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Abstract: The reconfigurable manufacturing system (RMS) is a new manufacturing technology and
paradigm that resolves the contradictions regarding high efficiency, low cost and flexible production
in the mass production of part families. Reconfigurable machine tools (RMTs) are the core components
of RMSs. A new approach is proposed for the design of RMTs, which is closely related to the process
planning of a given box-type part family. The concepts of the processing unit and the processing
segment are presented; they are not only the basic elements of the processing plans of machined
parts, but also closely related to the structural design of RMTs. Processing units created by processing
features can be combined into various processing segments. All the processing units of one processing
segment correspond to the machining operations performed by one RMT. By arranging the processing
segments according to the processing sequence, a variety of feasible processing plans for a part can be
obtained. Through analysis of the established similarity calculation model for processing plans, the
most similar processing plans for the parts in a given part family can be determined and used for the
structural design of RMTs. Therefore, the designed RMTs can achieve rapid conversion of processing
functions with the least module replacement or adjustment to realize the production of the parts in
the part family. Taking the production of a gearbox part family as an example, the validity of the
presented method is verified.

Keywords: reconfigurable manufacturing; reconfigurable manufacturing process planning; reconfig-
urable machine tool; box-type part families

1. Introduction

With the continuous development of the global economy, the updating of products
has become faster and faster and enterprises are increasingly facing unpredictable market
changes. These changes include the high-frequency introduction of new products, new
product demand, new process technologies, etc. [1]. To survive in this new manufacturing
environment, companies must be able to react to changes rapidly and cost-effectively [2].
In the mid-1990s, Koren and other researchers at the University of Michigan in the United
States proposed a new type of factory with a “reconfigurable manufacturing system”
as a new system architecture to solve the problem of fierce competition in the global
manufacturing industry regarding the mass production of multiple varieties of products.
As a new type of manufacturing system, the RMS can quickly and economically change its
system structure and resource allocation so that the system can obtain precise functions
and the capacity to meet production requirements at any time [3].

In the production process, machine tools are critical, and their reconfigurable ability
and work performance are crucial to the construction of high-quality and -efficiency recon-
figurable manufacturing systems. Therefore, companies need advanced modular machine
tools and corresponding reconfigurable manufacturing systems to quickly respond to
rapidly changing market demands such as drastic changes in product varieties and product
quantities [4]. In current, traditional manufacturing systems, there are two types of machine
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tools: dedicated machine tools (DMTs) and computer numeric controlled tools (CNCs).
Because DMTs are customized for a certain process corresponding to one type of product,
they take the least resources (no functional redundancy) and have low cost. Therefore, they
have high throughput and efficiency in batch processing [5]. In contrast, CNCs have a large
reserve of functions and can respond to different processing requirements. CNCs, however,
require a large investment and do not have the advantages of low cost and high efficiency
over DMTs in batch processing, but they are suitable for multi-variety, single-piece and
small-batch product processing [6]. In this context, Koren et al. [5] at the University of
Michigan, put forward the concept of a reconfigurable machine tool. Since then, as one
of the core reconfiguration technologies to realize RMS application, the design method
for RMTs has always been a research hotspot and also a research difficulty. The design
of the RMT is usually focused on a specific part family and should be rapidly adjustable
to changes in its structure and/or operations to manufacture various parts of that part
family [3,7]. For this reason, RMTs are core components of future intelligent manufacturing
systems [8]. Consequently, studies of the design methodology of RMTs have far-reaching
practical significance for the transformation of traditional manufacturing industries and
the construction of reconfigurable manufacturing systems [9].

Application of RMTs can realize the processing conversion of machined parts in a
given part family. The processing plans of the parts directly affect the configuration of
the RMT functional modules and the choice of RMT reconfiguration schemes. Therefore,
research on the process planning method for part families in reconfigurable manufacturing
will be of great significance for the reasonable and effective design of RMTs and RMSs [10].
At present, there has already been a lot of research on reconfigurable manufacturing system
and the modular design of machine tools [11-19]. Among the research, the concept of
the delayed reconfigurable manufacturing system (D-RMS) was proposed to improve
the convertibility of RMSs by grouping parts with common former operations into the
same part family and selecting appropriate machine types including dedicated machines,
flexible machines, and reconfigurable machines [12]. A reconfigurable machine tool that
provided a flexible platform for turning and milling was invented [13]. According to
the production demand, the study of reconfigurable drilling machine selection and pro-
cess parameter optimization was carried out [14]. A new class of reconfigurable parallel
kinematic machines [17] and reconfigurable micro-machine tools for desktop machining
micro-factories [18] were designed. A method for selecting RMT modules based on RMT
ontology was proposed [20] in which the appropriate RMT modules were selected accord-
ing to the established knowledge base, and the selection of RMT modules was studied
according to RMT performance indicators. Ming et al. proposed a highly efficient calcu-
lation method for sensitive, position-dependent geometric error (PDGE) identification of
a five-axis reconfigurable machine tool [21]. Using this method, sensitive PDGEs can be
calculated directly according to a mapping expression, which eliminates the process of error
modeling and analysis. A multi-objective optimization method for the RMT based on the
cuckoo search algorithm was proposed [22], and there were two proposed objective func-
tions: minimizing the design cost of the RMS and maximizing the reconfiguration index so
as to design an RMS with a low cost and high reconfigurable capability. Various research on
RMTs is primarily in three areas: architecture design, configuration design and optimiza-
tion, and system integration and control [23]. Most of the research focuses on optimizing
existing production lines to save costs and increase production capacity [3,24,25]. There are
still a number of issues that need to be further addressed for developing implementable
industrial RMTs. The design of RMTs is closely related to reconfigurable manufacturing
process planning [2], but there is still a lack of design research that combines the two
closely, which makes it difficult to verify the practical application of RMSs [23]. Although
the concept of RMT was proposed in the year 2020 as one key technology for the future
of manufacturing [26], it still lacks broad application now. One reason is the necessary
technological progress, especially regarding the hardware of machine tools [27].



