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Abstract. Redesign is required for the product improvement. The function design is
one of the most important tasks in a redesign process. In order to generate an
optimal solution of the product redesign efficiently for enterprises, this paper
proposes a function redesign method based on the extension theory. For a target
product to be redesigned, a hierarchal function model of the target product is first
formed using the function analysis. Degree of the function importance is then
determined by applying the triangular fuzzy number. Difficult function units and
high important degree functions are decided according to redesign requirements
and ranking of function importance degrees. In order to apply the difficult function
units and high importance degree functions in the innovative design, a function
redesign process model is developed based on the extension theory and TRIZ tools.
Feasibility of the proposed method is verified in redesign of an ultrasonic-based
measurement device of the paper thickness.
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1 INTRODUCTION

Following the market change to meet user requirements, many enterprises redesign their products
using new technologies or processes to adapt changes of the competitive market [9, 15]. In the
product redesign process, the effective function design is significant for innovative solutions [2-5].
TRIZ (Invention Problem Solving Theory) was proposed by Altshuller based on the analysis of
patents. It provides tools to solve problems in a redesign process [14, 17]. Many scholars have
conducted research on the function design or product redesign process. Ma et al. [13] proposed a
method to identify function components for product redesign based on the failure mode and effects
analysis (FMEA). Smith et al. [16] developed an innovative redesign method for new products
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based on the integration of existing similar products in functions and other aspects. Tan et al. [18]
proposed three opportunities-driven redesigning paths based on the training process of innovation
engineers in China, and emphasized the relation between functions and main innovation
processes.

However, most of the existing methods mainly focus on identifying function components to
meet design requirements. They are subjective and fuzzy in the analysis of functional levels, which
is difficult to be used in the redesign process. The extension theory [21] introduced the basic-
element (BE) to establish a formal model with characteristics of formalization of the operation
process, and combination of qualitative and quantitative analyses. In recent years, the extension
theory has been applied to solve uncertainty problems for the product innovation redesign. Bai et
al. [1] formalized the extension transformation for the second class of standard solutions to guide
the solution of redesign problems. Lou et al. [12] improved TRIZ based on the extension theory to
eliminate contradictions. But there is a lack of research on quantifying functions by applying the
extension theory for redesign innovation in the functional level. Important functions can guide the
product innovation in a redesign process.

This paper proposes an extension theory-based method for the product function redesign. For a
target product to be redesigned, a hierarchal function model of the target product is first built
based on the function analysis. The degree of the function importance is then determined by
applying the triangular fuzzy number (TFN) [10, 19]. Difficult function unit (DFU) and high
importance degree function (HIDF) are determined according to the customers’ requirements
(CRs) and ranking of function importance degrees. In order to apply DFU and HIDF in the design
innovation, a function redesign process model is developed using the extension theory and TRIZ
tools. The feasibility of the proposed method is verified in a specific redesign of an ultrasonic-
based measurement device of the paper thickness.

2 PROPOSED METHOD

Redesign is commonly required for product improvement to shorten the development cycle and
reduce cost of the product [15]. The extension theory is proposed in the paper for the redesign
process [4]. The high importance degree function is identified by using the triangular fuzzy
number. The identified functions are implemented by applying the extension transformation and
TRIZ tools.

2.1 Hierarchal Function Model (HFM)

A target product can be identified according to internal and external changes of an industry. The
total functions can then be determined by designers and a functional tree of the target product is
formed based on the function analysis. A hierarchal function model shows correlations of the
material flow (M, M), power flow (P, P") and signal flow (S, S’) of the target product as shown in
Figure 1.
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(a) Functional tree (b) Function structure model

Figure 1: Hierarchal function modeling of a target product.
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2.2 Determination of Functions for Extension

The structure model in Figure 1 shows relations of the product function relation, but the direction of
innovative design. Although it can identify the difficult function unit based on the structure and
implementation of a product, it neglects the high importance degree function which is to be decided
by applying the triangular fuzzy number (TFN) in the functional level.

Degrees of the function importance can be searched by introducing TFN in a hierarchal function
model. A fuzzy rough set for the function importance comparison between i and j® functions is
defined in Table 1. For a product with the total function units n, based on the pair-wise comparison
of their importance, a triangular fuzzy number matrix (TFNM) [6, 20, 22] can be formed as shown
in Equation (2.1).

Values Description of importance
0.9 Extremely important
0.8 Strongly important
0.7 Obviously important
0.6 Slightly important
0.5 Equally important

0.4-0.1 Contrary to the above

Table 1: Fuzzy rough set for the importance comparison between functions.

