter-
face design of OAPs. Most existing methods decide
the product structure through the decomposition of
product functions. The final solution depends on the
experience of designers. This research proposes a
method for the adaptable interface design of OAPs.
Interface types and design requirements are defined
according to the type of modules using a functional
description method of interfaces. Interface design
schemes are established based on interface functions
and morphology matrices. A fuzzy analytical hierar-
chy process (FAHP) is applied to rank the design solu-
tions based on the design requirement of interface
types and evaluation measures. An optimal design
scheme is planned based on the total score of ranking
for the detail design of interfaces.

3. PROPOSED METHODS

Fig. 1 is a flowchart of the adaptable interface design
proposed in this research for OAPs. A functional cor-
relation matrix is established for product modules
based on the module types planned in the modular
design of OAPs. Functions in the matrix are detailed
into functional units. Possible solutions of the func-
tion unit requirements are listed in a morphological

Fig. 1: OAPs’ adaptable interface design.
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matrix to form interface schemes based on the mod-
ule structure and constraints. The interface schemes
are then evaluated using the FAHP based on the per-
formance measure of adaptable interfaces. The fuzzy
decision matrix is formed using triangular fuzzy num-
bers for interface decision-making. The importance of
the performance measures can then be ranked. The
measures are scored based on the performance of
interface schemes for the interface weight. A com-
prehensive measure is finally obtained by the FAHP
for an optimal interface plan. Based on the optimal
interface plan, the detail design of the interface can
be conducted.

3.1. Acquisition of Interface Functions

Based on the module requirement of OAPs, the mod-
ule type and components can be decided using the
traditional planning method to establish a function
correlation matrix of modules as shown in Fig. 2.
Where C indicates the connection of modules, S rep-
resents the transmission of signals, M is the material
flow, and E is for the energy transformation. A zero
element in the matrix means no function relation
for related modules. Function changes of product
modules can be decided by the function correlation
matrix.

Module M1 M2

M1 1
C S
M E

M2
C S

1
M E

Fig. 2: Function correlation matrix of modules.

3.2. Planning and Evaluation of Adaptable
Interfaces

A morphological matrix is used to help proposing
multi-plans of an interface to overcome limitations of
designers’ experience [13]. Interactions of the inter-
face between modules can be refined into specific
functional units and listed in columns of the morpho-
logical matrix. All of the feasible solutions are listed
in corresponding rows of the matrix based on com-
bination rules and constraints of the interface. The
feasible interface can then be obtained by combining
a number of possible solutions.

As different types of modules are replaced or
upgraded in different frequencies and probabili-
ties during the product life cycle, different mod-
ule interfaces should be considered differently. User
requirements are therefore collected based on dif-
ferent types of modules to define interfaces types.
The common module interface connects common
modules. The customized module interface links
customized modules, or customized modules and

common modules. The personalized module interface
connects a personalized module and other modules.
The design requirements of these three types of
interfaces are as follows.

• Common module interfaces: common modules
are kept in constant in the product life cycle
without changes, there is no need consider-
ing interfaces for the replacement of common
modules.

• Customized module interfaces: customized
modules are determined when a product is com-
pleted to deliver to the user. Customized mod-
ule interfaces are operated by manufacturers,
not by users. Therefore, its interface adaptabil-
ity is not important for users.

• Personalized module interfaces: these interfaces
are for users to upgrade or replace function
modules in users’ workplace. The interface
should be designed for easy assembly and dis-
assembly. As the change requirement of per-
sonalized modules varies for different users,
the personalized module interface should be
carefully designed to have adaptable features.

Therefore, the design evaluation should consider
different interfaces and requirements. This research
considers the interface adaptability for current and
future needs to decide performance measures in man-
ufacturing, assembling, operating, and cost for the
interface evaluation. For product planning in the con-
ceptual design phase without the structure of the
interface detail, some performance in manufactur-
ing can be simplified measured using cost or econ-
omy. According to summarized evaluation indicators
of products [23], the proposed interface assessment
criteria are listed in Tab. 1.