Machines 2021, 9, 148

30f25

The function of each RMT is customized according to the processing plans of the
machined parts. That is to say, these processing plans directly affect the structure design
and the overall performance of RMTs. Therefore, in the RMT design stage, determining the
parallel design method an RMT is closely related to for part family process planning will be
of great significance for obtaining RMTs that can not only meet the processing demand of
the part family, but also achieve rapid processing conversion between parts. In this paper,
based on the structural characteristics of RMTs, a new RMT design method based on the
process planning of box-type part families is presented. Taking the production of a gearbox
part family as an example, the effectiveness of this method is verified.

2. Processing Characteristics of Box-Type Parts

In mechanical products, box-type parts such as an automobile-gearbox housing are
mainly used to install, contain, and support other parts, as shown in Figure 1.

Figure 1. An automobile gearbox housing with five numbers indicating five machining orientations
respectively.

The function of a box-type part determines its complex shape, thin wall, large size,
heavy weight, high strength, and good rigidity. Generally, the machining accuracy of
box-type parts is relatively high, and there are many surfaces and holes to be machined on
this kind of part. There are complicated shape—position relationships between machined
surfaces, machined holes, machined surfaces, and the machined holes of the part. The
processing of box-type parts is complicated and difficult and has many working procedures,
so this kind of part is a typical representative of complex machining parts.

Because box-type parts have complex shapes and many machining features and belong
to thin-walled parts, their machining-locating datums can be divided into two categories:
rough machining-locating datums and finishing-locating datums. When this kind of part
is mass produced, one plane and two holes are usually selected as the unified finishing-
locating datum as much as possible so as to ensure the machining accuracy of the part and
facilitate the clamping of the workpiece. In order to ensure the size and geometric accuracy
of the holes and planes on the part, the following processing principles should generally
be followed: The processing features used as the locating datums must be processed first,
before other processing features. The plane features must be processed firstly, and then
their hole features them can be processed stably and reliably through plane locating, which
can also reduce the installation deformation of the workpiece and improve the processing
accuracy of the holes. Due to the thin wall, low rigidity, and easy deformation of box-type
parts, the cutting forces and cutting heat generated by rough machining are relatively large,
so the rough machining and finish machining of such parts should be carried out separately.
In order to reduce the number of machine tools, thereby improving production efficiency
and processing accuracy and reducing processing costs, all holes on one surface should be
processed together to the maximum extent. Especially in mass processing, the benefits of
process concentration are particularly obvious.

3. Part Process Planning Closely Related to RMT Design

To complete the processing of a machined part, the first step is to obtain its processing
plan, which means to determine all processing methods used and their corresponding
processing sequence. The processing functions of the designed machine tools must be able
to meet all the processing requirements of the part processing plan.
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3.1. Establish the Mapping Relationship between the Part Processing Plan and the Machine Tool
Processing Functions

The RMT is a kind of non-redundant function machine tool that can precisely meet the
processing requirements of a machined part and has high processing economy. Moreover,
RMTs can perform rapid processing conversion among parts in a specific part family
through structural reconstruction and have processing flexibility for part family production.
Therefore, establishing a process planning method for specific part family production that
closely considers the RMT design is the key to realizing the practical application of RMTs. A
new method of process planning for part-families is proposed herein. As shown in Figure 2,
a part-processing plan consists of several processing segments arranged according to their
processing sequence. All machining operations corresponding to a processing segment
will be performed by an RMT.

Processing segment 1 | B | Processing segment2 |mp * * * » Processing segment n

\ J
!

A part processing-plan

Figure 2. A part processing plan composed of several processing segments.

The mapping relationship between a processing segment and its corresponding RMT
is shown in Figure 3. An RMT is usually composed of multiple processing units correspond-
ing to various machining orientations. For each processing unit, a single spindle head or a
multi-spindle head may be used to complete different types of machining operations such
as drilling, boring, tapping, etc.

An RMT

A multi-spindle head
corresponding to

A processing segment . :
processing unit 1

A single spindle head
corresponding to
processing unit 3

Processing unit 1
(Drilling in machining orientation 1)

Processing unit 2 <:>
(Drilling in machining orientation 2)

Processing unit 3
(Drilling in machining orientation 3)

A multi-spindle head
corresponding to
processing unit 2

Figure 3. The mapping relationship between a processing segment and its corresponding RMT.

In order to realize rapid processing conversion among the parts in the part family, the
processing plans for all the parts in the part family must be optimized and selected as an
important basis for the RMT design. Then, based on the design of the RMT module groups
for the production of a specific part family, RMT structure schemes can be generated
according to their processing function requirements. A general scheme of the design
methodology of reconfigurable machine tools is shown in Figure 4.
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Processing information of the parts |
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‘ Natural-combination process units |
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Optimization of the processing plans
of all the parts

v

Final processing plans of the parts

RMT modules design

RMTs design

Figure 4. The general scheme of the design methodology of reconfigurable machine tools.

3.2. Acquisition of the Processing Information of the Part

In order to quickly create the processing plans for the parts in a part family, it is
necessary to establish a computer-aided process planning method. First, all processing
information for the part needs to be extracted totally. By analyzing the final structure’s
features and the processing technical requirements of the part, its final processing features
can be obtained. After tracing the final processing features layer by layer, all required
pre-processing features of the part can be determined. Finally, a processing information
table containing all processing features of the part is established.

As shown in Figure 5a, all final processing features of the part are directly obtained by
analyzing the detailed drawing to form a processing feature set indicated by A, which is
described in Equation (1):

A={F---F---F} 1)

F; represents the ith final processing feature of the machined part in set A, and 7 is the
total number of the final processing features,i=1... n.

The second step is to trace back all of the pre-processing features from each final
processing feature. Taking the ith final processing feature as an example, all the processing
features obtained can form a processing feature set f' (including F;) as in Equation (2):

fr={f Al fu} @

m is the total number of the processing features in set f’. For example, if a final process-
ing feature of a machined part is finish boring, the pre-processing features are rough boring
and semi-finish boring; that is, f (e { rough boring, semi — finish boring, finish boring}.

