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Abstract: This study aims to introduce a new method for modular design, which is called Connection Correlation 

Method (CCM), to clustering machine parts with inter-part connection conditions to classify independent modules for 

the Industrial Printer Powertrain set with 105 components. With the CCM technique, module members would be 

appropriately assigned for each module so that machine modules are independent of their function. The CCM technique 

should first calculate the distance coefficient matrix with surface contact conditions of bonded, rough, separation, and 

frictionless for machine components. Finally, this distance coefficient matrix is used to generate the machine 

dendrogram with the dependency coefficient between 2.4945 and 3.5593. At the dependency coefficient of 2.7913, the 

105 components of the Industrial Printer Powertrain set are clustered into 7 modules: Module 1 with 75 interconnection 

surfaces and 8 parts, Module 2 with 136 interconnection surfaces and 14 parts, Module 3 with 176 interconnection 

surfaces and 17 parts, Module 4 with 61 interconnection surfaces and 8 parts, Module 5 with 200 interconnection 

surfaces and 21 parts, Module 6 with 209 interconnection surfaces and 19 parts, and Module 7 with 18 interconnection 

surfaces and 18 parts. The results show that the CCM technique can apply to design a modular machine like DSM 

technique, and multitudinous connectivity factors can also be analysed together with general factors. 

Keywords: Modular design, Connection correlation method (CCM), Inter-part connection conditions, Distance 

coefficient matrix. 

 

 

1. Introduction 

Nowadays, industrial machines should adapt 

themselves along with flexible production processes 

that machine operators change. To handle with these 

constraints, modular machines are appropriate to use 

in flexible production processes. However, it is not 

easy to design a modular machine with many 

components; one of the best design methods applied 

to designing processes is the Machine Modular 

Design Method [1, 2]. 

With Machine Modular Design Method, machine 

designers can design complex modular machines 

base on the clustering analysis technique, which uses 

Design Structure Matrix (DSM) to manage design 

factors [3]. There are now three conventional 

methods to manage these design factors: 1) Using 

relationship between component contact surfaces, 2) 

Using the function of assembling components, and 3) 

using the taxonomy of system element interactions 

[4]. Although these three conventional methods can 

be applied to design general propose modular 

machines with independent modules, all 

conventional methods consider each machine 

component relationship based on contact or no 

contact with its neighbor components. That means 

some contact conditions are overlooked [5], such as 

contact with sliding, no contact with moving, etc. If a 

machine designer would like to consider the other 

contact conditions [6, 7], the multitudinous 

connectivity factors that can explain more contact 

conditions between two contact surfaces should be 

introduced into design processes. 

In this study, the relationship between the 

component multitudinous connectivity factors that 

can show two more contact conditions of machine 

component contact surfaces is considered together 

with conventional contact surfaces. This method is 

called Connection Correlation Method (CCM), and it 
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has been introduced to module machine components 

of the Industrial Printer Powertrain set. 

2. Purpose 

This study aims to introduce the Connection 

Correlation Method (CCM) for clustering machine 

components into machine modules. That can be 

disassembled and easily changed machine functions 

without affecting the main structure of the machine.  

3. Study methodology 

There are three steps of 1) Connection 

Correlation Method (CCM), 2) Distance between 

pairs of observations, and 3) Computing the distance 

between clusters to cluster machine components into 

appropriate machine modules with each step has been 

analyzed sequentially in order. The result of this 

methodology is the connection correlation value with 

each step has the detail as following: 

3.1 Generate connection correlation matrix with 

connection correlation method (CCM) 

The Connection Correlation Method (CCM) is 

used the explain contact conditions of machine 

components. This study shows 4 interconnection 

types of surface contacts: Bonded, Rough, Separation, 

and Frictionless. The details of each interconnection 

types are as following: 

3.1.1. Bonded 

In Fig. 1, Part B is a fixed part, and part A is 

bonded with part B. This contact condition can 

explain with the variable y11, where y11 is a value of 

1 when part B is a fixed part, and part A is bonded 

with part B, and part A can not move; otherwise, y11 

is a value of 0. 

 

 

 
Figure. 1 Condition in the form of variable y11 

 

 

 
Figure. 2 Condition in the form of variable y12 

 

 
Figure. 3 Condition in the form of variable y21 

 

3.1.2. Rough 

In Fig. 2, Part B is a fixed part, and part A is under 

the rough condition with part B. With the rough 

condition, the contact surface of part A and part B has 

a gap. This contact condition can explain with the 

variable y12, where y12 is a value of 1 when the contact 

surface is under the rough condition; otherwise, y12 is 

a value of 0. 

