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CONSIDERATIONS ABOUT DESIGN OPTIMIZATION
METHODS USED IN ADVANCED MANUFACTURING
TECHNOLOGIES

Mihaela NICOLAU -*

The entire history of humanity can be defined by its quest for greatness. Every
time a solution was reached, the need for a better one became immediately apparent.
This is exemplified by the development of advanced manufacturing technologies that
have changed and improved the way products are manufactured. Over the years,
many methods have been devised to find the best solution in various applications. In
engineering, the focus has been on data analysis, and recently it expanded to other
areas such as design development. This paper attempts to present methodologies that
have been used widely in a variety of industries to develop better solutions. A
discussion of the findings will focus on the possible application of these techniques to
manufacturing and design.
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1. Introduction

In 1990, advanced manufacturing technologies (AMT) [1] were defined as
new technologies directly used in the production of a product, but in the following
years [2, 3] AMTs were classified as either hard-based technologies, such as
physical technologies used in engineering, processing and administration, or soft-
based technologies, such as Total Quality Management (TQM) and Just In Time
(JIT). TQM is a management model focused on improving quality all around [4],
while JIT is a manufacturing philosophy focused on improving product quality and
production efficiency through waste reduction [5]. These technologies are
nowadays widely used in the development of the next generation of AMTs by
reducing waste and improving product quality and performance. In a Flexible
Manufacturing System (FMS), both hard and soft based technologies, such as
physical equipment and a computer control system, are involved, while in a
Material Requirement Planning (MRP) system, only soft based technologies, such
as a computer system, are utilized. According to [6], a modern approach to
manufacturing is the total integration of manufacturing functions with computers,
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design being included, it is also known as Computer Integrated Manufacturing
(CIM) systems which include many AMTs, such as Computer-Aided
Manufacturing (CAM), Computer-Aided Design (CAD), Computer-Aided
Engineering (CAE) and Computer-Aided Process Planning (CAPP).

In the fields of engineering and business, the main priority is finding the
optimized solution within the spectrum of a specific set of objectives and
constraints affecting certain critical variables. Oxford English Dictionary [7]
defines optimization as a process of obtaining the best while Cambridge Dictionary
[8] has a similar definition but uses “as good as possible”. Therefore, something
like a product, process, design, or decision can be improved by following a
process. Many times, the best solution is equivalent to achieving a maximized
potential for minimum resources and the process by which this is obtained can
include several techniques and/or mathematical algorithms.

According to Sinha [9] the elements of an optimization problem are the
system, the variables, the constraints, and the objectives. The system is typically
defined by some functions, a combination of constant and variable attributes. The
variables are usually system parameters that impact the desired output. The
constraints are a set of data affected by some features of the system. The objectives
are goals to be achieved, such as minimum or maximum values.

Over the years many great mathematicians studied and developed this field
of science, of which I would mention Fermat, Lagrange, Newton, Gauss, and
Dantzig. Their work led to the development of many methods for various
applications, which are classified according to the number of objectives (one vs.
multiple), the number of constraints (zero vs. multiple), the shape of the objective
functions (linear vs. non-linear), the domain of the objective functions (unimodal
vs. multimodal), the types of variables (discrete, continuous, mixed), the type of
values (deterministic vs. stochastic) [10].

Directly influenced by the type of functions used in applications, numerous
methods have been developed, such as numerical, analytical, graphical, and
experimental methods [11]. Numerical methods, also known as mathematical
programming, are typically applied to complex problems that require iterative
applications for the convergence of results. Analytical methods are used for
functions that are linear and use a small number of variables. The very popular
graphical methods are used with functions that use one or two variables. There are
situations where the problem cannot be described mathematically, in these
situations, experimental methods are employed to determine the best response for
the various variables describing the problem.

There is much literature developed on mathematical programming, but there
is less clarity on experimental methods. A study of the most used experimental
methods is undertaken to propose the best approach to product development. The
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results of this study should be very helpful to practitioners acting in design
engineering.