For ease of description, the definition of homogeneous processing features is given
herein; that is, a series of processing features that belong to a processing feature set f' are
collectively referred to as homogeneous processing features. A final processing feature
may be traced back to a plurality of homologous processing features, which can form a
homologous processing feature sequence in the order of processing, such as the example
shown in Figure 5b. Obviously, homogenous processing features have the same spatial
position coordinates.
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Figure 5. An example of extracting the processing information of a part: (a) Obtain all of the final processing features of the
part; (b) obtain a homologous processing feature sequence by tracing back from a final processing feature; (c) extract the

processing information of processing feature f5.

The third step is to create a processing information table for the machined part.
Here, it is specified that the table is created for each single value, as shown in Figure 6,
which contains the processing information for the processing features. Fourteen kinds
of processing information, which are represented by numbers, are included in each row.
Among them, ¢; g represents the code of a processing feature, c; ; indicates the machining
orientation corresponding to the processing feature (ci; =1, 2, ..., 7), 1~6 represent
the machining orientations along the coordinate axis in the Cartesian coordinate system,
respectively, and 7 represents the oblique machining orientation that is inclined to the
coordinate axis. Figure 1 illustrates an automobile gearbox housing with six machining
orientations. ¢y is the feature type code (=1 means plane machining and =2 means
inner surface machining, mainly for various hole machining such as unthreaded hole
machining, threaded hole machining, etc.). c;3 is the processing type code (=11 means
the rough milling, =12 means the finishing milling, =21 means the rough boring, =22
means the finish boring, etc.). The codes c;4, ¢i5, cis represent three locating datums
of a processing feature, respectively; that is, the codes correspond to other processing
features used as the locating datums, and if the locating datums of rough processing
features are non-processing features, the codes are assigned values of 0. ¢j7, ¢; g, cig are
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the X, Y, and Z coordinate values of a processing feature in the overall coordinate system
respectively. If the processing feature is a hole-machining feature, c;19 represents the
diameter value of the hole; otherwise, it is assigned a value of 0. ¢; 11 corresponds to a
processing feature that must be processed before the current processing feature according
to the basic principles of the processing sequence, which expresses the processing sequence
relationship between the two processing features. Code c; 11 is also called the sequence
label. The homologous processing feature sequences are represented by numerical symbols.
Code ¢; 17 is the numerical symbol of the homologous processing feature sequence to which
the current processing feature belongs. Code ci 13 is the processing sequence number of the
current processing feature in its homologous processing feature sequence. For example, the
homologous processing feature sequence mentioned above includes the three processing
features of rough boring, semi-finish boring, and finish boring; their codes, ¢ 13, are 1, 2,
and 3 respectively such as in an example shown in Figure 5c. The processing information
table of the part will be used as the basis for its process planning.

A part

‘F R —i : The final :

ol processing
} ([1) i features
‘ ..... | ...... p
\ ¢1 |
\ | =
N 5

3]

| f3 | 5
\ | B
\ ‘ | @
\ | 8
\ | =
[T | S
} I ......... O

. Do =%
N Rl 2
| =
\ | S
\ 1 [ 9 : i N .
‘ n I T cee o In e fn 2?
Lo : G

| £

H

The first homologous-

processing-feature sequence
Extracting the processing information of the ith processing feature
NO. | Orientation Feature Type Processing Type Locating Datum|Coordinate Values (mm)
Ci,0 Ci,1 Ci,2 Ci,3 Ci,4 Ci,5 Ci Ci,7 Ci,8 Ci,9g
Hole Diameter Sequence Label Homologous Number Homologous Sequence Number
Ci, 10 G Ci, 12 Ci,13

Figure 6. Schematic diagram of the establishment of the processing information table of the
machined part.

3.3. The Creation of Processing Units

RMTs can be split into a set of autonomous functional modules that can be plug-and-
play interfaced to form complete systems for particular needs [2]. In order to realize the
rapid reconstruction of the structures and functions of RMTs, each autonomous functional
module should have a specific processing function such as performing a definite machining
operation. For an autonomous functional module with processing functions, the component
that performs the machining operations may be a single spindle head or a multi-spindle
head. On an RMT, there may be multiple operating components corresponding to the
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processing units of a processing segment of a machined part, and they operate in parallel
and enable the RMT to achieve high-efficiency processing like a dedicated machine tool.

As shown in Figure 7, in general, there may be several processing units that constitute

a processing segment, and several processing segments combine into the processing plan
of a machined part. Therefore, a processing unit refers to a set of processing features that
have the same feature type, locating datums, and machining orientation with no processing
conflicts between them.

Multi-spindle heads

©aaRmT

| | ‘ ‘ [ Constructing RMS

i i Operating Operating e e . Operating
| { Component1  Component 2 Component n |
— ! -

Machining Machining . e . Machining

orientation 1 orientation 2 orientation n
Y ! .
Processing Processing P Processing |
unit 1 unit 2 unit n

l [ ‘ i— Combining into one processing plan of a part

{

A processing segment

Figure 7. Mapping relationship between the part’s processing plan and the reconfigurable manufacturing system.

The processing units can be established according to the processing information table

of the machined part. First, the processing features that have the same processing type,
locating datums, and machining orientation are combined into a natural combination
process unit. Second, the natural combination process units are combined into form a
processing unit by five principles as follows:

@
@)

®)

The processing unit must be formed by the natural combination process units that
have the same machining orientation.

Natural combination process units with large processing differences cannot be com-
bined into processing units. In general, planar machining features and hole machining
features cannot be combined and rough machining features and finish machining
features cannot be combined. For example, due to the large differences in cutting
force, cutting vibration, etc., rough milling and fine milling cannot be combined;
otherwise, the quality of the finishing surface will decrease.