3.1.3. Separation 

In Fig. 3, Part B is a fixed part, and part A is under 

the separation condition with part B. That means part 

A make contact with part B, and part A can move on 

their contact surface without friction.  This contact 

condition can explain with the variable y21, where y21 

is a value of 1 when part A can slide on part B without 

friction; otherwise, y21 is a value of 0. 

3.1.4. Frictionless 

In Fig. 4, Part B is a fixed part, and part A is under 

the frictionless condition with part B. With the 

frictionless condition, the contact surface of part A 

and part B has a gap, and part A can freely move.  

This contact condition can explain with the variable 

y22, where y22 is a value of 1 when part A is under  
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Figure. 4 Condition in the form of variable y22 

 

the frictionless condition; otherwise, y22 is a value of 

0. 

For any contact surface of two parts, the contact 

surface can be a mixing condition of bonded, rough, 

separation, or frictionless. Thus, any two-parts 

contact surface condition can be shown with y11, y12, 

y21, and y22 like in Eq. (1). 

 

 
(

𝑦11 𝑦12

𝑦21 𝑦22
)

= 𝑦𝑖𝑗 {
1, 𝑀𝑒𝑒𝑡 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

0, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(1) 

 

where 

y11 is the connection of bonded. 

y12 is the connection of rough. 

y21 is the connection of separation. 

y22 is the connection of frictionless. 

 

For example, the machine parts in Fig. 5 consists 

of 4 components. After applying Eq. (1) to explain 

the contact conditions of all 4 components, the 

interconnection matrix is generated, as shown in 

Table 1. 

 

 

 
Figure. 5 The model used for describing the method 

 

Table 1. The interconnection matrix condition of all 4 

components of the machine part in Fig. 5 

No. 1 2 3 4 

1 
1 1 0 0 1 0 0 0 

1 1 0 0 1 0 0 0 

2 
0 0 1 1 1 0 0 0 

0 0 1 1 1 0 0 0 

3 
1 0 1 0 1 1 1 0 

1 0 1 0 1 1 0 0 

4 
0 0 0 0 1 0 1 1 

0 0 0 0 0 0 1 1 

 

The values in any cell in Table 1 are the results 

that analyze by CCM technique. Four values in each 

cell (From Eq. (1)) show the relationship of any two 

contact parts, and these four values can be converted 

into CCMmn with Eq. (2). 

 

 𝐶𝐶𝑀𝑚𝑛 = (
∑ ∑ 𝑦𝑖𝑗

2
𝑗=1

2
𝑖=2

4
)

𝑚𝑛

 (2) 

 

where 

𝐶𝐶𝑀𝑚𝑛 is the value of the connection correlation, 

it can be 0 to 1. 

 

For the example, component 1 and 3 in the cell 

1,3 has two types of contact surface: bonded (y11=1) 

and separation (y21=1) without rough (y12=0) and 

frictionless (y22=0).  Then, the CCM13 is  
𝑦11+𝑦12+𝑦21+𝑦22

4
=

1+0+1+0

4
= 0.5 with Eq. (2). After 

calculation CCMmn for all calls, the table of values of 

the connection correlation matrix is generated as 

shown in Table 2. 

From Table 2, component 3 plays the central 

component role, and the connection correlation 

values with component 1, component 2, and  

 
Table 2. The connection correlation matrix of all 4 

components of the machine part in Fig. 5 

No. 1 2 3 4 

1 1.00 0.00 0.50 0.00 

2 0.00 1.00 0.50 0.00 

3 0.50 0.50 1.00 0.25 

4 0.00 0.00 0.25 1.00 
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1

2

3

4
 

Figure. 6 The connection correlation network of the 

machine part in Fig. 5 
 

component 4   are 0.5, 0.5, and 0.25, respectively. The 

connection correlation network of 4 components is 

shown as in Fig. 6. 

3.2 Calculate distance between pairs of 

components 

In this step, the distance values of every two 

nearby components are calculated by Eq. (3), (4), and 

(5) using Spearman Distance Technique [8]. Use the 

connection correlation values in Table 3 to generate 

the machine component distance coefficient matrix in 

Table 3. 

