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As a prerequisite and foundation for production and manufacturing, the design of product
manufacturing process plays a crucial role in improving production efficiency, controlling resource
consumption, shortening production cycles, and reducing processing costs. With the rapid
development of advanced manufacturing technologies, product manufacturing process design is
increasingly characterized by ambiguity, multi-solution possibilities, and cross-disciplinary integration,
posing higher demands on enterprises’ capabilities in process design and innovation. To identify and
innovatively address these issues within complex product manufacturing process, this study proposes
a problem-driven innovation design strategy model for product manufacturing process. In the problem
identification phase, opportunities are identified and categorized based on the product context and
manufacturing process, followed by problem identification and the construction of problem elements
using problem analysis methods. After identifying the problems, the type of innovation required is
determined, and corresponding methods are applied to generate a set of solutions with innovation
potential. These solutions are then evaluated and validated to determine the optimal innovation
design for the product manufacturing process. If a solution fails validation, the problem is re-identified
or re-solved, and the above steps are repeated until a validated final solution is achieved. Finally, the
feasibility of the proposed strategy is demonstrated through a case study on the innovation design of
the wax pattern manufacturing process for gas turbine blades.

Keywords Manufacturing process, Problem identification, Problem solving, Innovation strategy,
Manufacturing process innovation design

As a result of the highly competitive market environment nowadays, the quality and performance of products
have become the key to the establishment and development of an enterprise'. As the bridge connecting product
design and manufacturing?, the product manufacturing process plays a vital role. Proper process decisions and
reasonable process planning can provide scientific guidance for manufacturing, significantly improving product
quality, controlling resource consumption, shortening development cycles, and reducing processing costs’. The
manufacturing process refers to the series of methods and procedures by which a producer, utilizing production
tools, transforms raw materials and semi-finished products into final products. Manufacturing process design
generally refers to the process by which design personnel, based on their experience, expertise, and insight,
analyze the characteristics of the product, processing requirements, and manufacturing environment. They then
adopt appropriate processing methods based on current manufacturing conditions to systematically complete the
processing flow design to achieve the goals set by the product design?. Manufacturing process design is the core
content of manufacturing industry, every successful product is backed by meticulously designed and optimized
manufacturing processes’. Due to the current product presents a short cycle, more varieties, batch changes
and other new characteristics of the product manufacturing process design puts forward new requirements,
the existing manufacturing process design is mainly manifested as excessive reliance on the experience of the
process designers, low degree of innovation in manufacturing process design, the existence of more repetitive
design and so on, there is an urgent need to carry out the innovation design of the product manufacturing
process design in order to enhance the level of the process.
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The key feature of the manufacturing process innovation design is innovation, which was defined by Joseph
Alois Schumpeter as “the process of establishing a new production function by integrating new factors and
conditions of production into the existing production system™. He proposed five basic types of innovations
in 19127, the second of which is “innovation by means of new methods of production technology”, which
has been defined by the academic community as “manufacturing process innovation”. The second of these is
“innovation by means of new production techniques”, which has been defined by academics as “manufacturing
process innovation”. Design is the act of steering an existing state in a better direction, a process of continually
identifying and solving problems®. Product manufacturing process design is also so, through the identification
of product manufacturing process problems, and put forward a variety of possibilities to solve the problem,
and constantly improve and optimize the product manufacturing process design to achieve the goals. Problem
discovery is the starting point for problem-solving, an essential part of the creative process, and the foundation
of product manufacturing process innovation®. In the fields of education and scientific research, there are mainly
two research directions. One is based on specific methods, such as analogical thinking methods'’; the other is
based on a specific theme, such as setting new problem situations and proposing questions around the theme. In
fields such as art and architecture, there is a greater emphasis on methodological tools such as brainstorming and
behavioral mapping methods!!. In the field of product manufacturing process design, Duflou et al. proposed a
model of opportunity identification and technology conflict resolution for the casting process and its integration
into the TRIZ innovation methodology'2 Ferrer et al. argued that the solution to the manufacturing process
design problem should take into account the technological conflict between the process and the environment,
and constructed a computer-aided design model for green innovation based on hierarchical development!'.
Although different methods have been proposed to identify problems in various fields, they are isolated from
each other and lack effective integration. In practice, the product manufacturing process usually involves multiple
links, covering technology, process, materials, equipment and other aspects, which makes problem identification
particularly complex. A single problem identification method may be difficult to comprehensively and accurately
identify problems in complex product manufacturing process scenarios. Therefore, a systematic strategy model
is urgently needed to organically integrate different methods in order to identify various problems in the product
manufacturing process more efficiently and accurately.

Problem identification is followed by problem solving. Innovation methods serve as theoretical guidance for
innovation-driven development and are largely applied in the problem-solving process of product innovation
design. A relatively complete theoretical framework has been established for product innovation design,
including traditional methods such as TRIZ!, axiomatic design (AD)'?, creative template method (CT)'¢,and
function-behavior-structure (FBS)!”. Additionally, some scholars have further developed methods and theories
for product innovation by integrating these traditional approaches with current advanced technologies!®°.
Yun et al. summarized the application of machine learning techniques in object recognition for product
manufacturing, which can, to some extent, assist in product process design®’. Product manufacturing process
Design is a creative process of solving process problems, the designer needs to stimulate innovation thinking and
generate problem solutions with the support of innovation methods and knowledge. In the process of product
manufacturing process design, problem solving after problem discovery often depends mainly on the experience
and knowledge of manufacturing process personnel, and lacks systematic guidance for analyzing and solving
process-related problems. In the process of manufacturing process problem solving process is characterized
by ambiguity, experience and uncertainty, which brings serious blindness to the innovation design of the
manufacturing process. Therefore, how to help manufacturing process designers rationally select and effectively
apply appropriate innovation methods in the innovation design process of product manufacturing process has
become a key issue that needs to be solved urgently.

To address the challenges of problem identification and problem-solving in the design of product
manufacturing process, this study proposes a problem-driven product manufacturing process innovation
strategy model. First, the product manufacturing process is integrated into the problem identification phase to
uncover innovation opportunities in product manufacturing process design and construct problem elements
based on problem analysis methods. Next, a problem-solving approach based on innovation strategies is
proposed to provide strategic guidance to process personnel in generating process innovation solutions. Finally,
evaluation methods are employed to select the optimal solution from the set of proposed solutions.

Related works

Problem identification

The book “The creative vision: A longitudinal study of artistic problem finding” by psychologists Getzels and
Csikszentmihalyi laid the foundation for academic research on problem discovery?!. Since then, research on
problem discovery has gradually attracted scholarly attention and developed. The development and progress of
any discipline starts with discovering and posing problems, and scholars have defined problem discovery from
multiple perspectives, as shown in (Table 1).

Similarly, scholars have proposed various methods for problem identification. Meister et al. argued that the
problem detection, the analysis of the problem and its causes (most frequently mentioned) and the evaluation
of taken measures are activities that are directly supported by MA (manufacturing analytics)?. The logic tree
analysis method is commonly considered to have been proposed and promoted by McKinsey & Company,
and is also known as problem tree, deduction tree, or decomposition tree. This method requires users to have
specialized knowledge and identifies the causal relationships of system events through a top-down deductive
approach. Miranda et al. used the problem tree method to identify issues?®. Waghen proposed an interpretable
logic tree analysis (ILTA) method, which characterizes and quantifies causal relationships occurring over time
in engineering systems with minimal human expert involvement®. In the field of product design, there are also
several problem discovery methods, including fishbone diagram analysis, causal chain analysis, brainstorming,
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Research scholar

Definition

Greeno??