There must be no processing sequence conflicts between the natural combination
process units to be combined. For example, natural combination process units that
contain homologous processing features cannot be combined because they have
clear pre- and post-processing sequential relationships. In the four cases shown in
Figure 8, the natural combination process units without homologous relationships
can be combined into multiple processing units, and the processing features to be
combined are enclosed by a rectangular dashed frame.
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(d)

Figure 8. The processing units obtained by the combination of the natural combination process units
without homologous relationships: (a) Get the first case of multiple processing units (b) Get the
second case of multiple processing units (c) Get the third case of multiple processing units (d) Get
the fourth case of multiple processing units.

(4) The locating datums of the natural combination process units to be combined cannot
conflict with each other. Whether the natural combination process units can be
combined or not should be judged and determined by the three locating datum codes
they contain.

(5) If the machining operations corresponding to a processing unit are performed by a
multi-spindle head, all of the processing features contained therein must meet the
minimum spindle spacing condition and the feed rate consistency condition.

All feasible processing units must be created in each machining orientation of the
part, and the processing plans of the part must be generated from these base elements.
The processing units can be created through ergodic combination of the obtained natural
combination process units by means of retrieval. Assuming that the number of natural
combination process units in one machining orientation of the machined part is n, each
natural combination process unit can be considered independently as a processing unit,
followed by two combinations, three combinations, ... , # combinations. Next, all feasible
processing units meeting the five principles of the combination of the processing units by
the natural combination process units can be screened out, and they can form an alternative
processing unit library, shown in Figure 9.
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One machining orientation of the machined part

Natural-combination process unit 1, Natural-combination process unit 2 «++ , Natural-combination process unit n

Combining
| Groups of processing unit containing only Processing units combined by two Processing units combined by 1 |
| one natural-combination process unit natural-combination process units A natural-combination process units |
Testing The five principles of the combination of the processing
. unit by the natural-combination process units
Screening

An alternative processing unit library in this
machining orientation of the machined part

Figure 9. Flow chart for establishing an alternative processing unit library of a machined part in one machining orientation.

The processing information of a processing unit includes its machining orientation
code, the numerical symbols of the processing features contained therein, and the locating
datum codes and sequence labels of these processing features.

3.4. The Creation of Processing Segments

A processing segment generally consists of several processing units that correspond
to various machining operations in multi-machining orientations of the machined part to
be performed in parallel. Therefore, the processing units to be combined into a processing
segment must meet the following three principles:

(1) The locating datums contained in these processing units cannot conflict with each

other;

(2) The processing features contained in these processing units cannot have large process-
ing differences; otherwise, they will interfere with each other in parallel processing;

(3) There must be no processing sequence conflict between these processing units due to
parallel processing. The processing sequence relation matrix of all of the processing
units needs to be established to describe the processing sequence relationship among
them, which is represented by S, S = {aij }. In the matrix, if the processing unit i must
be processed before the processing unit j, the corresponding matrix element a;;=1,
otherwise a;; = 0, as shown in Table 1.

Table 1. The processing sequence relation matrix of all of the processing units.

Processing Unit u u, u; u,
Uy 0 ap ag; ain
u, a1 0 ay a2n
U; a1 aj ajj A
Uy n1 An2 Apj 0

In general, machined parts have up to six machining orientations (shown in Figure 1).
Since at least one surface of the part is usually used as a locating and support surface
during processing, there are, at most, five parallel machining orientations on an RMT. For
various combinations of machining orientations, groups of processing segments can be
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formed by the processing units screened out by the three combination principles mentioned
above. Next, five sets of processing segments can be created in turn: the set of processing
segments formed by the five processing units corresponding to five machining orientations
and similarly, the set of processing segments formed by the four processing units, the
set of processing segments formed by the three processing units, the set of processing
segments formed by the two processing units, and the set of process segments formed by
one processing unit.

Next, from the processing segments obtained above, a group of processing segments
can be screened out, which not only contain all the processing features of the machined
part, but also do not contain the same processing features among them. This group of
processing segments is one processing segment scheme that can be directly used to create
the processing plans of the part. Obviously, for parts with complicated machining features,
a large number of processing segment schemes may be obtained.

3.5. The Generation of Processing Plans

All the processing segments in each processing segment scheme can be arranged and
combined to form several processing segment sequences. Through a test of the processing
sequence relation matrix of all the processing units, the processing segment sequences
without processing sequence conflict can be screened out as the processing plans of the part.

Next, a variety of processing plans for the production of the parts in a given part family
can be generated. In order to facilitate the production of the part family, the optimized
processing plans of all the parts should serve as the basis for the design of RMTs.

4. The Optimization of the Processing Plans of Each Part in the Part Family

In fact, the design of RMT is extremely complex, and a lot of factors should be
considered. The two key characteristics of RMT, precise production functionality and rapid
processing conversion, are considered when studying RMT design methods in this paper.
Accordingly, the processing plans of the parts in the part family are optimized to drive RMT
design. If RMTs are designed according to the most similar processing plans of the parts
in the part family, they can be quickly reconstructed or adjusted to realize the processing
conversion between the parts.

4.1. Similarity Evaluation of Processing Segments

The similarity coefficient of two processing plans corresponding to two parts is ob-
tained by the similarity comparison of the processing segments contained therein. The
similarity between two processing segments is evaluated using two aspects. The first is the
similarity evaluation of the parallel machining orientations of the two RMTs corresponding
to the two processing segments, and the second is the similarity evaluation of the process-
ing units contained therein. The more similar the parallel machining orientations and the
processing types of the processing units corresponding to the two processing segments, the
lesser the RMT conversion operation.

The similarity coefficient of the parallel machining orientations corresponding to the
two processing segments is always different because of the direction of conversion between
them. When the original processing segment is converted to the new processing segment,
the similarity coefficient S of the parallel machining orientations corresponding to the two
processing segments can be calculated by Equation (3):

_Ns

Sfan

®G)
where N; is the number of the same machining orientations of the two processing segments
and N, is the number of machining orientations of the new processing segment.