 

 𝑑𝑠𝑡 = 1 −
∑(𝑟𝑠 − �̅�𝑠)(𝑟𝑡 − �̅�𝑡)

√∑(𝑟𝑠 − �̅�𝑠)2 √∑(𝑟𝑡 − �̅�𝑡)2
 (3) 

 

 �̅�𝑠 =
1

𝑛
∑ 𝑟𝑠𝑗

𝑗

=
(𝑛 + 1)

2
 (4) 

 

 �̅�𝑡 =
1

𝑛
∑ 𝑟𝑡𝑗

𝑗

=
(𝑛 + 1)

2
 (5) 

 

where 

𝑟𝑠𝑗 is the rank of 𝑥𝑠𝑗 taken over 𝑥1𝑗, 𝑥2𝑗 … 𝑥𝑚𝑗 

𝑟𝑠 and 𝑟𝑡 are the coordinate-wise rank vectors of 

𝑥𝑠 and 𝑥𝑡 

 

The machine component distance coefficient in 

Table 3 can show the dissimilarity of any two 

components. The more machine component distance 

coefficient is, the more dissimilarity of the two 

components is. Finally, the machine part dissimilarity 

network in Fig. 5 is generated as shown in Fig. 7.  

 

 

Table 3. The matrix of machine component distance 

coefficient 

Part 

No. 
1 2 3 4 

1 0.00 1.39 0.50 1.39 

2 1.39 0.00 0.50 1.39 

3 0.50 0.50 0.00 1.33 

4 1.39 1.39 1.33 0.00 

 

1

2

3

4
 

Figure. 7 The dissimilarity network of the machine part in 

Fig. 5 

3.3 Generate dendrogram of the machine 

component distance coefficient 

In this step, the dendrogram of the machine 

component distance coefficient is going to be 

generated base on the complete-link clustering 

method with Eq. (6) [9, 10]. 

 

𝐷(𝐶𝑘 , 𝐶𝑖 ∪ 𝐶𝑗) = 𝑚𝑎𝑥 {𝐷(𝐶𝑘, 𝐶𝑖), 𝐷(𝐶𝑘, 𝐶𝑗)} 

 

  (6) 

 

where 

 𝐷(∙,∙) is a distance between two clusters. 

 
With the complete-link clustering methods, three 

Dependency Coefficient of 1.1372, 1.9642, and 

2.2662 are calculated. Then, the cut-off level values 

of (1.9642 + 2.2662) / 2 = 2.1152 and (1.1372 +  
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Figure. 8 Dependence coefficient and appropriate 

clustering methods 

 

 
Figure. 9 The 3 modules of the machine part in Fig. 5 at 

the cut-off level value of 2.1152 
 

1.9642) / 2 = 1.5507 are used to clustering the number 

of modules for the machine part in Fig. 5. The 

dendrogram of the machine component distance 

coefficient for the machine part in Figure 5 is created 

with 2 cut-off level values [11, 12] as shown in Fig. 

8. 

Finally, the appropriate cut-off level value of 

2.1152 is selected to cluster the machine part in Fig. 

5 into 3 modules as shown in Fig. 9. 

4. Results and discussion 

In this study, the industrial printer powertrain set 

of 105 components in Fig. 10 is being clustered with 

3 steps of 1) Generate Connection Correlation Matrix 

with Connection Correlation Method (CCM), 2) 

Calculate distance between pairs of components, and 

3) Generate dendrogram of the machine component 

distance coefficient. 

 

 
Figure. 10 Industrial Printer Powertrain set 

 

For the first step of Generate Connection 

Correlation Matrix with Connection Correlation 

Method (CCM), the interconnection matrix condition 

of all 105 components is generated with Eq. (1) as 

shown in Table 5 (matrix size of 105 x 105). With 

results in Table 4, each cell shows 4 types of 

interconnection condition for a component i and j, the 

conventional DSM relationships of Bonded and 

Rough are shown together with the other two 

relationships of Separation and Frictionless. 

Four values in each cell in the interconnection 

matrix of Table 4 are calculated with Eq. (2) to  

 
Table 4. The interconnection matrix condition of all 105 

components of the machine part in Fig. 10 

No. 1 2 3 .   .   . 105 

1 
1 1 0 0 1 0 

.   .   . 
0 0 

1 1 0 0 1 0 0 0 

2 
0 0 1 1 1 0 

.   .   . 
0 0 

0 0 1 1 1 0 0 0 

3 
1 0 1 0 1 1 

.   .   . 
0 0 

1 0 1 0 1 1 0 0 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

    . 