It helps individuals clarify the problem structure, identify the constraints of the problem space, and ultimately describe in detail the process of the
problem to be solved.

Jay, Perkins?

Includes conceiving and imagining possible problems or problem forms in various scenarios, defining and organizing real problem statements,
regularly evaluating the quality of the identified problems, and continuously reconstructing the problems.

Hayes** A problem arises for individuals when there is a gap between the initial state and the desired goal state, and they do not know how to bridge this gap.
Holman? It consists of two parts: goal specifications and problem specifications.

Abdulla A M, Paek S H, It is the process of recognizing and conceptualizing problems from multiple perspectives, considering the opportunities these different

etal.?® conceptualizations might bring, and analyzing the root causes before solving the problems.

Goérlich?” The creative process begins with the search, identification, and definition of a problem.

Table 1. Definitions of problem identification.

and the 5 WHYs method. Bernard used the fishbone diagram analysis method to analyze ergonomic risks
associated with land-based oil drilling platforms and assessed risk factors based on machines, methods, materials,
measurements, personnel, and environment’!. Mei et al. identified the problem of the liquefied natural gas ship
loading arm’s inability to connect quickly and accurately through causal chain analysis®2.

Most problem identification methods are used to construct problem elements. Agre argues that the problem
element consists of awareness, undesirability, difficulty, and solvability’>. Modern information processing
psychology indicates that the components of any problem include givens, goals, and obstacles. Overall, the
above studies mainly focus on definitions, methods, and construction of problem elements in fields such as
psychology, education, and product design. Research from the perspective of product manufacturing process
design is relatively scarce. Moreover, the product manufacturing process design process design multiple
disciplines and fields, which is more complex in problem identification. Therefore, for the identification of
complex problems in the design of product manufacturing process, there is an urgent need for an integrated
problem identification method to systematically identify and analyze the multi-dimensional problem factors
involved in the product manufacturing process, and to lay the foundation for the subsequent innovation design
of the product manufacturing process to solve the problem.

Problem solving methods with innovation potential

Problem identification is followed by problem solving. Many fields and organizations have adopted design as a
means and method to address problems. Paton et al. proposed a framework innovation method in 20114, which
uses “framework intervention” to design and solve reasoning, in order to expand problem contexts, innovate
categories, and enhance design and solving capabilities. In the field of product design, since conceptual design
is a key stage for innovation in the product development process, problem solving with innovation potential is
mostly concentrated in the conceptual design stage®.

Existing research on conceptual problem solving with innovation potential can be divided into five
directions: thinking-oriented, method-oriented, process-oriented, knowledge-oriented, and tool-oriented.
Thinking-oriented research aims to clarify the behaviors and thinking patterns exhibited by designers during
the design process, guiding them to shift their thinking modes, break out of fixed thinking patterns, and thereby
effectively achieve product innovation with creativity. For example, the Six Thinking Hats method?®. Method-
oriented research uses extensive design practice to gradually make researchers aware that the process of product
innovation design follows certain rules. By systematically and comprehensively summarizing the innovation
environment, process, steps, goals, and content, it proposes formalized and structured methods with innovation
potential. This type of research is represented by TRIZ, providing designers with methods such as conflict
analysis, substance-field analysis, and technical evolution analysis37. Process-oriented research is based on
understanding the nature of the product conceptual design process, expressing and formulating corresponding
conceptual design process models to guide designers in systematically and orderly executing product concept
creation. For example, Suh proposed the axiomatic design model describing the mapping of user, functional,
physical, and process domains®®. Similarly, there are models like FBS and FEBS. Knowledge-oriented research
mainly utilizes existing scientific and technological knowledge to inspire designers to generate concepts with
innovation potential for problem-solving. It focuses on the acquisition, representation, organization, and
inferential application of design knowledge. For example, Cheong extracted functional knowledge in the SVO
(subject-verb-object) form from natural texts using syntactic analysis and concept classification techniques®.
Tool-oriented research focuses on developing computer-aided tools to support designers in completing product
innovation, tools such as B-Link?’, TechNet*!, etc.

In the process of problem solving with innovation potential, due to the complexity and diversity of problems,
the application of a single innovation method often relies too heavily on the designer’s experience or is only
suitable for certain types of problems. Therefore, some researchers have studied the integrated application
of multiple innovation methods. Zhao et al. proposed a design methodology for home entrance disinfection
devices based on AHP-FAST-FBS, and could effectively improve the scientific rigor and effectiveness of the
home entrance disinfection device design. Lee et al. proposed a systematically integrated innovation design
method that combines text mining, QFD, and TRIZ, and validated its feasibility through the design of smart
glasses®>. Rong et al. proposed a product innovation design process composed of three theoretical methods:
Kano, axiomatic design (AD), and theory of the solution of inventive problems (TRIZ), and demonstrated the
effectiveness of this method through the design practice of a portable two-wheeled self-balancing vehicle**.
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Similarly, there are also many problems faced in the process of product manufacturing process design. In
terms of processing technology, Xue et al. proposed an intelligent design methodology for the debugging process
of complex electronic products, and developed a system tool to support the intelligent design of debugging
processes for complex electronic products, which was validated through a case study on the design of a
debugging process scheme for communication navigation and identification products*. In terms of generating
assembly sequence plans and disassembling sequence plans*. Bedeoui et al. proposed the generation of assembly
sequences plans (ASPs) based on three algorithms?’. Zhang et al. developed a novel MOPSO-based approach
for PODs with multiple non-ideal surfaces as well as local deformations. The effectiveness of the proposed
approach was validated through case studies involving assemblies of plane-to-plane and plane-to-cylindrical
surfaces, as well as the prediction of coaxial accuracy for a fuel pump*®. In complex mechanical products, the
disassembly of vulnerable parts is a major requirement for ensuring efficient design. Bedeoui et al. have proposed
a new disassembly tool based on the concept of vulnerable part priority*. In order to meet environmental
and economic goals, the authors have proposed a new method for parallel disassembly of products based on
the collaborative parallel assembly and disassembly technology of humans and robots*®. To solve the practical
problem of disassembling retired power batteries, a new cost-aware model of multi-manned disassembly line
balancing problem with different work modes (MWM-DLBP) is proposed®!.

From the above research on problem solving methods, it can be found that in the product-oriented design
stage, especially in the conceptual design stage, designers can effectively solve the problems in the design process
by using innovation methods. Problem solving in the product manufacturing process design stage usually
relies heavily on the experience of the designer and the application of advanced technology. However, in the
process of product manufacturing design, it usually involves multiple links such as technology, process, and
equipment. With the increase of innovation and efficiency requirements in the manufacturing industry, the
method of relying solely on individual experience and discrete technology is gradually showing its limitations.
Therefore, it has become an urgent need in the field of process design to construct a systematic innovation
strategy model to guide designers to break through the traditional thinking stereotypes and realize efficient and
reusable innovation paths.

Problem-driven product manufacturing process innovation strategy model

This research is a problem-oriented study that utilizes an innovation strategy model to help enterprises address
the challenges they face in the product manufacturing process design. Process innovation design is closely related
to innovation methods. However, there are many innovation methods currently available, and enterprises face
issues such as difficulty in problem identification, low problem-solving efficiency, and the limited application of
innovation methods. Therefore, assisting process personnel in effectively identifying problems and obtaining
problem-solving with innovation potential for different issues has become crucial.