The importance level of these evaluation measures
varies for different types of interfaces based on differ-
ent requirements. Multiply evaluations can improve
accuracy of the single-measure evaluation [16]. The
hierarchical analysis method is a systematic hierarchi-
cal method using the combination of quantitative and
qualitative analyses. The importance of measures can
be ranked to guide the design of specific interfaces.
It is difficult to determine the weight of measures
using traditional methods based on experience or
expert knowledge. This research uses a fuzzy ana-
lytic hierarchy process (FAHP) to decide the weight of
measures and to evaluate interface solutions [20]. The
relative weights are decided through a pairwise com-
parison of measures. The accuracy is ensured using
the weight range based on triangular fuzzy numbers.
Conventional ranking methods can only give a fixed
value of the evaluation measure. This fixed value may
sometime change within a range of values, which may
result in a biased solution with the reduced accuracy
in the evaluation. A triangular fuzzy number includes
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Adaptability B1 Working performance B2 Assemblability B3 Economy B4

General adaptability
C1

Stability C3 Structural complexity
C7

Manufacturing
complexity C10

Prediction
adaptability C2

Reliability C4 Assemble complexity
C8

Manufacturing error
sensitivity C11

Loading capacity C5 Operator skill
proficiency C9

Function redundancy
C12

Adjustability C6 Energy efficiency C13

Tab. 1: Measures of adaptable interfaces.

Interface
planning

C7 C8C1 C2 C3 C4 C5 C6 C9 C10 C11 C12

B2B1 B3 B4

C13

Scheme 
V1

Scheme 
V2

Scheme 
V3

Scheme 
Vn

Fig. 3: Analytic hierarchy of interface planning.

not only the most likely measure value, but also the
change range of measures [22].

The FAHP provides a comprehensive assessment
to meet the design goal in the evaluation of differ-
ent interfaces with five steps: the problem identifica-
tion, model construction in the hierarchical structure,
formation of the decision matrix, ranking the single-
level hierarchy, and sorting the total hierarchy [10].
The FAHP objective is to search an optimal inter-
face solution. An analytical hierarchy of the interface
decision-making is shown in Fig. 3.

A triangular fuzzy number uses (l, m, u) to indicate
its details, where m represents the middle value or
median, l and u denote the lower and upper bounds of
value changes. In the fuzzy decision matrix, m repre-
sents the most likely relationship based on a pairwise
comparison. l and u are the upper and lower bounds
of relationship changes of two measures. Scales of the
median for triangular fuzzy numbers in the decision-
making matrix is shown in Tab. 2 [22], where Pij rep-
resents the median of triangular fuzzy numbers when
comparing rows Pi and columns Pj in the matrix. Pi is
more important than Pj when the comparison ratio is
greater than 0.5, and Pi is less important than Pj when
the ratio is less than 0.5.

The fuzzy decision matrix for the evaluation of
different interfaces can be formed based on the dis-
cussion between designers and users. Matrices for
personalized module interface planning based on

Pij Details

0.9 Pi is more important than Pj extremely
0.8 Pi is more important than Pj strongly
0.7 Pi is more important than Pj significantly
0.6 Pi is more important than Pj slightly
0.5 Pi and Pj are equally important
0.4 Pj is more important than Pi slightly
0.3 Pj is more important than Pi significantly
0.2 Pj is more important than Pi strongly
0.1 Pj is more important than Pi extremely

Tab. 2: Scales of fuzzy numbers.

measures in Tab. 1 and processes in Fig. 3 are formed
in Tabs. 3 to 7, where column P represents weights
of evaluation measures, other columns are triangular
fuzzy numbers of the importance formed by the ratio
of rows and columns.