For example, as shown in Figure 10, two types of parallel machining orientation
combinations are represented by A and B, respectively. If the original type B is converted to
a new type A because type B contains all the machining orientations of type A, the original
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RMT corresponding to type B does not need to change its machining orientations and can
directly meet the new parallel machining orientation requirements, and, after calculation,
their similarity coefficient is 1. However, if type A, as the original type, is converted to type
B, the original RMT needs to add a new machining orientation to meet the new processing
requirements, and, after calculation, their similarity coefficient is 0.5.

AN

Type A Type B

Figure 10. Two types of parallel machining orientation combinations are represented by A and
B, respectively.

As shown in Figure 11, when the part is machined in 2 parallel machining orientations,
there are 2 major categories corresponding to 15 types of parallel machining orientation
combinations, which contain 12 types of 2-machining orientations along 2-coordinate
directions and 3 types of 2-machining orientations along a 1-coordinate direction.

@ H

Types of 2-machining orientations along 1-coordinate direction

Figure 11. Types of parallel machining orientation combinations when a part is machined in two
parallel machining orientations.

By analogy, all kinds of parallel machining orientation combinations can be deter-
mined. It should be pointed out that the types of parallel machining orientation com-
binations belonging to one major category can be adjusted to one type by adjusting the
orientation of the workpiece through the workpiece turnover device or rotary table.
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For the similarity evaluation of the processing types of the processing units corre-
sponding to the two processing segments, because of a great machining difference between
the processing segment containing planar machining features and that containing hole
machining features, their similarity coefficient is set to 0, and in other cases, their similarity
coefficient S,, is set to 1.

Finally, the similarity coefficient S; » between processing segment 1 and processing
segment 2 can be calculated by Equation (4), and it must be stated that the similarity
coefficient Sq 5 corresponds to the processing conversion from processing segment 1 to
processing segment 2:

S12 =S5 Sn 4)

4.2. Similarity Evaluation of Processing Plans of the Parts

In general, a processing plan of a part consists of several processing segments, which
are arranged in order of processing, and the RMTs corresponding to the processing seg-
ments are also arranged in the same order. Therefore, the similarity of two processing plans
corresponding to two parts should consider not only the similarity of the processing seg-
ments contained in them, but also the similarity of the processing sequence corresponding
to the similar processing segments among them.

For example, a processing plan P of part 1 in a part family is as follows:

P:Py—=P--P1—=P =Py — Py
Another processing plan Q of part 2 in the part family is as follows:

Q:01—>Q2 Qi1 > Qi = Qi1 = Qn

Because the similarity of the two processing plans is comprehensively evaluated by
comparing the similarity of the processing segments contained therein, their similarity
coefficient must be calculated according to the processing conversion from the processing
plan containing more processing segments to that containing fewer processing segments.
In this way, the number of comparisons of the processing segments are minimized, and the
similarity coefficient of the two processing plans can be quickly obtained.

Using m, n to represent two values, respectively, processing plan P of part 1 includes m
processing segments, which are represented by P1~Py,. Processing plan Q of part 2 includes
n processing segments, which are represented by Q;~Q;,. If m < n, the similarity coefficient
Sgp of processing plan Q and processing plan P can be calculated by Equation (5), and the
similarity coefficient corresponds to the processing conversion from processing plan Q to

processing plan P:
N:
sor = Zit (R0si) ®

where S; is the similarity coefficient of the ith processing segment of processing plan P
and its corresponding processing segment of processing plan Q, N; is the number of the
processing units contained in the ith processing segment of processing plan P, and N is the
total number of the processing units contained in processing plan P.

The configuration that consists of several serial lines arranged in parallel (SLP) and the
RMS configuration are shown in Figure 12 [3]. The principal difference between the SLP and
RMS configurations is that RMS has crossover connections that enable operating several
machines in each processing segment in a parallel mode. In practice, a gantry that operates
in each processing segment enables these connections. The machine tool is considered a
processing module in the RMS configuration. RMTs corresponding to various processing
segments can be reconstructed, exchanged, moved, or increased according to the demands
of production changes and capacity, and workpieces are transported through the gantry
between the machine tools. Obviously, the workpiece can be moved relatively easily and
freely between three adjacent machine tools, which correspond to three adjacent processing
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Machine tool

Lo = oo = .. = oo %
Lo = oo & oo I= oo Y

segments in order of processing. Next, the similarity coefficient S; in Equation (5) can be
calculated by Equation (6):

Si = max(S;;-1,Si, Sii+1) (6)
where S; ;1 are the similarity coefficients of the ith and i—1th processing segments con-

tained in processing plans P and Q, respectively. Similarly, S; ; and S; ;.1 are the other two
similarity coefficients.

s |

Part Machine tool

B

=
-

0%k

Gantries

(a) (b)

Figure 12. Schematic layout of (a) SLP configuration and (b) RMS configuration. Reprinted with permission from ref. [3].

Copyright 2018 Springer.

If processing plans P and Q contain the same number of processing segments, i.e.,

m = n, the similarity coefficient Sop corresponding to the processing conversion from
processing plan Q to P and the similarity coefficient Spg corresponding to the processing
conversion from processing plan P to Q must be calculated, respectively. Finally, the
similarity coefficient S between the two processing plans is calculated by Equation (7):
S = max(SpQ, SQp) (7)

If the most similar processing plans of two parts in a given part family are used for

the design of RMTs, it can greatly facilitate rapid processing conversion from one part
to another.

5. Validation
5.1. Process Planning of a Given Part Family

Taking the production of a gearbox part family consisting of three parts as an example,
as shown in Figure 13, the proposed method was used to create reconfigurable manufac-
turing processing plans for their processing. In order to improve the processing efficiency,
in this application example, RMTs were equipped with as many multi-spindle heads as
possible. The machining orientations of each part were represented by numbers 1 to 6
(shown in Figure 13). The steps to create reconfigurable manufacturing processing plans
for the processing of the part family were as follows:
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Part1 P 8 Part 2 Part3
X~ '> <Y
Figure 13. A gearbox part family of three parts.