Specifically, the use of single methods in the process of product manufacturing process innovation design
is insufficient. To enhance the support of innovation methods for the product manufacturing process, it is
necessary to organically integrate these methods and provide strategic guidance to manufacturing process
personnel during the stages of problem identification, problem-solving, and solution determination in the
product manufacturing process plan to meet product design objectives. Therefore, this study integrates multiple
innovation methods to construct a problem-driven product manufacturing process innovation strategy model.
The model can provide systematic strategic guidance to process personnel, generate solutions with innovation
potential, and improve the efficiency of solving problems in product manufacturing process solutions.

The problem-driven product manufacturing process innovation strategy model mainly consists of three
layers: the problem identification layer, the problem-solving layer, and the solution determination layer, as
shown in (Fig. 1).

(1) Problem identification layer: The main purpose of this layer is to construct a set of product problem ele-
ments. Firstly, based on the current product background and processing technology, opportunity identifi-
cation is carried out to further determine the type of opportunity. Corresponding problem analysis meth-
ods are selected for different opportunity types, and product process innovation problems are determined
through problem analysis methods. Finally, a set of problem elements is formed. The specific steps are
described in Sect. 4.1.

(2) Problem solving layer: The main purpose of this layer is to obtain a collection of solutions. Firstly, the spe-
cific problems in the set of problem elements are analyzed to determine the types of innovation problems.
The types of innovation problems are mainly divided into four categories: improvement-type problems,
substitution-type problems, integration-type problems, and thinking-type problems. Different innovation
solution strategies are summarized for different types of innovation problems. Then, the set of solutions
with innovation potential is obtained through the corresponding strategy. The specific steps are shown in
Sect. 4.2.

(3) Solution determination layer: The main purpose of this layer is to determine the final plan. Based on the
solution set obtained through the above process, the optimal solution is determined from the solution set
through evaluation methods. The evaluation method mainly includes steps such as dentification of evalu-
ation indicators, construct judgment matrix, determine indicator weights, construct weight matrix, find
positive and negative ideal solutions, calculate ideal solution distance and program determination. If the
solution does not pass verification, it returns to the problem identification layer or problem-solving layer
for iterative solving until the final process innovation plan is verified and determined.
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Fig. 1. Problem-driven product manufacturing process innovation strategy model.

Methodology

Constructing problem elements

Nowadays, innovation-driven development has become a new focus of international progress, and practice has
proven that “design innovation” is a crucial pathway for innovation-driven development. Essentially, design is an
activity that guides the current state towards a better direction, continuously discovering and solving problems
throughout the manufacturing process to ultimately achieve innovation goals. However, problem discovery is
the starting point for problem-solving and forms the foundation of innovation. Products continuously evolve
through the iterative process of discovering and solving problems. The process is crucial for product innovation,
as it encompasses the methods, technologies, and procedures involved in product manufacturing, directly
affecting the product’s quality, cost, and market competitiveness. Therefore, how to discover issues in the product
manufacturing process and clarify the problems that need to be addressed is crucial.

In the fields of education and psychology, Antonijevi¢ pointed out that problems are cognitive barriers that
prevent the realization of goals®. It refers to aspects of the current state that are less than ideal and unresolved, or
unexpected developments. In the context of product manufacturing process issues, it often refers to cases where
the product produced by the current manufacturing process does not meet the design requirements. Problems
comprise many elements; currently, psychologists categorize these elements into three parts: given, goals, and
obstacles. The given describes the known conditions of the problem at its initial state; goals summarize the
conclusions at the problem’s target state; and obstacles are the main reasons that prevent achieving the target
state, requiring specific thinking methods to find accurate answers. Building on these three parts, some scholars
propose that the elements of a problem include the overall goal, initial conditions, methods of changing states,
and obstacles.

Problems arise due to dissatisfaction of manufacturing process personnel with the products manufactured
using the current manufacturing process scheme. Based on the research by the aforementioned scholars on the
elements of a problem, the elements of a problem in the product manufacturing process include PT (Product
Targets), KC (Known Conditions), OT (Opportunity Types), and Ob (Obstacles), as shown in Eq. (1):

PE = {PT,KC,OT,Ob} (1)
PE represents problem elements, PT stands for product targets, which refers to the desired state of a specific

function in the product. KC denotes Known Conditions, referring to the current situation related to the product
manufacturing process. OT signifies opportunity types, indicating the type of opportunity associated with the
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current problem, which is relevant for subsequent problem-solving. Different opportunity types correspond to
different problem-solving strategies. Ob refers to Obstacles, which are the main reasons that affect the product’s
ability to achieve the target during the manufacturing process.

The process of determining problem elements is essentially the process of problem discovery. In this study,
problems are identified through the construction of a problem guide set, leading to the development of problem
elements. The main process is illustrated in (Fig. 2). Specifically, opportunity identification is guided by analyzing
the problem background, which includes two main aspects: the product-related background and the product
manufacturing process. Since the product manufacturing process directly affects the products design, quality,
cost, and market competitiveness, the root causes of many issues often lie within the product manufacturing
process. Therefore, this study focuses primarily on the product manufacturing process for determining problem
elements, with supplementary analysis of the product-related background to identify product innovation
opportunities. Opportunity types are further determined, and different problem analysis methods are employed
for each opportunity type to identify the final problem elements.

Based on the group’s previous related research®*>*, this study categorizes the types of opportunities into
personnel-based opportunities, technology-based opportunities, all-new-based opportunities, and recognition-
based opportunities. Personnel-based opportunities arise from requests for improvements made by process
personnel regarding existing issues in the product manufacturing process. These opportunities are explicit
and fundamental, and are generally obtained through methods such as causal chain analysis and surveys.
Technology-based opportunities occur when process personnel are dissatisfied with existing product processes
but do not know how to improve them. These opportunities are implicit and challenging to analyze, requiring
personnel to improve processes from a principle-based perspective, relying on technological advancements or
technology transfer from other fields. Methods such as QFD and first principles are commonly used. All-new-
based opportunities involve innovative or disruptive process innovations driven by technological development.
Essentially, these are new demands that often arise from technological advancements or trends. These
opportunities are usually implicit, deep, and broad, and can typically be identified through methods such as
brainstorming and trend analysis. Recognition-based opportunities involve process requirements related to the
appearance and significance of the product. These opportunities are explicit, vague, and personalized, and such
needs are often difficult to fulfill. They can typically be identified through methods such as observational analysis
and ethnography.

Through the above problem discovery steps and methods, a problem elements set Spg can be formed.
Subsequently, problem-solving strategies are guided based on the issues in the element set.

Spg = {PE.,PE2,PEs,... PE;, ... ,PE,} (2)

PFE; represents the i-th problem element in the product elements set.