Based on requirements of the personalized mod-
ule interface and the discussion with the designers
and product users, the personalized interface adapt-
ability, assembly performance, working performance,
and economy can be decided for the fuzzy matrix.
Taking Tab. 3 as an example, elements in the matrix
diagonal have the same value or importance as they
are the comparison of same measures. Their median,
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B1 B2 B3 B4 P

B1 (0.5,0.5,0.5) (0.5,0.5,0.6) (0.4,0.5,0.5) (0.5,0.55,0.6) 0.3320
B2 (0.4,0.5,0.5) (0.5,0.5,0.5) (0.35,0.45,0.5) (0.45,0.5,0.55) 0.1219
B3 (0.5,0.5,0.6) (0.5,0.55,0.65) (0.5,0.5,0.5) (0.55,0.6,0.65) 0.5233
B4 (0.4,0.45,0.5) (0.45,0.5,0.55) (0.35,0.4,0.45) (0.5,0.5,0.5) 0.0228

Tab. 3: Fuzzy decision matrix of the interface evaluation.

C1 C2 P

C1 (0.5,0.5,0.5) (0.5,0.55,0.6) 0.7469
C2 (0.4,0.45,0.5) (0.5,0.5,0.5) 0.2531

Tab. 4: Fuzzy decision matrix of adaptability.

the upper and lower limits of the range are 0.5 based
on Tab. 2, therefore, triangular fuzzy numbers of the
diagonal are (0.5, 0.5, 0.5). Using the comparison of
elements in rows and columns of the fuzzy decision
matrix, the sum of positive and negative comparison
values of the measure is 1 in Tab. 2. Symmetric ele-
ments of the matrix diagonal have features of Bij(m)
+ Bji(m) = 1, and Bij(l) + Bji(u) = Bij(u) + Bji(l) =
1. Taking the interface B14 as an example, in order to
meet future personalized needs of the product, if the
increased cost is acceptable, the adaptability is set a
slightly more important rate than the economy rate,

0.55. If the increased cost is not acceptable for adapt-
ability of the personalized interface, the two criteria
can be set equally important for a lower limit 0.5.
Considering the acceptable cost level of both produc-
ers and users, for increasing adaptability without too
much cost, the upper limit is set as 0.6. Therefore, tri-
angular fuzzy numbers of B14 are set as (0.5, 0.55,
0.6), its symmetric element B41 is calculated as (0.4,
0.45, 0.5). Other data in the tables can be obtained
using the same method.

The initial fuzzy weight of elements in the matrix
can be determined by calculating the comprehensive
fuzzy value of elements in the decision matrix. The
calculation equation is as follows,

wi =
∑n

j=1 aij∑n
i=1

∑n
j=1 aij

=
∑n

j=1
(
alij , amij , auij

)
∑n

i=1
∑n

j=1

(
alij , amij , auij

)

C3 C4 C5 C6 P

C3 (0.5,0.5,0.5) (0.45,0.5,0.55) (0.5,0.5,0.55) (0.45,0.45,0.55) 0.2313
C4 (0.45,0.5,0.55) (0.5,0.5,0.5) (0.5,0.5,0.55) (0.45,0.45,0.55) 0.2313
C5 (0.45,0.5,0.5) (0.45,0.5,0.5) (0.5,0.5,0.5) (0.4,0.4,0.5) 0.0531
C6 (0.45,0.55,0.55) (0.45,0.55,0.55) (0.5,0.6,0.6) (0.5,0.5,0.5) 0.4842

Tab. 5: Fuzzy decision matrix of working performance.

C7 C8 C9 P

C7 (0.5,0.5,0.5) (0.4,0.45,0.55) (0.35,0.4,0.5) 0.1223
C8 (0.45,0.55,0.6) (0.5,0.5,0.5) (0.4,0.45,0.55) 0.3376
C9 (0.5,0.6,0.65) (0.45,0.55,0.6) (0.5,0.5,0.5) 0.5401

Tab. 6: Fuzzy decision matrix of assemblability.