2. Experimental Methods

There are many design methods, focused on either creating, modifying, and
attribute decomposition [12] such as brainstorming for creative designs, Theory of
inventive problem-solving technique (TRIZ) for modifying a design, as well as
Quality Function Deployment (QFD), Axiomatic Design (AD), and The Taguchi
Methods for concrete results through attribute decomposition. A short presentation
of the most popular methods is given below.

TRIZ theory was developed by G. Altshuller [13] in order to develop a
systematic way to create new designs. The method looks at both the problem and
its system by providing analytical tools for problem analysis as well as knowledge
base tools for system change. It builds functional models for problems associated
with existing technological systems and analyzes their interaction inefficiencies.
Contradiction analysis reframes the problem as either a technical contradiction or a
physical contradiction. Required function analysis matches system objectives with
elements of a predefined function list.

The Taguchi Methods was introduced by G. Taguchi [14] in order to
develop a product that maintains its functions regardless of the external factors,
processes used, or other variables. The method is also known as Robust Design and
it uses statistical methods to determine the best design, known as Design of
Experiments. It is done in three steps: system (concept) design, parameters (values)
design, and tolerance (variation) design [15].

QFD method was developed by Y. Akao [16] to translate customer needs
into design requirements in a matrix setting called the House of Quality. The design
requirements are divided into Functional and non-functional requirements,
selection and optimization criteria, and constraints.

AD theory was developed, by N.P. Suh [17], to streamline the decision-
making process utilized in product design. The method uses four domains such as
customer, functional, physical, and process domains that are linked to each other
through a mapping process so that one domain’s requirements are mapped to the
parameters found in the adjacent domain. The mapping of domains generates
matrices such as the concept design matrix for customer and functional domains,
the product design matrix for functional and physical domains, and the process
design matrix for physical and process domains. To obtain the best solution two
axioms are used. Axiom 1, known as the independence axiom, requires functional
requirements to be independent, also known as uncoupled design, while Axiom 2,
known as the information axiom, requires the design to minimize the information
content.
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3. Discussions

These methods can be used as a standalone approach interchangeably to an
application or they can be used synergistically to their inherent insufficiencies in
certain applications.

Some studies [18] found that between the years 2002 to 2014, there were
693 articles focused on AD and 1325 about TRIZ, while only 51 articles combined
these two methods. The author researched Web of Science databases for articles
focused on AD, TRIZ, and both between the years 2015 to 2023 and found that a
total of 791 articles were published, of which 248 focused on AD, 540 on TRIZ,
and 3 on combined methods, as shown in Fig. 1. The research was limited to the
year 2023, as it was performed at the beginning of the year 2024. The combined
use of the methods has lost priority to the innovative capacity of AD and TRIZ.
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Fig. 1. AD, TRIZ, AD/TRIZ articles published between 2015 to 2023

If in the previous studies [19], between 2002 and 2014, TRIZ was mostly
used in product development in almost all engineering fields as well as in
agriculture, mining, food, healthcare, and management, AD was mostly used in
management and system design. But between 2015 to 2023, both AD and TRIZ
methods were mostly used in engineering and for less than 20% of business.

There is a clear tendency to use only one of the methods in product design,
but when functional requirements are not independent, TRIZ would consider that
situation as a contradiction for which a solution is needed. As a result, in combining
these methods, AD is applied first followed by TRIZ until the best solution is
obtained. This approach was applied to case studies of paper handling machine
design [20], laser cutting design [21], jig design [22], water faucet design [23],
satellite omni selector design [24], locomotive ballast redesign [25], kids’ chair
[26], fish peel design [27], cutterhead design [28], and two-wheeled vehicle design
[29].

Previous studies reveal that TRIZ has difficulties handling functional
coupling and triangular matrices developed through AD[30], and while AD seeks
to minimize the number of functional requirements, TRIZ may introduce new
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functions if the solution demands that [31]. In addition, AD focuses only on
customer requirements which may lead to a lower value that would otherwise be
achieved by TRIZ. The benefits of combining AD and TRIZ include a better
definition of the problem, a more detailed analysis of the problem, a more practical
solution generated, and a better utilization of resources [32].

The Taguchi Methods has been used in engineering [33], medical [34], sales
[35] ae well as alongside AD, such as in the design of a facet [36].