Problem solving based on innovation strategies

After identifying the problem elements in the product manufacturing process, the next step is to address the
specific problem elements within the problem element set. Due to the abundance of innovation methods
available, it is challenging for process engineers in enterprises to select the appropriate methods. Furthermore,
with the continuous evolution and increasing demands of the manufacturing industry, low innovation efficiency
has become a prominent issue in the manufacturing process innovation design. The main challenge now is
to apply different innovation methods to various problems and effectively enhance problem-solving efficiency.
Therefore, this section proposes a problem-solving method based on innovation strategies to assist process
engineers in solving current issues in product manufacturing process.
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Fig. 2. Process for determining problem elements.
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Generation
methods

Analysis of commonly used innovation methods

Innovation methods are strategies and tools developed based on innovation practices to assist in creative
thinking. They are systematic descriptions and norms of the innovation environment, content, goals, processes,
and steps, representing a structured summary and formalization of effective and mature creative thinking.
Innovation methods can guide process personnel in innovation. Developed countries such as those in Europe
and America place significant emphasis on these methods, while domestic research started relatively late
compared to abroad, with studies gradually beginning in the 1960s. According to statistics, researchers have
developed over 300 innovation methods to support product innovation design, with dozens being commonly
used. This study analyzes commonly used innovation methods from four aspects: supporting technologies,
supporting information, supporting processes, and method types.

Study have shown that commonly used innovation methods are primarily based on seven supporting
technologies: Adaptation/Induction/Organization (1), Randomness (2), Aggregation (3), Systematic Approach
(4), Directionality (5), Directed Evolution (6), and Innovation Knowledge Base (7). The support of innovation
methods for information is mainly reflected in their ability to provide stimulating information to process
personnel during the process of innovation design. Based on the source and mode of information generation,
it can be categorized into four types: External Guidance, Internal Guidance, Internal Random, and External
Random®, as shown in (Fig. 3a). The innovation process is generally divided into three stages: identifying the
problem, generating innovation ideas, and determining the solution with innovation potential. This process is
further detailed into six steps: Problem Analysis (I), Problem Identification (II), Concept Solving (III), Domain
Solving (IV), Solution Evaluation (V), and Combinatorial Optimization (VI)**%, as shown in (Fig. 3b).

Research on commonly used innovation methods currently focuses on three aspects: Thinking flow type (X),
thinking operation type (Y), and thinking procedure type (Z). In the application of specific innovation methods,
they function in three areas: Innovation Analysis (@), Innovation Thinking (®), and Innovation Motivation
(®)%. Innovation Analysis primarily assists personnel process in defining innovation problems and identifying
innovation opportunities and resources. Innovation Thinking helps process personnel explore the solution space
to obtain suitable solutions with innovation potential. Innovation Motivation involves providing stimulating
information to process personnel, thereby inspiring innovation ideas.

(1) Research on innovation methods primarily focused on thinking flow is mainly represented by studies from
some developed countries in Europe and America. This approach emphasizes the free flow of thought
and views invention and creativity as inevitable results of imaginative, associative, insightful, and intuitive
thinking activities. Methods proposed include brainstorming, checklists, morphological analysis, and bio-
mimicry.

(2) Research on innovation methods focused on thinking operation is primarily represented by studies from
Japan. This approach leans towards the practical operation of thought and views invention and creativity
as inevitable results of the organic interaction between logical and non-logical thinking, achieving break-
throughs in thinking. Methods proposed include the KJ method, Six Thinking Hats, and mind mapping.

(3) Research on innovation methods focused on thinking procedure is primarily represented by studies from
the former Soviet Union. This approach views invention and creativity as inevitable results of organized
thinking activities based on objective laws of cognition, achieved through specific procedures rather than
by chance. Methods proposed include TRIZ theory, systematic innovation thinking techniques, creative
templates, and the FBS method.

Based on preliminary laboratory research, various commonly used innovation methods are listed as shown
in (Appendix Table 1)°!. A comparative analysis of the application characteristics of these methods from the
aspects is conducted to lay the methodological foundation for subsequent application of strategy methods.

Internal i External

) Problem Problem Concept Domain Solution Combinatorial
Randomized Amlyss [ 7] Idenfficaion [ ®] Solving | ”| Solving | ”| Evaluation | *] Optimization
1 I I m v \Y VI
Source of
information
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Fig. 3. (a) Segmentation of information (b) Design process steps.
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Problem solving methods

In order to avoid as much as possible the blindness that may occur when designers are looking for solutions
to design problems, this paper develops the corresponding problem types for the types of opportunities on the
basis of the group’s previous related research™>. To address issues of different types of opportunity, this study
first defines corresponding problem types, namely improvement-type problems, substitution-type problems,
integration-type problems, and inspiration-type problems. Furthermore, different problem-solving methods
corresponding to these problem types are proposed. These methods, supported by problem-solving strategies
and relevant knowledge services, aim to stimulate creative thinking in process personnel, leading to strategic
problem solving and generating solutions. The specific strategic problem-solving model is shown in (Fig. 4).

As shown in Fig. 4, four problem-solving methods are proposed: Improved innovation methods, Substitute
innovation methods, integrated innovation methods, and Heuristic innovation methods to support problem-
solving.

Improved innovation methods are suitable for improvement-type problems, primarily addressing conflicts in
existing technical systems. They originate from specific improvement needs proposed by process personnel for
existing manufacturing process schemes and often use TRIZ theory and creative templates for problem-solving.
Process personnel can choose method based on specific improvement-type problems to design.

Substitute innovation methods are suitable for substitution-type problems, mainly when the improvement of
the existing technical system has reached its limit. These strategies originate from the dissatisfaction of process
personnel with existing manufacturing process schemes without knowing how to improve them. They often use
FBS and first principles for problem-solving. For example, when using FBS for innovation design, the behavior
and structure corresponding to the product function can be mapped to assist process personnel in innovating
the behavior or structure in the manufacturing process scheme.

Integrated innovation methods are suitable for integration-type problems, mainly targeting new or disruptive
process schemes characterized by the combination of multiple technologies. These strategies arise from new
demands, technological advancements, or development trends in the process. Combination innovation starts with
the design goals, analyzes the existing system parameters and manufacturing process scheme components, and
uses analogical thinking to apply manufacturing process schemes from other fields to the current manufacturing
process. By comparing and combining the corresponding manufacturing process schemes, product innovation
schemes are generated.

Heuristic innovation methods are suitable for thinking-type problems, mainly for manufacturing process
scheme problems without specific goals. These are characterized by non-logical thinking innovation, achieved
by stimulating the thinking of process personnel. This strategy often uses brainstorming and mind mapping
for problem-solving. When facing such design problems, the strategy pushes a large amount of information
related or unrelated to the manufacturing process design problem to the process personnel, forcing them to
make associations and generate ideas.

This process mainly involves the strategic problem-solving of product manufacturing process problem
elements to obtain manufacturing process innovation schemes. Subsequently, the manufacturing process
innovation scheme set is evaluated and validated to determine the final product manufacturing process scheme.

Improvement-type problems

Substifution-type problems

Integration-type problems

Thinking-type problems

l

|

|

|

Improved innovation methods

Substitute innovation me thods

Integrated innovation methods
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Fig. 4. Problem solving methodology process.
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Defining solutions with innovation potential

After problem-solving, multiple product manufacturing process design solutions are obtained. The optimal
solution among them is usually determined through a solution evaluation method. Solution evaluation is a
method where process personnel analyze, compare, and assess the set of solutions, helping them to select the
optimal solution from the many available, ensuring that the chosen solution can address the current issues in
the process engineering. The chosen solution is then subjected to validation; if the validation is successful, the
final solution is determined. If other issues are found during the validation phase or if the problem-solving
is incomplete, the process iterates back to problem-solving. This cycle is repeated until the solution passes
validation and the final solution is determined. The solution determination process is shown in (Fig. 5).