C10 C11 C12 C13 P

C10 (0.5,0.5,0.5) (0.4,0.5,0.6) (0.4,0.45,0.5) (0.45,0.45,0.55) 0.1331
C11 (0.4,0.5,0.6) (0.5,0.5,0.5) (0.4,0.45,0.5) (0.45,0.45,0.55) 0.1331
C12 (0.5,0.55,0.6) (0.5,0.55,0.6) (0.5,0.5,0.5) (0.5,0.5,0.55) 0.4329
C13 (0.45,0.55,0.55) (0.45,0.55,0.55) (0.45,0.5,0.5) (0.5,0.5,0.5) 0.3010

Tab. 7: Fuzzy decision matrix of economy.

Computer-Aided Design & Applications, 12(2), 2015, 156–165, http://dx.doi.org/10.1080/16864360.2014.962428
© 2014 CAD Solutions, LLC, http://www.cadanda.com

http://www.cadanda.com


161

=
(∑n

j=1 alij ,
∑n

j=1 amij ,
∑n

j=1 auij

)
(∑n

i=1
∑n

j=1 alij ,
∑n

i=1
∑n

j=1 amij ,
∑n

i=1
∑n

j=1 auij

)

=
( ∑n

j=1 alij∑n
i=1

∑n
j=1 alij

,

∑n
j=1 amij∑n

i=1
∑n

j=1 amij
,

∑n
j=1 auij∑n

i=1
∑n

j=1 auij

)
,

× i ∈ n (1)

Where aij = (alij , amij , auij) is an element of the
fuzzy decision matrix to represent the fuzzy value
of the criteria i comparing with the criteria j, wi rep-
resents the fuzzy weight of the assessment criteria i
[21]. The fuzzy weight matrix in the first layer of the
evaluation WB can be formed using Eqn. (1):

WB = (
wB1, wB2, wB3, wB4

)T

=

⎡
⎢⎢⎣

0.2197 0.2562 0.2993
0.1965 0.2237 0.2789
0.2370 0.2687 0.3265
0.1965 0.2323 0.2721

⎤
⎥⎥⎦

A probability matrix can be generated based on the
definition 2.4 in the literature as follows [21].

Assume a = (al , am, au), b = (bl , bm, bu),

p(a ≥ b)

= λ max
{

1 − max
(

bm − al

am − al + bm − bl
, 0
)

, 0
}

+ (
1 − λ

)
max

{
1 − max

(
bu − am

au − am + bu − bm
, 0
)

, 0
}

(2)

p(a ≥ b) is called the probability of a ≥ b, where λ ∈
[0, 1], here λ = 0.5.

PB =

⎡
⎢⎢⎣

0.5000 0.7114 0.2924 0.8242
0.2886 0.5000 0.0974 0.6016
0.7060 0.9026 0.5000 0.9830
0.1758 0.3984 0.0170 0.5000

⎤
⎥⎥⎦

The probability matrix P = (pij)n×n can be formed
based on the pairwise comparison of fuzzy weight wBi
using Eqn. (2). PB is a matrix with the size of 4 × 4
when i = 4 which is calculated by matrix WB . Triangu-
lar fuzzy numbers can be converted into probabilities
for ranking using the probability matrix. The ranking
vector Q = (q1, q2, . . . , qn)T of probability P can be
calculated using Eqn. (3).

qi = 1
n

⎛
⎝ n∑

j=1

pij + 1 − n
2

⎞
⎠ , i ∈ n (3)

Where pij is the element in matrix PB . The ranking
vector QB = (0.3320, 0.1219, 0.5233,0.0228).

Wc and PC can be obtained using the same method.
The ranking vector QP of evaluation measures for per-
sonalized module interfaces can be finally found as
follows.

QP = (qc1, qc2, qc3, qc4, qc5, qc6, qc7, qc8, qc9, qc10,
qc11, qc12, qc13) = (0.2480, 0.0840, 0.0282, 0.0282,
0.0065, 0.0590, 0.0640, 0.1767, 0.2826, 0.0030,
0.0030, 0.0099, 0.0069).