In considering Robust design alongside TRIZ and AD, considerations are
given to their specific approach. Robust design applies within a given structured
design, while AD focuses on defining the perfect structure, but TRIZ is best at
solving conflicts [37]. AD is used to map customer needs while the Taguchi
Methods was later used to investigate process conditions variance, and this can be
reprocessed until optimized results are achieved [38].

A method combining QFD and AD [39, 40] proposed that QFD is applied
first to convert customer attributes to functional requirements and then AD is
applied to map the functional domain to the physical domain. If the functions are
not independent, then apply TRIZ to find the solution.

Multi-criteria decision-making (MCDM) techniques, such as The
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is used
when selecting an alternative based on a finite number of criteria [41] using
Euclidean distance to rank alternatives. TOPSIS steps include:

1.Construct a decision matrix of the alternatives and the criteria and fill it
(x;j, fori=1,2, 3 ,..., m) with their relative importance using a scale from 1 to 7,
1 being the most important.

2. Normalize the decision matrix, using eq. (1):

xl-j

g = 1)
Y z:1i7=l1xi2j

3. Form a criteria weighted (w; ) normalized decision matrix, using eq. (2):

R

Yij = Wj * 1y (2)
4. Identify positive and negative ideal solutions using eq. (3) and eq. (4).

St =013, v (3)

ST =01Y2, 0 n) (4)

5. Calculate the Euclidian distance for each alternative and the positive and
negative ideal solution using eq. (5) and eq. (6)
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Df = \/Z7=1(}’ij —¥i)? (5)
D =[S0y =¥V (©)
(6)
6.Calculate the closeness of each alternative using eq. (7).
Dy
V= o7 (7)

i

7. Rank the results and select the best alternative.
4. Proposed integrated model

In developing a solution in product development, considering the inherent
characteristics of each of the methods discussed above, a structured use of them is
presented in Fig. 2 and the steps are:

1. Identify product requirements through market research. The needs that
product must accomplish include functional, social, and emotional needs.

2. Map customers’ needs into the most critical parts of product
characteristics according to QFD methodology (Voice of the Customer and
benchmarking).

3. Finite mapping of these elements across functional, design, and process
domains according to AD.

4. Once the product functions have been mapped, apply Taguchi Methods
(S/N analysis) to refine process factors affecting product quality.

5. If the functions are not independent, apply TRIZ to solve the conflicts

6. Iterate until optimal results are obtained or select one configuration using
multi-criteria decision-making (MCDM) techniques.
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Fig. 2. QFD, AD, Taguchi Methods and TRIZ correlations
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5. Case study

A solar power system includes the following main elements: solar panels
[to convert sunlight into electricity], inverters [to convert DC into AC power],
batteries [to store usable energy on-site], monitoring software, and a mounting

system [to secure the system in place].

Once customer requirements are collected, per step 1, they are mapped to

functional requirements according to

QFD theory, per step 2. Customer

requirements are typically vague, as seen in Fig. 3.

Desired direction of improvement (1,0.])

1: low, 5: high Functional Requirements (How's)
Customer
importance
rating Customer Requirements - (What's)
5 Stable and controllable
5 Durable
4 Easy to operate
3 Aesthetics
5 Efficient
5 Energy output
1 Light weight
2 Low cost
5 Low cost to operate

Technical importance score
Importance %
Priorities rank

1 1 1 1 1

Monitor  Convert Generate Store | Provide

-~ Weighted
performance energy = energy | energy mounting

Score
3 3 9
3 9
9 9 2
1
9 3
9 9
3 3
3 9 1 1 28
3 9 3 1 3 95
177 105 23 47 69 486
36% 22% 19% 10% 14% 101%
1 2 3 5 4

Fig.3. QFD matrix
QFD is used to obtain product design specifications from which the
functional requirements and the associated design parameters are derived. A finite
mapping of functional requirements and design parameters is performed according
to AD theory. Only the upper level is shown in Fig. 4.
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Fig. 4. AD decomposition
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Battery sizing requires a finite determination of its performance. A Taguchi
Design of the Experiment (DOE) needs to be performed to select the best approach.
After identifying the Control Factors (CF) and their ranges, the experiment is
planned, as seen in Fig. 5 and 6.