(1) The processing information tables of the three parts were created firstly. For example,
the processing information for part 1 is shown in Table 2; due to the large amount of
information, some processing information is omitted;

Table 2. Processing information for part 1.
. . Feature Processing Locating Coordinate Hole Sequence Homologous Homologous
No. Orientation . Sequence
Types Type Datum Values (mm) Diameter  Label Number
Number
Ci,0 Ci1 Ci,2 Ci,3 G4 G5 Cie C7  CGig G €10 Ci,11 Ci,12 €13
1 1 1 11 0 0 0 0 0 0 0 0 1 1
2 1 2 31 1 0 0 183 80 0 13 1 2 1
3 1 2 31 1 0 0 -18 8 0 13 1 3 1
4 1 2 33 1 0 0 183 80 O 13 2 2 2
93 4 2 23 4 5 9 —163 -15 155 72 91 35 2
94 4 2 23 4 5 9 163 -—-15 77 72 92 36 2

(2) For each part, by means of retrieval, those processing features that had the same pro-
cessing type, locating datums, and machining orientation and could be processed us-
ing one multi-spindle head were combined to form natural combination process units;

(3) According to the five combination principles mentioned above, the natural combina-
tion process units were combined to form various processing units in each machining
orientation of the parts. Next, for each part, a group of processing units could be
screened out as a processing unit scheme. There were 27, 23, and 21 processing units
in the three processing unit schemes obtained corresponding to part 1, part 2, and part
3, respectively. For example, the processing unit scheme of part 1 is listed in Table 3.
Next, for each part, the processing sequence relation matrix of all of the processing
units could be created by analyzing their processing sequence information;

(4) For the processing unit scheme of a part, based on the three principles of combining

the processing units into a processing segment, the processing segments could be
created through the combinations of its processing units. Through the arrangement
of the processing segments and the following test using the processing sequence
relation matrix of all the processing units, a variety of processing plans of the part
could be obtained;
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Table 3. Processing units of part 1.
. . Locatin; Sequence Processin,
No. Orientation Da tumf ]_‘,]abel Fea turesg Notes
1 1 0,0,0 0 1 Rough milling
2 1 1,0,0 1 2,3 Drilling
3 1 1,0,0 2,3 4,5 Reaming
4 2 1,4,5 5 6 Semi-finish milling
5 4 1,4,5 5 7 Semi-finish milling
6 3 1,4,5 5 8 Semi-finish milling
7 1 6,7,8 8 9 Finish milling
8 1 4,5,9 9 10,11 Drilling
9 2 4,5,9 9 12 Finish milling
10 4 4,5,9 9 13 Finish milling
11 3 4,59 9 14 Finish milling
12 2 4,5,9 12 15-21 Drilling
13 2 4,5,9 15-21 22-28 Reaming
26 4 4,59 13,74 91, 82 Semi-finish
boring/Reaming
27 4 4,59 13 92 Semi-finish boring

(5) Firstly, the similarity coefficients between all the processing plans corresponding
to any two parts in the part family were calculated. Through the comparison and
analysis of the similarity coefficients of the processing plans of the three parts, three
processing plans corresponding to the three parts with the largest similarity coefficient
could be obtained as follows:

The processing plan of part 1 consisted of 13 processing segments and was expressed
as follows:

(1)-(2)-(3)-(4,5,6)-(7)-(9,10,11)-(12,15,21)-(13,16,23)-(14,17,25)-(22,8)-(18,26)-(19,27)-
(20,24).

The processing plan of part 2 consisted of 12 processing segments and was expressed
as follows:

(1)-(4)-(5)-(2,3,6)-(7)-(9,10,11)-(18,12,15)-(13,16,19)-(14,17,20)-(8,21)-(22)-(23).

The processing plan of part 3 consisted of 11 processing segments and was expressed
as follows:

(1)-(2)-(3)-(4,5)-(6)-(10,11)-(7,12,17)-(8,14,18)-(9,15,19)-(13,20)-(16,21).

In the above three processing plans, the symbol “-” is the delimiter between two
adjacent processing segments. Processing units are indicated by numbers, and the numbers
in the parentheses indicate a set of processing units that belong to one processing segment.
The processing segments of each processing plan are arranged in the order of processing.
The processing information of the three parts’ processing plan is shown in Table 4, and the
schematic diagram of the processing information of the processing segments in the plan of
part 1 is shown in Figure 14. RMTs should be designed according to the three processing
plans of the three parts, and the designed RMTs can be reconstructed and adjusted rapidly
to realize the processing conversion of the three parts.
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Table 4. Comparison of the processing information of the three parts’ processing plans.

Processing
plan of
part1

Number of each
processing segment

11

12

13

The numbers
corresponding to
processing units in
each processing
segment

4,5,6

9,10,11

12,15,21

13, 16,23

14,17,25 22,8

18, 26

19,27

20,24

Machining operations
of each processing
segment

Rough
milling

Drilling

Reaming

Semi-
finish
milling

Finish
milling

Finish
milling

Drilling

Reaming

Finish

boring/Reaming Drilling

Semi-
finish
boring

Semi-
finish
boring

Finish
boring/Tapping

Corresponding
machining
orientations

2,4,3

2,4,3

2,3,4

2,3,4

2,3,4 1,4

2,4

2,4

2,4

Processing
plan of
part 2

Number of each
processing segment

9 10

11

12

The numbers
corresponding to
processing units in
each processing
segment

2,3,6

9,10,11

18,12,15

13,16, 19

14,17,20 8,21

22

23

Machining operations
of each processing
segment

Rough
milling

Drilling

Reaming

Semi-
finish
milling

Finish
milling

Finish
milling

Drilling/Rough
boring

Reaming/Semi-
finish
boring

Finish

boring/Tapping boring

Drilling/Rough

Semi-
finish
boring

Finish
boring

Corresponding
machining
orientations

2,4,3

2,4,3

2,3,4

2,3,4

2,3,4 1,2

Processing
plan of
part 3

Number of each
processing segment

9 10

11

The numbers
corresponding to
processing units in
each processing
segment

4,5

10, 11

7,12,17

8,14,18

9,15,19 13,20

16,21

Machining operations
of each processing
segment

Rough
milling

Drilling

Reaming

Semi-
finish
milling

Finish
milling

Finish
milling

Drilling

Reaming

Drilling /Semi-
finish
boring

Tapping

Finish
boring

Corresponding
machining
orientations

2,4

2,4

1,2,4

1,24

1,24 2,4

2,4
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(Processing unit 1) (Processing unit 2)

: Processing segment 1 : Processing segment 2 :
- (NO.1) ' (NO.2) )
1 1 1

Tapping Semi—fini.sh mil!ing 3 Semi-finish milling
(Processing unit 24) (Processing unit 6) l (Processing unit5)

Semi-finish milling

Finish boring (Processing unit 4)

(Processing unit 20)

: Processing segment 4 :
' (NO.4) !