Where qci are different measures of product Pi
shown in Tabs. 3 to 7, such as qB1 = PB1 =0.3320,
qC1 = PB1 × PC1 =0.3320*0.7469 = 0.2480. Evalua-
tion measures for personalized module interfaces are
ranked as follows:

qc9 > qc1 > qc8 > qc2 > qc7 > qc6 > qc3

= qc4 > qc12 > qc13 > qc5 > qc10 = qc11

Therefore, weights of evaluation measures can
be obtained for personalized module interfaces. The
evaluation is normally conducted through a selection
process based on the interface solutions. The quanti-
tative evaluation uses a value of 1-9. Details of the val-
ues of 1-9 are {1- worst, 2-very poor, 3- worse, 4-poor,
5-fair, 6-good, 7-better, 8-very good, 9- excellent}. The
final solution is selected based on the total score
obtained for a specific interface. The highest score
will be the optimal design solution. The adaptable
interface can be formed after the detail design based
on the optimal solution.

4. CASE STUDY

The proposed method is applied to the design of
an industrial painting machine that is used for the
body painting of toys made of plastic or metals. The
machine function adjustment is commonly required
in the operation for different colors, shapes, or sizes
of toys. An OAP of the painting machine is able to
meet these different requirements. Adaptable inter-
faces are necessary for the painting machine to allow
users to replace and upgrade the machine functional
module for the personalized need.

The module planning decides types, layout and
interactions of modules. The machine module lay-
out is shown in Fig. 4, where nodes represent mod-
ules, data in the nodes are module numbers and

M6-G

M1-G

M9-P

M2-C

M4-C

M3-G

M5-C

M7-C M8-CM10-G

M11-P

M12 -C

M13-G

M14 -P

Fig. 4: Modules and interfaces of the painting
machine.
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Module M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14

M1 1
S C S S S

M E E

M2 1
C C

M3 1
C C

E M E

M4 1
S C C

M E

M5 1
C

M M M

M6
C C C

1
C C C

M7
S S

1
C S S S

M E

M8
C

1
M E M E

M9 1
C

M M

M10
C C C S C

1
M E

M11
C

1
E E M

M12
C S C C S

1
C S

E

M13
S S C S

1
M

M14
S C

1
E M E M E M M E M E M E

Fig. 5: Function relations of the painting machine modules.

types (G-common module, C–customized module,
P-personalized module), the link indicates a con-
nection between modules. The correlation matrix is
formed based on functional interactions of modules
in the painting machine as shown in Fig. 5. Where
C represents connection, S represents signal, M rep-
resents material, E represents energy. In the matrix
shown in Fig. 5, non-zero elements indicate related
functions, and one in diagonal elements shows rela-
tions of related modules as defined in Fig. 2. Module
details and connections of the painting machine are
shown in Fig. 6. For introducing the design process of
an adaptable interface, the interface between modules
M3 and M11 is used as an example. As M3 is a com-
mon module and M11 is a personalized module, the
interface between these two modules should meet the
requirement of the personalized module interface.

The interface needs to provide functions of posi-
tioning, load supporting and buffering based on the
analysis of interactions between the two functional
modules. Constraints are used for positioning and
limiting motion of connected parts. Using the mor-
phological matrix proposed for the interface design,
the interface functions and implementation are listed

in the matrix shown in Fig. 7. There are six options
to be applied for the interface between M11 and M3
using the principle of positioning and clamping based
on the possible solutions listed in Fig. 7. They are as
follows.

V1: Plane + plane + spring; V2: Plane + pin +
rubber; V3: Pin + screw + spring; V4: Taper pin
+ pin + rubber; V5: Taper pin + pin + spring; V6:
cylindrical pin + pin + spring.