Svmbol Parameter Levell Level2 Leveld
A Usable capacity I36KEW 144 KW 16 K¥Wh
B Peak power oKW OKW  11kW
C Continuous power SEW  TSEW TEW

D Round-trip efficiency 80% 90% 97.50%

Fig. 5. DOE parameters

experim.| A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
G 2 3 1 2
7 3 1 3 1
8 3 2 1 3
g 3 3 2 1

Fig. 6. Experimental Design

After the experiment is performed, the results are expressed in terms of
Mean Values, Signal to Noise Ratio, and Analysis of Variance (ANOVA) which
leads to identification of the best design parameters configuration able to satisfy the
functional requirements. With these results, a re-evaluation of the design
parameters is to be performed until the design meets the requirements.

In this application, there is a potential conflict between clamping systems
that are both durable and easy to operate. In this context, TRIZ can be used to
develop alternative concepts through ideality, contradiction, and effect. Conflicts
are processed within the domain of the problem by finding a key parameter. Effects
are analyzed within the area with the problem by analyzing the flow of functions.
Ideality attempts to define the ideal stage for the problem. The results need to be
re-evaluated for compliance with customer requirements.

In this application, the design team can select solar panels from several
internal or external sources using criteria and weight defined by the customer as
seen in Fig. 3. QFD matrix. These sources are here identified as S1, S2, S3, and S4.
The criteria are Easy to Operate (C1), Low Cost (C2), Low Cost to Operate (C3),
and Durable (C4). Their weights are 4, 2, 5, and 5 respectively.

The design matrix, normalized design matrix per eq. (1), weighted design
matrix per eq. (2) are shown below in Table 1, Table 2, and Table 3 respectively.
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Table 1
Design Matrix
Crit/Al
t Cl|C2|C3 |4

S1 4 |5 1412

S2 514 |3 | 4

S3 514143

S4 3 51415
Table 2

Normalized Design Matrix
Crit/Alt Cl C2 | C3 | C4
S1 0.462 | 0.55]0.53]0.27
S2 0.577 1044 | 04 | 0.54
S3 0.577 | 0.44 | 0.53 | 0.41
S4 0.346 | 0.55]0.53 ] 0.68
Table 3

Criteria Weighted Design Matrix
Crit/Alt Cl C2 | C3 | C4
S1 1.848 | 1.1 | 2.65 | 1.36
S2 2.309 | 0.88 | 1.99 | 2.72
S3 2.309 | 0.88 | 2.65 | 2.04
S4 1.386 | 1.1 [2.65] 34

The positive and negative ideal solutions calculated with eq. (3) and eq. (4)
as well as Euclidian distance from them and Closenss is shown in Table 4.

Table 4
Positive and Negative Euclidian Distance and Closeness
Crit/Alt S1 S2 S3 S4
D' 2.092845 0.9748538 | 1.3786342 | 0.9237604
D 0.8370844 | 1.6447447 | 1.3247237 | 2.1573233
\Y 0.2857012 | 0.6278614 0.490029 0.7001833

The best solution is found to be S4 alternative.

The method provides objective results for complex situations. The
calculations were performed using a spreadsheet.

It can be observed that these methods, which are some of the most popular
methods used in solving design problems, are applied on different segments of the
final product as each method has limitations in solving all problems that occur in
complex assemblies but used in synergy could lead to a better product. While QFD
and AD define and refine the definition of a structure, TRIZ may propose a structure
with added performance, Taguchi Methods finds the best performance of a
structure, and TOPSIS selects the best structure.
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6. Conclusions

This paper discussed various aspects of the most popular design
methodologies such as TOPSIS, TRIZ, Taguchi/Robust Design, QFD, and AD as
applied to the design of a solar power system. Investigating the applications of
design methodologies leads to the following conclusions:

Each methodology is based on certain principles and requires a specific
approach, the results may differ.

These methods can be used individually or simultaneously depending on the
complexity of the problem to be solved. The synergy results in a better solution that
eliminates waste of time and resources. Therefore, the TRIZ-QFD-Taguchi synergy
leads to the application of TRIZ for solving the contradictions in the roof of the
House of Quality and the Taguchi Methods for achieving the characteristics at the
base of the roof of the House of Quality.