Ly . 1, (£, )5 £)) (£ £12 £1)
F=|.. 1, ..|= L, 1l 1)) (2.1)
£y o L, |En L6 (£ £ L)

where f;j is a fuzzy value of the function importance compared between /™ and j* functions.
L U A M U L L Vi U L M U - .

th+ 1, =1+, =1, +1,=L1,=1,;=1,=051, <1 <1; 1,J=12..n

TFNM is then processed by the importance ranking management software (KC V1.0) [11] to
decide degrees of the function importance using fuzzy ordered weighted averaging (FOWA)
operators [11, 22] such as D = (di, d>, ..., dn) 7. The ranking of function importance degrees is
used to decide the high importance degree function (HIDF). The highest importance degree
function is chosen as dk>d:, t=1,2,, k-1, k+1,, n. Considering requirements and constraints of

the product, secondary importance degree functions can also be used as extension objects.

2.3 Functional Extension Transformation Based on Extension Theory

According to the extension theory, DFU and HIDF can be represented in a form of the functional
basic-element as Br= (O, ¢, v). Where O is DFU or HIDF, c is the functional characteristic, and v is
the value of O concerning c. We can obtain function extension set Be by applying the extension
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analysis theory including divergent tree method and implication system method as shown in Figure
2.

Chis

e

Figure 2: Extension analysis of functional basic-element.

®E0
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Figure 2 forms several new routes to guide design searching for the functional basic-element BF.
However, it only provides some possibilities for generating ideas using the extension analysis
theory. In order to find innovative solutions, an extension transformation is introduced to Be. There
are five basic extension transformations including displacement, addition or deletion, expansion
(0<a<1, T is reduction), decomposition, and copy, as shown in Equation (2.2). Furthermore, TRIZ

tools are used to solve contradictions in a new way of the functional level.

B, T e displacement
B, £ B, T € addition& deletion
7B, = B, a > 0,T e expansion (2.2)
{Bis Biys ..t T e decomposition
{B, By} T e copy

2.4 Priority Degree Evaluation

The priority degree evaluation is the basic method to evaluate the quality of an object in extenics
[8]. Its steps are as follows: (1) determining measurement indicators C={Ci, Cz2,, Cm}; (2)
deciding weight coefficients W={ W1, W2,, Wm}; (3) evaluating solutions with necessary conditions;
(4) establishing correlation function Ki and calculating correlation degree k={ki, k2,~:, km} using
Equation (2.3); (5) calculating the priority degree G using Equation (2.4).

(S
i max ,i=1, 2, 3,7, 2.3
J K (S) j n (2.3)

gell,2,...,m 1 q
G =D W xk (2.4)
i=1

An innovative solution can be developed using the above steps. The product function redesign
model can then be formed using the extension theory as shown in Figure 3.
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Figure 3: The product function redesign model based on the extension theory.
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(@) Structure of the measurement device [23] (b) Prototype of the measurement device

1- Paper holder, 2-tank body, 3- transmitting probe,
4- receiving probe, 5-medium, 6- top cover of tank, 7-halfsphere valve, 8-electromagnet I,
9-electromagnet II, 10-electromagnet III, 11-support frame, 12-upper frame, 13-Fixed pin, 14-casing pipe

Figure 4: Existing measurement device.
Figure 4(a) shows an existing ultrasonic-based device of measuring the paper thickness [23]

(Hereinafter referred to as “the measurement device”). In order to improve the measurement
accuracy, water is usually used to replace gas as ultrasonic medium as shown in Figure 4(b).
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However, as a certain amount of air will be dissolved in the water medium, bubbles will be
generated and gradually gather on the surface of the receiving probe over time. This will reduce
the energy of the signal to enter the receiving probe. The measurement accuracy would be
reduced. In addition, more energy is consumed because of the large-sized tank body. The case
study is to redesign the device for the improvement.

3.1 Hierarchal Function Model (HFM)

Function is an abstract description of input/output of a system, and generally expressed as a "verb
+ noun", such as “measure thickness”. The function of the device is the “measure paper thickness”.
A functional tree of the measurement device is developed based on the proposed function analysis
as shown in Figure 5 (a). Considering three flows of the M/M’-paper, P/P’-electrical power and
S/S’-thickness information, a hierarchal function model of the measurement device is built to
search function units as shown in Figure 5 (b). There are eight function units identified, including
Fi-transmit ultrasonic, F2-drive electromagnet, Fs-record time, Fs-process data, Fs-display
information, Fe-receive ultrasonic, F7-press papers, and Fs-loose papers.

| Measure paper thickness |

Collate
information

Control
ultrasonic

Control papers

N\ e

Transmit Receive Record | [ Process Display
ultrasonic ultrasonic time datas information
Drive Press Loose

electromagnet papers papers

(a) Functional tree

Papers
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(b) Function structure model

Figure 5: Functional tree and function structure model of the measurement device.
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3.2 Determination of Functions Extension

Because bubbles gather on the surface of the receiving probe over time, they affect the
measurement accuracy of the measurement device. As the bubbles affect the function unit Fs-
receive ultrasonic poorer, Fs is identified as the difficult function unit.