In this paper, a solution evaluation method based on AHP and TOPSIS is used. The Analytic Hierarchy
Process (AHP) was first proposed by American scholar Saaty in 1971 and is a decision-making method that
combines qualitative and quantitative analysis. This method has a scientific decision-making structure and
systematic nature, which can effectively assist process personnel in making decisions. The Technique for
order of preference by similarity to ideal solution (TOPSIS) is often used in multi-objective decision-making
manufacturing processes, allowing for the comparison of the advantages and disadvantages of various solutions
to obtain the optimal solution. The TOPSIS analysis method is a multi-attribute decision-making technique.
The basic concept of this method is that the selected alternative should have the shortest distance to the positive
ideal solution and the farthest distance from the negative ideal solution®?. In the TOPSIS analysis method, the
schemes of the evaluation objects are converted into a matrix of attribute values, with each row representing an
evaluation object and each column representing an attribute. By calculating the distance between each scheme
and the positive and negative ideal solutions, the degree of superiority of each scheme is evaluated, and the
optimal scheme is selected. Due to its strong objectivity and operability, this method is widely used in the
analysis of corporate competitiveness. However, because the TOPSIS analysis method cannot determine the
weights of each evaluation index, weights need to be assigned before evaluation. Therefore, in this paper, the two
methods are combined by introducing the AHP method before the TOPSIS analysis method to determine the
weights of each evaluation index, making the evaluation more scientific and effective. The process of the solution
evaluation method based on AHP and TOPSIS is shown in (Fig. 6).

In this study, the AHP method is first used to determine weights. A decision expert group
G ={G1,Ga,... ,Gr} composed of N experts evaluate each evaluation index. According to Table 2, the
experts compare the n evaluation indexes pairwise to establish a judgment matrix. By applying the judgment
matrix, the weight vector is obtained, and the weight of each evaluation index is calculated.

n
Q45

>
Jj=1 Zaij
i=1

w; = —
n

(i, =1,2,3,...,n)
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Scales Meanings

1 The importance of index 14 is equal to that of index j.
3 Index 1 is slightly less important than index j.

5 Index 1 is significantly less important than index j.
7 Index 1 is strongly less important than index j.

9 Index 1 is absolutely less important than index j.
2,4,6,8 Take the intermediate value of the above.

Reciprocal of the scale | Index j is more important than index 4.

Table 2. Evaluation scales and meanings.

n 1 2 3 4 5 6 7 8 9 10
Ry [0.00 |0.00 | 0.52 [0.89 | 1.12 | 1.26 | 1.36 | 1.41 | 1.46 | 1.49

Table 3. Random consistency index Ry values.

To ensure data validity, the weight calculation results need to pass consistency testing, which is calculated using
Formula (4).

_CI

Cr= 2L
R= B

(4)

In the formula, Ct represents the consistency index, R represents the random consistency index, with values
shown in (Table 3); C'rrepresents the consistency ratio. When Cr = 0, it indicates perfect consistency; when C'r
is close to 0, it indicates satisfactory consistency; as increases, the level of inconsistency becomes more severe.
When Cr < 0.1, the judgment matrix is considered to have passed the consistency check, and the weights of the
evaluation indicators are deemed to be acceptable.

Next, the TOPSIS analysis method is used for scheme evaluation. Let there be M evaluation schemes, forming
theschemeset P = { Py, Pa, ... , Py, };and Nevaluation criteria, forming the criteriaset I = {I1,I2,... , I}
. The evaluation criteria feature matrix is®3

aopo ap1 . aoj
Aij Qg Qij

A= . _ . (5)
Aij  Qij te Gmn

Where, in Formula (5), a;; represents the score of the j-th evaluation index in the i-th alternative. Then, after
standardizing the evaluation criteria feature matrix A, the standardized matrix Bj; is obtained.

(27

/ ; a2, (6)

After weighting, the weighted normalized matrix Z;; is obtained:

Bij =

Z;j = wiBjj (7)

Next, determine the positive and negative ideal solutions by letting:

uj:max{ulj,qu7...,unj}(j=1,2,...,m) (8)

uy = min{uij, uzj, .., ung (i =1,2,...,m) 9
The positive ideal solution is obtained as:

Xt =(uf,uf,. ... ul) (10)
The negative ideal solution is obtained as:

X7 = (ui,u3,. . uy) (11)

Then, the distances of each solution from the positive and negative ideal solutions are calculated using formulas
(12) and (13)%4, respectively:
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n 2

Df = |3 (wy —uf) (i =1,2,.,m) (12)
j=1
n 2

D= 3w —uy) (i=1,2,,m) (13)
j=1

Finally, the evaluation score for each solution is calculated using formula (14):

D~
Sy = ——t 14
D} + D} (14)

Solutions are ranked based on their evaluation scores .S;. A higher score indicates that the solution better
meets the needs of the process personnel, whereas a lower score indicates less satisfaction. The solution with
the highest evaluation score is selected as the final solution. After selecting the highest-scoring solution through
the evaluation method, further experimental validation is conducted. Experimental simulations are used to
analyze the results and determine the feasibility of the solution. If the experimental validation shows that the
solution does not meet the product manufacturing requirements, the solution is iteratively redesigned, and the
problem is redefined or re-solved. After obtaining the revised solution, it is validated again through experiments
to determine its feasibility. If experimental validation meets the requirements, the solution is confirmed as the
final one.

Case study

The problem-driven product manufacturing process innovation strategy model proposed in this study will be
used to address relevant issues in the manufacturing process of gas turbine blades. It will guide process personnel
to innovate the manufacturing equipment and manufacturing process content involved in the blade production
manufacturing process, thereby achieving manufacturing process innovation, improving the manufacturing
efficiency of gas turbine blades, and reducing casting costs.

Gas turbine blade machining process problem identification

Background analysis and identification of types of opportunities

The gas turbine is a thermal engine widely used in aviation, power generation, marine, and petrochemical fields.
It has features such as high-power density, relatively low carbon emissions, quick startup, and the ability to
burn environmentally friendly fuels. The operational efficiency of a gas turbine depends on the manufacturing
quality of the turbine blades, which are key components of the gas turbine. They operate in harsh environments,
enduring high temperatures, high pressure, and enormous centrifugal forces due to high-speed rotation. They
are complex in structure, featuring thin walls and cavities, and are typically produced using investment casting.
Investment casting is a special precision casting technology for near-net-shape metal forming with minimal (or
no) subsequent machining. Its main processes can be divided into wax pattern preparation, shell preparation,
casting pouring, and post-treatment stages®. These can be further subdivided into wax pattern pressing,
assembly and storage, slurry dipping and sand coating, shell drying, dewaxing and firing, alloy melting and
pouring, hot isostatic pressing of castings, and heat treatment processes, as shown in (Fig. 7).

As the investment casting process progresses, dimensional deviations in multiple production steps continue to
accumulate and propagate, leading to continuous changes in component dimensions. This results in a significant
difference between the final casting dimensions and the initial design dimensions. The changes in dimensions
during the investment casting process are shown in (Fig. 8). The preparation of wax patterns, as the starting
point of the investment casting process, directly determines the dimensional shape of the shell. Therefore, the
quality of the wax pattern has a major impact on the dimensional accuracy of the casting. Obtaining high-
precision wax patterns is a prerequisite for producing high-quality investment castings.