All these methods are useful in product design. In their combined
application, the authors recommend using these methods in a certain order: QFD
for design requirements identification, AD for requirements mapping, Taguchi
Methods for function improvement, TRIZ for solution optimizing, and TOPSIS for
best alternative selection.

REFERENCES

[1] H. Noori, Economies of integration: a new manufacturing focus. International Journal of
Technology Management. Vol. 5, Iss. 5, 1990.

[2] M.A. Youssef, Agile manufacturing: a necessary condition for competing in global markets.
Industrial engineering- New York then Atlanta Norcross-American Institute of Industrial
Engineers Incorporated-. Vol. 24, 1992.

[3] TF Burgess, HK. Gules, Buyer—supplier relationships in firms adopting advanced
manufacturing technology: an empirical analysis of the implementation of hard and soft
technologies. Journal of Engineering and Technology Management, Vol.15, Iss. 2-3,1998.

[4] D.I. Prajogo, A.S. Sohal, TQM and innovation: a literature review and research
framework. Technovation, Vol. 21, Iss.9, 2001.

[5] T.C. Cheng, S. Podolsky, Just-in-time manufacturing: an introduction. Springer Science &
Business Media, 1996 .

[6] S.Z. Jia, J.S. Gunasekera, J. Glancey, Computer integrated sustainable manufacturing.
In Sustainable Manufacturing Processes, Academic Press. 2023.

[7] Oxford English Dictionary, https://www.oed.com, accessed on 8/19/2024.

[8] Cambridge Dictionary, https://dictionary.cambridge.org, accessed on 8/19/2024.

[9] G. R. Sinha, Modern Optimization Methods for Science, Engineering and Technology. IOP
Publishing, 2019.

[10] X.-S. Yang, Engineering Optimization. An Introduction with Metahcuristic Applications. John
Wiley & Sons, Inc, 2010.

[11] Antoniou, W.-S. Lu, Practical Optimization Algorithms and Engineering Applications. Springer,
2007.

[12] T Tomiyama, P. Gu, Y. Jin, D. Lutters, C. Kind, F. Kimura, Design methodologies: Industrial
and educational applications, CIRP Annals - Manufacturing Technology Vol. 58, 2009.



Considerations about design optimization methods used in advanced manufacturing technologies 137

[13] G. Altshuller, The innovation algorithm. Worcester: Technical Innovation Center, 1999.

[14] G. Taguchi, Systems of Experimental Design, Vol. 1 and 2. ASI press. 1987

[15] G. S. Peace, Taguchi Methods - A Hands-On Approach. Addison-Wesley Publishing Company,
1992.

[16] Y. Akao, Quality function deployment: integrating customer requirements into product design,
Productivity press, 1990.

[17] N. P. Suh, Axiomatic design: advances and applications. New York: Oxford University Press,
2001.

[18] Y. Borgianni, D.T. Matt, Axiomatic design and TRIZ: deficiencies of their integrated use and
future opportunities. Procedia CIRP, Vol.34, 2015.

[19] Y. Borgianni, D.T. Matt, Applications of TRIZ and axiomatic design: a comparison to deduce
best practices in industry. Procedia CIRP, Vol.39, 2016.

[20] K. Yang, H.Zhang, A comparison of TRIZ and Axiomatic Design. Triz Journal, Vol.8, 2000.

[21] JR. Duflou, W. Dewulf, On the complementarity of TRIZ and axiomatic design: from
decoupling objective to contradiction identification. Procedia Engineering, Vol.9, 2011.

[22] R.A. Shirwaiker, G.E.Okudan, Triz and axiomatic design: a review of case-studies and a
proposed synergistic use. Journal of Intelligent Manufacturing, Vol.19, 2008.

[23] Y He, Z. Ma, W. Chang, A technical framework of the Taguchi system design method based on
axiomatic design and TRIZ. In 2009 IEEE International Conference on Industrial
Engineering and Engineering Management, IEEE, 2009.