1
! 1

: Processing segment 13 :
. (NO.13) :
! 1

Figure 14. Schematic diagram of the processing information of the processing segments in the plan
for part 1.

5.2. Design of Reconfigurable Machine Tools

Based on the processing plan of a part, RMT motion schemes that met the processing
requirements of all the processing units contained in each processing segment were first
created. Autonomous functional modules are autonomous and independently workable [2].
Autonomous functional modules that meet the motion requirements of RMTs can be created
by the predefined RMT module groups, which can be obtained by the modular setting of
reconfigurable machine tools based on the generative design method [28].

For the production of the above gearbox family, some of the autonomous functional
modules obtained were as shown in Figure 15. Next, according to the motion requirements
of an RMT, through the selection and connection of these modules, the RMT structural
configurations corresponding to each processing segment could be generated.

According to the RMT configurations obtained and the workspace range of the RMTs
for the production of the parts in the part family, groups of RMT modules with sizes and
detailed structures could be designed. Therefore, RMT modules are dedicated modules
that can meet the production demand of a specific part family.

In order to create RMT structural configurations conveniently, the coordinate system
of the RMT was established as same as that of the parts shown in Figure 13. RMT mo-
tion schemes should be generated to achieve machining operations corresponding to the
processing segments of a parts’ processing plan.
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(a) Multi-spindle head module (b) Traverse table module (c) Headstock slide module

(d) Beam module (e) Column module (f) Ram module

\

)

'.Tﬁ?ﬁ."?“]
./ A1
L a
g . %\E \

(g) Bed slide module (h) Large base module (i) Oblique-bed slide module

Figure 15. Several generated autonomous functional modules.

Taking the second processing segment of the processing plan of part 1 as an example,
if multi-spindle heads were used for machining, several RMT motion schemes could be
generated for the RMT design. This processing segment contained only one processing unit,
which corresponded to hole drilling in machining orientation 1 along the Z axis shown in
Figure 16. The motion requirements of the RMT can be expressed as T/ZY /W, where Z, Y
represent the linear motion degrees of freedom along the Z axis and Y axis, W represents
the workpiece, and T represents the tool. The position of the machine base is indicated by
inserting the symbol “-” between the T side and the W side of the RMT. According to the
selection of the possible positions of the machine base, several RMT motion-schemes could
be generated. One of the motion-schemes was T/Z-Y /W, as an example to introduce the
construction process of the corresponding RMTs.

For the construction of the machine structures of the T side, the spindle head should
be selected firstly as the head-end module. In this case, a multi-spindle head module
was selected, as shown in Figure 15a. Next, the module of the Z-direction motion was
designed in sequence. A lot of autonomous functional modules of Z-direction motion were
generated by the combinations of various RMT modules. Two of them were selected, as
shown in Figure 15¢ f. For the construction of the machine structures of the W side, the
autonomous functional module, which had the function of feeding and withdrawing the
workpiece along the Y axis, was needed. One autonomous functional module was selected,
as shown in Figure 15b. There were some holes and slots machined on the interface of the
RMT modules, which were used to locate and connect the modules during assembly. The
large base module shown in Figure 15h was selected as the ground connection module
of the RMT. Several guide keyways and connection holes machined on the upper surface
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of the large base module are used to locate and connect the upper modules mounted
on it. Therefore, the modules of the T side and the W side mounted on the large base
module could be moved along the guide keyway in directions X and Y. The autonomous
functional modules obtained above were connected by fixed mechanical interfaces that
aimed to achieve a rapid reconstruction of RMTs. Finally, two RMTs designed by the above
configurations are shown in Figure 16.

Figure 16. Two generated RMTs corresponding to the machining operations of the 2nd processing
segment of the processing plan of part 1.

Obviously, because there may be various autonomous functional modules that can be
applied to meet the motion requirements of an RMT, a variety of viable RMT configurations
can be generated. Therefore, the obtained RMT configurations can form an abundant RMT
configuration library from which the best RMT can be selected to use according to the
actual processing conditions.

As shown in Figure 17, several RMT configuration schemes were taken as cases, which
were generated by the above three processing plans corresponding to part 1, part 2, and
part 3, respectively.

As shown in Table 5, RMTs generated by the three processing plans corresponding
to part 1, part 2, and part 3, respectively were arranged according to processing sequence,
and each RMT corresponded to the processing segment of the part processing plan in
order of processing. Processing conversion between RMTs corresponding to the three
parts is represented by symbols. The meanings of the processing conversion symbols are
as follows.
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(b) RMT structural configuration corresponds (c) RMT structural configuration corresponds to
to the 2nd and 3rd processing segments of part the 4th and 6th processing segments of part 1 and
1, part 2, and part 3. part 2.
(Drilling/Reaming) (Semi-finish milling/Finish milling)

(a) RMT structural configuration corresponds to
the Ist and 5th processing segments of part 1,
part 2 and part 3. (Rough milling/Finish milling)

(e) RMT structural configuration corresponds to
the 7th, 8th, and 9th processing segments of
part 1, part 2, and part 3.
(Drilling/Reaming/Rough boring/Semi-finish
boring/Finish boring/Tapping)

(d) RMT structural configuration corresponds to
the 4th and 6th processing segments of part 3.
(Semi-finish milling/Finish milling)

(f) RMT structural configuration corresponds to
the 10th processing segments of part 1 and part 2.
(Drilling/Rough boring)

(g) RMT structural configuration corresponds to (h) RMT structural configuration corresponds to the 11th, 12th, and 13th processing segments of
the 11th and 12th processing segments of part 2. part 1 and the 10th and 11th processing segments of part 3.
(Semi-finish boring/Finish boring) (Drilling/Semi-finish boring/Finish boring/Tapping)

Figure 17. Several RMT structural configurations generated by the obtained three most-similar processing plans corre-
sponding to part 1, part 2, and part 3, respectively.
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Table 5. Processing conversion of RMTs generated by the three processing plans corresponding to
part 1, part 2, and part 3, respectively.