These solutions are based on different methods of
positioning, supporting and buffering. There are some
similar methods in locating and supporting modes.
In the detail design, some of them may be combined
or modified based on details of the module connec-
tion, such as the plane shape and pin positions. These
interface plans are evaluated based on the weights
decided by the proposed method according to the
interface performance in the value between 1 to 9 as
shown in Tab. 8.

According to measures and weights of interface
schemes in Tab. 8, the total score can be calcu-
lated. The weights of evaluation measures are the
values of Qp in the proposed method. Such as the
score of V1 is (0.2480*6 + 0.0840*5 + 0.0282*7.5
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Fig. 6: Details and connections of the painting machine modules.

Need Solutions
Positioning Combination of 

planes
Cylindrical 
pin

Taper pin Combination 
of cylindrical

Supporting Combination of 
planes

Screw 
joint

Pin joint Key joint Spring

Buffering Spring Rubber Foam Air cylinder Rubber baseplate

Fig. 7: Morphology matrix for interface solutions linking M11 and M3.

Plans

Criterion Details V1 V2 V3 V4 V5 V6

Interface schemes Adaptability B1 General Adaptability C1 6 7 7 7 7 7
Prediction Adaptability C2 5 6 7 7 7 6.5

Working performance B2 Stability C3 7.5 7 7 6.5 7 7
Reliability C4 7.5 7 6.5 7 7.5 7
Carrying Capacity C5 7.5 7 7 7 7 7
Adjustability C6 5 7 7 6.5 7 6.5

Assemble performance B3 Structural Complexity C7 6 6.5 7 7 7 6
Assemble Complexity C8 8 8 7.5 8 8 8
Assembly Operator Proficiency C9 9 9 9 9 9 9

Economy B4 Manufacture Complexity C10 7.5 7.5 8 8 8 6.5
Manufacture Error Sensitivity C11 7.5 8 8 8 8 7
Performance Redundancy C12 6.5 6 7.5 7 7.5 7
Energy loss C13 8 8 8 8 8 8

Tab. 8: Interface schemes and measure weights of modules 11 and 3.

+ 0.0282*7.5 + 0.0065*7.5 + 0.0590*4 + 0.0640*6
+ 0.1767*8 + 0.2826*9 + 0.0030*7.5 + 0.0030*7.5
+ 0.0099*6.5 + 0.0069*8 = 7.1803). The final

evaluation scores of 6 plans can be obtained using
the weights in Tab. 8 for the interface performance
measure as (7.1803, 7.6274, 7.6573, 7.7112, 7.7739,
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Fig. 8: Partial view of interface M3-M11.

7.6118). It can be found that plan 5 is the optimal
design.

The detail design is then applied to plan 5 for the
adaptable interface between modules M3 and M11 as
shown in Fig. 8. Pins are used to improve the accu-
racy of positioning. The screw and gasket are used
to clamp the connection and also to meet needs of
the module replacement in assembly and disassem-
bly. Module 11 is used to place the toy workpiece.
As the variety of shapes and sizes of toys, there is
a need to use different designs to meet the need of
applications. M11 as a personalized module provides
flexibility to users. The users can easily replace Mod-
ule 11 based on their need in the workshop using the
proposed interface.

5. CONCLUSIONS

This research proposed a systematic method for the
adaptable interface design of OAPs. The modules and
module types are decided using the method of mod-
ule planning. Interface plans are formed based on
the functional correlation matrix of modules. The
morphological matrix is applied to form possible
solutions of the interface. The triangular fuzzy num-
bers and fuzzy analysis hierarchy process are used to
rank the importance of performance measures for the
detail interface decision-making. An industrial paint-
ing machine is designed as an OAP using the proposed
method with feasibility and effectiveness.

Current planning is a manual process. The calcu-
lation of the interface measure can be done auto-
matically when the criteria rates are available in the
database. There are many data and variables used
in the proposed method, which may be difference
from different products and user preferences. Fur-
ther research will integrate the data collection and the
design analysis using intelligent methods in data pro-
cessing to improve the efficiency and accuracy of the
application for the OAP design and implementation.
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