Through the analysis of the investment casting process for gas turbine blades, opportunity identification
by process personnel reveals that the most critical component affecting gas turbines is the turbine blade. The
key to the turbine blade lies in the wax pattern forming stage in the investment casting process, indicating
that controlling wax pattern deformation of the turbine blade is crucial. Further analysis of the wax pattern
deformation problem in turbine blades shows that due to the complex shape of the turbine blades, during the
pressing and cooling process, the wax pattern undergoes deformation due to non-uniform shrinkage. This
directly affects the forming accuracy of the blade wax pattern, resulting in dimensional deviations and scrap.
Through background analysis, industry status surveys, and analysis of the turbine blade manufacturing process,
process personnel understand the current problems and propose improvements to related manufacturing
equipment by reducing the non-uniform shrinkage of turbine blades to control wax pattern deformation. This is
classified as a personnel-based opportunity.

Element construction of wax mold deformation problem for turbine blades

Through the above process, the classification of opportunity types can be achieved, and then the problem
can be analyzed using the corresponding problem analysis methods for each opportunity type, constructing
problem elements. In this case, the opportunity type is a personnel-based opportunity. Based on the method of
constructing problem elements in Sect. 4.1, personnel-based opportunities are mainly analyzed using the causal
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chain analysis method. A causal chain is a series of logically cause-and-effect linked problems and reasons,
serving as an analytical tool for comprehensively identifying the shortcomings of an engineering system. Through
multiple searches for reasons, other elements acting behind the identified reasons may be discovered until the
limits of fields such as physics, chemistry, biology, or geometry are reached. Through causal chain analysis, the
root cause of the problem can be identified, ultimately recognizing the key defects of the engineering system
being analyzed.

From the analysis in the previous section, the initial problem is identified as the deformation of the turbine
blade wax mold. The steps to establish the causal chain are as follows:

(1) The direct causes of the initial problem mainly include three factors: poor properties of the turbine blade
wax mold raw materials, wax mold tooling, and unreasonable wax injection process parameters.

(2) The direct causes of poor wax material properties include a high thermal expansion coefficient, poor stabil-
ity, and low or high viscoelasticity of the wax material.

(3) The causes of unreasonable wax mold tooling are high structural complexity and poor surface roughness of
the mold.

(4) The wax mold manufacturing process parameters are mainly related to wax injection temperature, wax
injection pressure, wax injection speed, and holding time.

(5) The thermal expansion coefficient and viscoelasticity are simultaneously affected by the chemical composi-
tion and temperature of the wax mold raw materials.

(6) The reason for high structural complexity is the unreasonable mold design, leading to uneven stress during
cooling and different shrinkage rates at various parts, causing wax mold deformation.

(7) Surface roughness is due to uneven coating of the mold surface structure, affecting the quality of wax mold
formation.

The final causal chain analysis diagram is shown in (Fig. 9).
Through causal chain analysis, the problem elements in the turbine blade wax mold deformation process are
constructed, as shown in (Table 4).
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Opportunity
Problem | Product targets Known conditions types Obstacles
Problem | Turbine blade wax molds with | Currently, a specialized wax material for blades is used, which Personnel-based Tl'he chgmlcal composition of the wax material
- . . - . is relatively complex, and temperature control
1 excellent wax properties. has a moderate softening point and a low shrinkage rate. opportunity durine iniecti A .
uring injection molding is challenging.
Problem | Turbine blade wax mold mold | Wax mold mold design structure includes parting surfaces, Personnel-based El‘he'mold structure experiences uneven stress
- o . uring cooling, with varying shrinkage rates
2 with reasonable structure. cavities and other structures. opportunity N
in different areas.
Turbine blade wax mold Currently, the injection temperature is 55-80 °C, the injection . .
Problem | . . . | P - Personnel-based | The selection of process parameters is
3 injection molding process pressure is 2-30 bar, the injection speed is 70-180 cc/s and the opDOrtunit challengin
parameters reasonable. holding time is 0-20 min during the injection molding process. pportunity ing:

Table 4. Turbine blade wax mold deformation problem and its problem elements.

Based on the content in Table 4, a problem set Sgcformation = {PE1, PE2, PE3s} can be formed for
turbine blade wax mold deformation, where PE'; refers to Problem 1, PE> refers to Problem 2, and PFE'3
refers to Problem 3.

Turbine blade problem element set oriented problem solving

The problem elements related to the deformation of the turbine blade wax mold have been identified through
the problem discovery process. Next, solutions will be generated based on the strategic problem-solving model
developed in this study. In this study, the innovation strategy for problem-solving is determined through
the mapping relationship between the opportunity types in the problem elements and the problem types in
the problem-solving strategies. From the above problem discovery analysis, it is determined that the turbine
blade issue in gas turbines is a personnel-based opportunity, with the corresponding problem type being
an improvement problem. Thus, the problem-solving strategy is determined to be improvement innovation
strategies, primarily using TRIZ and creative template methods. In the previous section, the problem discovery
process identified a set of problems related to the deformation of turbine blade wax molds, including three
specific issues. Since PFE1 and PFE3 are inclined towards material and manufacturing process design, PE is
used as an example for problem-solving in this study to more directly reflect structural design, resulting in a set
of solutions.

In this study, problem-solving is primarily based on the TRIZ method within the improvement innovation
strategies. TRIZ is a systematic innovation method, standing for “theory of inventive problem solving,” and it
originated in the Soviet Union. It mainly includes the Ideal final result (IFR), substance-field analysis, conflict
matrix, and inventive principles. The most classic and commonly used is the contradiction conflict resolution
theory, where a technical conflict is defined as the contradiction between achieving two or more goals when
solving a problem. Therefore, after extensive research, Altshuller summarized 39 universal technical parameters
and 40 inventive principles, establishing corresponding relationships between them. Conflicts in the system can
be mapped to the conflict matrix, and the inventive principles can then guide engineers in problem-solving.

After analyzing Problem 2, it was found that the main obstacle is the complexity of the wax mold structure,
meaning that the shape of the mold causes uneven stress on the wax mold during the cooling process. Different
shrinkage coefficients at different positions lead to wax mold deformation. Additionally, changes in the shape
of the wax mold affect the overall system stability, thus this process is categorized as a technical conflict. The
problem is concretized based on the technical conflict resolution process, and the detailed analysis of this
problem is shown in the block diagram in (Fig. 10).

The problem discovery steps have been completed in the previous sections. Next, we define the technical
conflict by converting P E3 into the TRIZ problem model—technical conflict. In this case, the technical conflict
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Fig. 10. Framework of technology conflict analysis for wax mold deformation problem of turbine blade.

Deteriorating parameters

Improved parameters Stability
Shape 33,1,18,4

Table 5. Results of querying the conflict matrix.

Principle of the invention

Specification

33. Homogeneity

Use the same material or materials with similar properties for interacting objects.

1. Segmentation

Divide an object into independent parts; divide an object into parts that are easy to assemble and disassemble; enhance the object’s separability.

18. Mechanical Vibration

Put the object into a vibrating state; if it is already vibrating, increase the vibration frequency (even ultrasonic vibrations); use resonance
frequency; replace mechanical vibration with piezoelectric vibration; combine ultrasonic vibrations with electromagnetic fields.

4. Increase Asymmetry

Transform the object’s symmetrical shape into an asymmetrical one; enhance the degree of asymmetry in an asymmetrical object.

Table 6. Principle of the invention and its specification.

arises from improving the shape of the mold, which may lead to a reduction in system stability. Therefore, this
conflict situation is summarized into two parameters from the 39 standard technical parameters: the parameter
to be improved is shape; the parameter that deteriorates is stability. Then, we consult the conflict matrix to find
the recommended inventive principles. The conflict matrix is shown in (Table 5).