'Part 1. Part 2 Part 3 Part1
RMTI: o RMT1 0 RMT1 o RMT1
3 < 4 < 3 ~ 4
RMT2 A RMT2 A RMT2 c; RMT2

RMT. N . :

l a l A l A l
RMT3 A RMT3 A RMT3 A RMT3
l' a ‘ A l A ‘
RMT4 0 RMT4 0 RMT4 O RMT4
| R S S |
RMT5 N RMT5 0 RMT5 RMT5
[ T S |
RMT6 0. RMT6 0 RMT6 o RMT6
l 0 l ] l 0 l
RMT7 A RMT7 v RMT7, RMT7
4 s i1 = 1 = 3
RMTS A . RMTS v RMTS RMTS
[ N R |
RMT9 A . RMT9 v RMTY. A RMT9
4 IS TS ~ 4
RMT10 av . RMTIO RMT10 RMT10
[ A SN |
RMT11 A RMTIL =5 RMT11 \ RMT11

R 4 4

5Rl§/iT_1_2§ T = \ Rz
/ )
RMT13 K RMT13

O: An RMT could be reused to perform all the machining operations of other RMTs;

A:  Conversion from one RMT to another RMT required replacing the
multi-spindle heads;

¥v: Conversion from one RMT to another RMT required the operation of adding the
workpiece turnover devices to adjust the orientation of the workpiece;

O: Conversion from one RMT to another RMT required the operation of adding the
processing components to one machining orientation.

In Table 5, because RMTs enclosed by rectangular dashed frames required the least
reconfiguration during processing conversion between the parts within the part family, these
RMTs could be used as a preferred design solution for the production of the part family.

Obviously, in this example, the designed RMTs could achieve rapid processing con-
version with a small amount of module replacement or adjustment for the production of
the given part family of three parts. It shows that RMTs designed by the proposed method
based on process planning have significant advantages over existing dedicated machine
tools and computerized, numeric-controlled tools in the mass production of part families.

6. Conclusions

At present, for reconfigurable manufacturing (RM), there is still a lack of breakthrough
research on key technologies such as reconfigurable process planning, RMT design methods,
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and RMT module classification, which is also a key problem that hinders the practical
application of RM.

An RMS is designed for the production of a given part family and only has production
flexibility within the specific part family. Therefore, the process planning of processed parts for
reconfigurable manufacturing is completely different from their traditional process planning.
It is necessary to carry out parallel process planning of each part in the part family and also
consider the tight relationship between reconfigurable manufacturing process planning and
RMS construction. RMTs are the core facilities of RMSs, and the structural design of an
RMT is the fundamental step in the implementation of an RMS. The idea of designing RMTs
closely related to the process planning of a given part family was proposed, an important key
technology for realizing the practical application of RMTs and RMSs.

Box-type parts have complex shapes and many machining features, and the processing
of box-type parts is also complicated, so this kind of part is a typical representative of
complex machining parts. Therefore, through research on the processing characteristics of
box-type parts such as their multi-machining orientations and multi-processing types, the
mapping relationship between the processing plan and RMT design was established, and a
RMT design method for the processing of box-type part families based on parallel process
planning of the part families was proposed. This also has important reference value for
other types of part family processing.

In order to realize the programmed operation of creating reconfigurable manufactur-
ing processing plans, the method for creating the processing information table of a part
was given first, and accordingly, the principles of creating natural combination process
units, processing units, and processing segments from processing features were developed.
According to the established processing segment schemes, the processing plans of the part
could be obtained. Finally, in order to realize rapid processing conversion among the parts
in the part family, the similarity comparison model of the processing plans was established,
and accordingly, the similarity between the processing plans of two machined parts could
be calculated in a quantified form, and the most similar processing plans of the parts could
be determined, which served as the basis for the design of RMTs.

According to the processing plans of the machined parts obtained, the machine motion
schemes that met the processing requirements of each processing unit in a segment could
be generated, and the RMT motion schemes corresponding to each processing segment
could be created by the combination of the motions corresponding to all processing units
therein. The autonomous functional modules that met the motion requirements of an
RMT could be created by the predefined RMT module groups, and through the connection
between the modules, RMT structural configurations corresponding to each processing
segment could be finally generated.

Because RMTs are designed according to the most similar processing plans of the parts
in the part family, they can be quickly reconstructed or adjusted to realize the processing
conversion between any two parts. In this way, the goals of high efficiency, low cost, and
flexible production for a given part family can be realized.

As mentioned above, because box-type parts have more complicated structures and
processing process, the proposed RMT design method for box-type part families can also
be roughly applied to the processing of other types of parts families. For example, the
structure and processing process of bracket-type parts and box-type parts are generally
similar, and the proposed RMT design method can be applied to the processing of such part
families. The structures and processing of shafts, sleeves, and plate wheels are relatively
simple, but these parts often need to be turned. A special machining orientation can be
assigned to the turning features, and the proposed RMT design method can be further
improved to obtain the corresponding RMT design method for such parts. In summary, the
proposed RMT design method for box-type part families provides a new RMT design idea
and useful reference for the processing of various types of part families. In the future, it
can be applied to the processing of more types of parts through further expanded research
on specific practices.
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