[24] S.T. Uang, C.L. Liu, M. Chang, A product design approach by integrating axiomatic design and
TRIZ. In Design, User Experience, and Usability. Theory, Methods, Tools and Practice: First
International Conference, DUXU 2011, Held as Part of HCI International 2011, Orlando, FL,
USA, July 9-14, 2011, Proceedings, Part II 1. Springer Berlin Heidelberg. 2011.

[25] G.O. Kremer, M.C. Chiu, C.Y. Lin, S. Gupta, D. Claudio, H. Thevenot, Application of axiomatic
design, TRIZ, and mixed integer programming to develop innovative designs: a locomotive
ballast arrangement case study. The International Journal of Advanced Manufacturing
Technology, Vol.61, 2012.

[26] Z.H. Bai, S. Zhang, M. Ding, J.G. Sun, Research on product innovation design of
modularization based on theory of TRIZ and axiomatic design. Advances in Mechanical
Engineering, Vol.10, Iss.12, 2018.

[27] Y. Wu, F. Zhou, J. Kong, Innovative design approach for product design based on TRIZ, AD,
fuzzy and Grey relational analysis. Computers & Industrial Engineering, Vol.140, 2020.

[28] J. Xiao, F. Liu, M. Yang, W. Ke, D. Liu, L. Lin, An innovative design of mega shaft boring
machine (SBM) cutterhead based on TRIZ and AD theory. Advances in Mechanical
Engineering, Vol.15, Iss.2, 2023.

[29] H. Rong, W. Liu, J. Li, Z. Zhou, Product innovation design process combined Kano and TRIZ
with AD: Case study. Plos one, Vol.19, Iss. 3, 2024.

[30] Y.S. Kim, D.S. Cochran, Reviewing TRIZ from the perspective of axiomatic design. Journal of
Engineering Design, Vol.11, Iss.1, 2000.

[31] D. Mann, Axiomatic design and TRIZ: compatibilities and contradictions. In 2nd International
Conference on Axiomatic Design, 2002.

[32] R.A. Shirwaiker, G. E. Okudan, Contributions of TRIZ and axiomatic design to leanness in
design: an investigation. Procedia Engineering, Vol. 9, 2011.

[33] J. L. Rosa, A. Robin, M. B. Silva, C.A. Baldan, M. P. Peres, Electrodeposition of copper on
titanium wires: Taguchi experimental design approach, Journal of Materials Processing
Technology, Vol. 209, 2009.

[34] R. S. Rao, R.S. Prakasham, K. K. Prasad, S. Rajesham, PN. Sarma, L. V. Rao, Xylitol
production by Candida sp.: parameter optimization using Taguchi approach, Process
Biochemistry, Vol. 39 Iss. 8, 2004.



138 Mihaela Nicolau

[35] P. H. Selden, Sales Process Engineering: A Personal Workshop, Milwaukee, Wisconsin: ASQ
Quality Press., 1997.

[36] H.L. Oh, Unifying axiomatic design and robust design through the transfer function. In The
third international conference on axiomatic design Seoul, 2004.

[37]1 G. Taguchi, S. Chowdhury, Y. Wu, Enhancing Robust Design with the aid of TRIZ and
Axiomatic Design

[38] K. Nguyen, A.D. Pham, M.Q. Chau, X.C. Nguyen, HA.D. Pham, M.H. Pham, T.P. Nguyen,
H.S. Nguyen, Development and characterization of a thermoforming apparatus using
axiomatic design theory and Taguchi method. Journal of Mechanical Engineering Research
and Developments, Vol. 43, Iss.6, 2020.

[39] R. Zhang, J. Cha, Y. Lu, A conceptual design model using axiomatic design, functional basis
and TRIZ. In 2007 IEEE International Conference on Industrial Engineering and Engineering
Management, IEEE, 2007.

[40] M.S. Ashtiany, A. Alipour, Integration Axiomatic Design with Quality Function Deployment
and Sustainable design for the satisfaction of an airplane tail stakeholders, Procedia
CIRP, Vol. 53, 2016.

[41] C. L. Hwang, A.S.M. Masud, Multiple attribute decision making: methods and applications - a
state-of-the-art survey in Lecture notes in Economics and mathematical systems, M.
Beckmann, H.P. Kunzi (Eds), Springer , New York, 1979.