By consulting the conflict matrix, it is recommended by TRIZ theory to use inventive principles 33, 1, 18, and
4. Table 6 provides a detailed introduction to these inventive principles.

The process personnel then use the inventive principles recommended by TRIZ theory for creative
brainstorming, leading to the development of initial solutions. These solutions focus on refining specific
processes within the original manufacturing plan to achieve innovation in the manufacturing process design, as
shown in (Table 7).

Solution determination and validation
Solution definition
As shown in Table 7, the process engineers proposed four initial solutions based on TRIZ inventive principles.
To evaluate these four solutions comprehensively, a scheme evaluation using AHP and TOPSIS methods will
be conducted. Based on research on scheme evaluation indicators®’~%°,and considering the specific application
of this case, this study includes six evaluation criteria: design efficiency, manufacturability, cost, production
efficiency, reliability and stability, and safety. The specific meanings of each criterion are shown in (Table 8).
First, the AHP method was used to determine the weights of each evaluation indicator. In this study, five
relevant manufacturing process experts were selected to perform pairwise comparisons of the evaluation
indicators using the scales provided in (Table 2). The scores obtained were used to calculate the weight of each
indicator, as shown in (Table 9), using the relevant formula (3). Consistent with the consistency checking method
described, the weights of each evaluation indicator were tested. According to formula (4), CR = 0.0437<0.1,
indicating that the weights of the evaluation indicators meet the requirements.
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Number | Principle of invention | Initial solution

Solution 1 | 33. Homogeneity

Adopt a symmetrical design for the turbine blade wax mold to reduce stress concentration and deformation caused by asymmetric
designs, ensuring uniform wall thickness.

Solution 2 | 1. Segmentation

Consider separating the thicker and thinner parts of the turbine blade wax mold and supplementing them with other materials, such as
using cold wax cores to add to the thinner parts of the wax mold structure, ensuring uniform cooling rates.

Solution 3 vibration

18. Mechanical During wax filling, keep the turbine blade wax mold in a vibrating state to ensure more even filling of the mold. Vibration helps

distribute the wax evenly, eliminate bubbles and voids, and promote uniform cooling, thereby reducing internal stress and deformation.

Design asymmetric cooling channels in the turbine blade wax mold to achieve more uniform cooling rates, reducing internal stress

Solution 4 | 4. Increase asymmetry | and deformation. Additionally, design extra cooling channels or cooling devices in thicker areas to enhance local cooling effects and

balance the overall cooling rate.

Table 7. Initial solution.

Evaluation criteria Meaning

Design efficiency Design efficiency refers to the time required to implement a design solution based on the available design resources.

Manufacturability Manufacturability indicates the likelihood and ease with which the design solution can be successfully implemented in the actual production process.
Cost Cost refers to all resources expended in the implementation of the design solution, including materials, production equipment, and labor.

Production efficiency

Production efficiency is an indicator of the performance of the design solution during the production process.

Reliability and stability

Reliability and stability represent the ability of the design solution to maintain functional stability during execution.

Safety

Safety is a critical factor in the execution of the design solution, manufacturing processes, and other procedures relating to the health and safety of
operators.

Table 8. Evaluation criteria and their meaning.

Evaluation criteria | Design efficiency | Manufacturability | Cost | Production efficiency | Reliability and stability | Safety
Weight 0.1141 0.163 0.0406 | 0.0453 0.2541 0.3829

Table 9. The weight of the evaluation criteria.

Scoring scope | [1,2] (2,4] | (4,6] | (6,8] |(8,10]

Criteria Very poor | Poor | Fair | Good | Excellent

Table 10. Scoring scope and criteria.

Initial evaluation scores
Evaluation criteria Solution 1 | Solution 2 | Solution 3 | Solution 4
Design efficiency 5.6000 6.3000 6.0000 6.3000
Manufacturability 4.9000 5.9000 5.9000 6.4000
Cost 6.7000 5.5000 4.9000 5.1000
Production efficiency | 5.3000 5.7000 4.3000 6.4000
Reliability and stability | 5.4000 6.1000 4.6000 5.9000
Safety 6.8000 6.4000 5.5000 6.2000

Table 11. Initial evaluation scores.

Based on the weights of each evaluation indicator, a weighted matrix was constructed. In this study, to more
accurately evaluate the solutions, ten experienced manufacturing process experts were selected to score each
indicator for the four proposed solutions. The scoring range was from 1 to 10, as detailed in (Table 10).

After scoring, the arithmetic mean is taken as the final value of each evaluation indicator, as shown in
(Table 11).

According to formula (6), the scores are normalized to obtain the standardized matrix as shown in (Table 12).

Using formula (7) and the weights of the evaluation criteria, the weighted standardized matrix is obtained as
shown in (Table 13).

Xt = (0.0593,0.0899,0.0243,0.0265,0.1355,0.2086)
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Standardized scores
Evaluation criteria Solution 1 | Solution 2 | Solution 3 | Solution 4
Design efficiency 0.4623 0.5201 0.4953 0.5201
Manufacturability 0.4224 0.5086 0.5086 0.5517
cost 0.5989 0.4916 0.4380 0.4559
Production efficiency | 0.4838 0.5203 0.3925 0.5842
Reliability and stability | 0.4882 0.5515 0.4159 0.5334
Safety 0.5446 0.5126 0.4405 0.4966

Table 12. Standardized matrix.

Weighted scores
Evaluation criteria Solution 1 | Solution 2 | Solution 3 | Solution 4
Design efficiency 0.0527 0.0593 0.0565 0.0593
Manufacturability 0.0688 0.0829 0.0829 0.0899
Cost 0.0243 0.0200 0.0178 0.0185
Production efficiency | 0.0219 0.0236 0.0178 0.0265
Reliability and stability | 0.1240 0.1401 0.1057 0.1355
Safety 0.2086 0.1963 0.1687 0.1902

Table 13. Weighted standardized matrix. Next, according to Egs. (8) to (13), the positive and negative ideal
solutions are calculated as follows:

Solution D;‘_ D:'_ S Arrange
Solution 1 | 0.0277 | 0.0446 | 0.6168 | 3

Solution 2 | 0.0151 | 0.0472 | 0.7580
Solution 3 | 0.0543 | 0.0145 | 0.2112
Solution 4 | 0.0198 | 0.0438 | 0.6882

oo —

Table 14. Evaluation scores.

X~ = (0.0527,0.0688,0.0178,0.0178,0.1057,0.1687)

Finally, using Eq. (14), the distances from each alternative to the positive and negative ideal solutions and the
evaluation scores are calculated. The results are shown in (Table 14).

The larger the evaluation score Si, the closer the alternative is to the positive ideal solution, indicating a better
alternative. As shown in Table 14, the evaluation score of Alternative 2 is significantly higher than that of the
other alternatives, thus Alternative 2 is selected.

Solution validation

This section focuses on conducting relevant experiments to verify whether the results of the selected plan meet
the requirements. Construct a model of gas turbine blade wax mold, as shown in (Fig. 11), and obtain the blade
wax mold through wax mold preparation process.

Before optimization, the deformation of the turbine blade wax pattern is shown in (Fig. 12). Due to
aerodynamic design requirements, there is a significant difference in wall thickness of heavy-duty gas turbine
blades. The relatively thick sections at the root and mid-span of the blade cause uneven cooling of the wax
pattern, resulting in substantial shrinkage differences across various parts of the blade. Figure 12 shows that the
deformation parameters are larger in the middle section.