       . 

. 

. 

. 

105 
0 0 0 0 0 0 

.   .   . 
1 1 

0 0 0 0 0 0 1 1 



Received:  February 1, 2021.     Revised: April 16, 2021.                                                                                                 542 

International Journal of Intelligent Engineering and Systems, Vol.14, No.3, 2021           DOI: 10.22266/ijies2021.0630.45 

 

Table 5. The connection correlation matrix of all 105 

components of the machine part in Fig. 10 

No. 1 2 3 .  .  . 105 

1 1.00 0.00 0.50 .  .  . 0.00 

2 0.00 1.00 0.50 .  .  . 0.00 

3 0.50 0.50 1.00 .  .  . 0.00 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

    . 

       . 

. 

. 

. 

105 0.00 0.00 0.00 .  .  . 1.00 

 

Table 6. The matrix of machine component distance 

coefficient of all 105 components of the machine part in 

Fig. 10 

No. 1 2 3 .  .  . 105 

1 0 0.85 0.61 .  .  . 1.05 

2 0.85 0 0.61 .  .  . 1.05 

3 0.61 0.61 0 .  .  . 1.06 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

    . 

       . 

. 

. 

. 

105 1.05 1.05 1.06 .  .  . 0 

 
Figure. 11 The dendrogram of all 105 components of industrial printer powertrain set in Fig. 10 

 

 
Figure. 12 The dendrogram of all 105 components of industrial printer powertrain set in Fig. 10 at dependency 

coefficient 2.7913 
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Figure. 13 The 7 modules of industrial printer powertrain set in Fig. 10 at dependency coefficient 2.7913 

 

generate the connection correlation matrix of all 105 

components as shown in Table 5. Finally, the 

connection correlation matrix of all 105 components 

is complete and ready to transfer into the machine 

component distance coefficient matrix in the next 

step. 

For the second step of Calculate distance between 

pairs of components, the Spearman Distance 

Technique with Eq. (3) is applied to all values in 

Table 5 to generate the matrix of machine component 

distance coefficient of all 105 components of the 

machine part in Fig. 10 as shown in Table 6. 

For the last step of Generate dendrogram of the 

machine component distance coefficient, the 

complete-link clustering method in Eq. (6) is applied 

to Table 6 to generate the dendrogram of all 105 

components of the machine part in Fig. 10 with a 7-

level Dependency Coefficient of 3.5593 (Level 1), 

3.4106 (Level 2), 3.2834 (Level 3), 3.0536 (Level 4), 

2.8838 (Level 5), 2.7913 (Level 6), and 2.4945 

(Level 7) as shown in Fig. 11. 

Finally, the appropriate cut-off level value of 

2.7913 is selected to cluster the machine part in Fig. 

10 into 7 modules as shown in Fig. 12 (The 

dendrogram form) and in Fig. 13 (The module form).  

The 1st module is with 75 interconnection 

surfaces and 8 pieces of the machine part. The 2nd 

module is with 136 interconnection surfaces and 14 

pieces of the machine part. The 3rd module is with 176 

interconnection surfaces and 17 pieces of the 

machine part. The 4th module is with 61 

interconnection surfaces and 8 pieces of the machine 

part. The 5th module is with 200 interconnection 

surfaces and 21 pieces of the machine part. The 6th 

module is with 209 interconnection surfaces and 19 

pieces of the machine part. The 7th module is with 18 

interconnection surfaces and 18 pieces of the 

machine part. 

5. Conclusion 

This study introduces the new method (CCM) to 

analyze all machine component interconnection 

surface relationships with the conventional DSM 

relationships cooperate with other relationships [3]. 

With CCM, every interconnection surface 

relationship of machine component will not be 

overlooked, unlike the DSM method only with the 

binary interconnection surface relationships. With 

the example of the Industrial Printer Powertrain set, 

the conventional DSM relationships of Bonded and 

Rough can be considered together with the other two 

relationships of Separation and Frictionless. The 

clustering results should undoubtedly differ from the 

conventional DSM method. For further study, other 

than the general surface relationship of machine 

components such as the physical surface relationship, 

the heat transfer surface relationship, the mechanical 

surface relationship, etc., can be input during 

machine designers' machine design processes. 
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