Turbine blade wax mold design is carried out based on Solution 2, and a cold wax core is added inside the
wax mold. The schematic diagram illustrating the positions of the gas turbine blade wax pattern and the cold
wax core model is shown in (Fig. 13a), with the cold wax core location highlighted in the red box. The physical
representations of the blade wax pattern and the cold wax core are presented in (Fig. 13b), where the left side
depicts the wax pattern of the gas turbine blade, and the right side displays the cold wax core.

Experimental verification of Solution 2 is carried out, and the dimensional inspection results of the turbine
blade after the addition of the cold wax core are shown in (Fig. 14).

Figure 14 shows that, compared to the results without using a cold wax core, the deformation at the leaf back
and leaf bowl positions has significantly reduced, effectively minimizing the deformation in the thicker parts of
the blade and demonstrating better resistance to deformation. However, deformation of the wax pattern during
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Fig. 12. Turbine blade wax mold deformation results before improvement.

the shrinkage process is still inevitable, so controlling deformation during the cooling stage after wax pattern
pressing is also crucial.

After analysis, it is necessary to redefine the problem and then proceed with problem solving and solution
determination. As some steps in the iterative design process are similar to previous steps, they are not detailed
here. Problem analysis of deformation during the cooling process after wax pattern pressing reveals that there
is limited research on controlling wax pattern deformation during cooling. Therefore, it is identified as a
novel opportunity. For novel opportunities, the problem elements are determined through methods such as
brainstorming and trend analysis by process personnel, resulting in the problem PE = {PT, KC,OT, Ob}=
{small deformation during the cooling process of the turbine blade wax pattern, none, novel opportunity, as the
wax material itself undergoes shrinkage and deformation during cooling}.

Next, the problem will be solved based on the strategic problem-solving model proposed in this study. For
novel opportunities, which correspond to integration problems, the solution involves using combinatorial
innovation strategies. The combinatorial innovation strategies include analogy and combination methods.
Since there were no prior solutions to the problem, most solutions need to be transferred from other fields
or innovatively combined with existing methods to obtain a final solution. Using combinatorial innovation
strategies, the following initial solutions are obtained, as shown in (Table 15).

Next, based on the evaluation method proposed in this study, the schemes are assessed. Since the steps are
like those described above, detailed explanation is omitted here. The evaluation method indicates that solution
3 has a higher score, so solution 3 is selected for experimental verification.

Solution 3 primarily involves adding a shaping fixture to the original manufacturing process. This fixture,
also known as a molding tool, is designed according to the shape of the turbine blade wax mold. It provides
uniform support and fixation to ensure the stability of the wax mold’s shape and dimensions. First, design a
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Fig. 13. (a) cold wax core location schematic (b) blade wax mold and cold wax core physical drawing.
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Fig. 14. Result of wax mold deformation of the turbine blade of solution 2.

shaping frame to completely enclose the key areas of the wax mold. The inner surface of the frame should closely
match the shape of the wax mold. Second, add support ribs within the shaping frame to provide additional
rigidity and support, especially for thicker sections. Finally, design fixing fixtures (such as clamps or bolts) to
secure the wax mold within the shaping frame.

The final straightening tooling for the wax mold of the turbine blade is shown in (Fig. 15a). By adopting the
wax mold straightening tooling, appropriate force is applied to the deformed part of the wax mold to control its
deformation, and the dimensional inspection results are shown in (Fig. 15b), which can be compared with Fig.
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Choose a suitable wax material to ensure good flowability and solidification shrinkage rate. Add

Solution 1 | Optimize the wax formula appropriate fillers to the wax material to enhance the strength and stability of the wax mold.

Gradually cool the wax mold to avoid sudden cooling. Use a staged cooling method: initially pre-cool
Solution 2 | Control the cooling rate at a higher temperature, then gradually lower the temperature while maintaining a uniform ambient
temperature during the cooling process to prevent uneven shrinkage caused by large temperature gradients.

Apply appropriate pressure to the wax mold during cooling. Use shaping fixtures to maintain the shape of

Solution 3 | Apply appropriate pressure the wax mold until it is fully cooled and solidified, reducing shrinkage deformation of the wax mold.

Consider incorporating shrinkage compensation channels in the mold design to ensure adequate wax

Solution 4 | Improve mold design material is available to compensate for the shrinkage during cooling.

Table 15. Initial solution.
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+0.242 +0.304

-0.500 [mm] 0.500
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Fig. 15. (a) Shaping structure (b) Result of turbine blade wax mold deformation for solution 3.

14 to see that the deformation of the wax mold of the turbine blade is reduced, and it can be concluded that the
deformation of the wax mold of the turbine blade can be effectively controlled by adopting the straightening
tooling and the dimensions of the wax mold can be improved.

When enterprise manufacturing process personnel encounter similar problems, they usually rely on their
own experience and intuition to choose a certain method to solve the problem. Although this experience-based
decision-making method can produce certain effects in some cases, it often lacks systematic and scientific nature,
which can easily lead to inefficient problem solving. Especially in the face of complex and innovative product
processing and manufacturing processes, experience-oriented solution methods may not be able to effectively
adapt to the emergence of new problems, thus affecting the overall production efficiency and innovation process.
The problem-driven innovation design strategy model for product manufacturing process proposed in this
study is designed to address the limitations of traditional methods in dealing with emerging problems. Different
from the traditional empiricist approach, the methodology of this study is based on a systematic process that
emphasizes starting from the essence of the problem and helps machining process designers to identify and solve
problems more efficiently through clear steps and logic. It not only improves the efficiency of problem solving,
but also provides strong support for the implementation of innovation.

Conclusions

In this study, we proposed a problem-driven product manufacturing process innovation strategy model, which
mainly consists of three parts: the first part is the problem discovery section, aimed at identifying problems
in the product manufacturing process and constructing problem elements; the second part is the problem-
solving section, which focuses on solving the identified problems to generate solutions with innovation
potential; the third part is the solution determination section, which aims to identify the optimal solution
from the solution set. In summary, the main contributions of this paper are as follows. Firstly, a process for
constructing problem elements is proposed, which integrates the product manufacturing process into the
innovation opportunity identification process. By using problem analysis methods, issues within different types
of innovation opportunities are identified, and problem elements are constructed, laying the foundation for
subsequent problem-solving. Secondly, an innovation strategy-based problem-solving method is proposed,
which involves strategic guidance for specific problems, assisting process personnel in generating manufacturing
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process innovation solutions and achieving innovation in the product manufacturing process. Finally, a solution
evaluation method based on AHP and TOPSIS is proposed. The AHP method is introduced before the TOPSIS
analysis to determine the weights of evaluation criteria, ensuring a more scientific and effective evaluation.

This study also has some limitations and requires further research in the future. Firstly, the complexity and
uniqueness of processes in different industries and special product types may challenge the applicability of the
proposed model. Secondly, the model is partly dependent on the subjective judgment of the designers involved,
and may be subject to some bias and instability. Therefore, future research could focus on the following areas:
(1) further expanding the applicability of the model by customizing improvements for different industries
and special product types, while comparing it to previously used methods to demonstrate the validity of the
approach; (2) studying more objective data and indicators to reduce the impact of subjective factors on the
model, while introducing relevant computational methods to improve efficiency.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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