The high importance degree function can be determined by using TFN and FOWA as shown in
Figure 5, including eight function units F = {Fi, F2, F3, Fs, F5, Fs, F7, Fs}. Based on pair-wise

comparisons of their importance, TFNM is then formed as / = [f;ﬁ, f;g, ﬁ;]BxS using Equation

(2.1) as shown in Equation (3.1).

[ (0. 5,0.5,0.5) (0.3,0.4,0.5 (0.2,0.3,0.4) (0.3,0.4,0.5 (0.55,0.6,065 (0.2,0.3,0.4 (0.6,0.7,0.8 (0.7,0.8, 0.9]
0.5,0.6,0.7 (0.5,0.5,0.5 (0.7,0.8,0.9 (0.6,0.7,0.8 (0.6,0.7,0.8 (0.5,0.6,0.7 (0.5,0.6,0.7 (0.6,0.7,0.8
0.6,0.7,0.8 (0.1,0.2,0.3 (0.5,0.5,0.5 (0.3,0.4,0.5 (0.6,0.7,0.8) (0.2,0.3,0.4) (0.3,0.4,0.5 (0.3,0.4,0.5
0.5,0.6,0.7  (0.2,0.3,0.9 (0.5,0.6,0.7 (0.5,0.5,0.5 (0.7,0.8,0.9 (0.2,0.3,0.4 (0.3,0.4,0.5 (0.3,0.4,0.5
- (0.35,0.4,0.45 (0.2,0.3,0.4 (0.2,0.3,0.4) (0.1,0.2,0.3) (0.5,0.5,0.5 (0.3,0.4,0.5 (0.2,0.3,0.49 (0.2,0.3,0.4
0.6,0.7,0.8 (0.3,0.4,0.5 (0.6,0.7,0.8 (0.6,0.7,0.8 (0.5,0.6,0.7 (0.5,0.5,0.5 (0.6,0.7,0.8 (0.6,0.7,0.8
0.2,0.3,0.4 (0.3,0.4,0.5 (0.5,0.6,0.7 (0.5,0.6,0.7 (0.6,0.7,0.8 (0.2,0.3,0.4) (0.5,0.5,0.5 (0.5,0.5,0.5
L (0.1,0.2, 0.3) (0.3,0.4,0.5 (0.5,0.6,0.7 (0.5,0.6,0.7 (0.6,0.7,0.8 (0.2,0.3,0.4) (0.5,0.5,0.5 (0.5,0.5, 0.5 ]
(3.1)

TFNM is processed by the importance ranking management software (KC V1.0) [11] to decide
degrees of the function importance using FOWA operators [11, 22] as D= (dr1, dr2, dr3, dr4, drs,
drs, dr7, drs) = (0.117, 0.161, 0.106, 0.117, 0.082, 0.171, 0.123, 0.123). Table 2 shows that Fs
and F2 are identified as the most important functions. Therefore, Fs and F2 are the HIDF considering
the power saving and measurement accuracy.

Importance

NO. Functions degrees Ranking
F1 Transmit ultrasonic 0.117 5
F2 Drive electromagnet 0.161 2
F3 Record time 0.106 7
Fa Process data 0.117 6
Fs Display information 0.082 8
Fe Receive ultrasonic 0.171 1
F7 Press papers 0.123 3
Fs Loose papers 0.123 4

Table 2: Degrees of the function importance.

3.3 Functional Extension Transformation Based on Extension Theory

Function units Fs and F2 are represented in a form of the functional basic-element Brrs and Brr2 as
shown in Figure 6. Because the function may have many functional characteristics, or functional
characteristics may have many values, a divergent tree method can be used to consider changes of

Computer-Aided Design & Applications, 18(1), 2021, 199-210
© 2021 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

206

the characteristics or values to achieve divergent basic-elements. Due to the implication
relationship between functions, extended basic-elements can be developed by the implication
system method. Function extension set Be= {Br1, Br2, Br3, Bra, Brs, Brs} is obtained by applying the
extension analysis theory such as the divergent tree and implication system method as shown in
Figure 6.

As the extension analysis can only provide some routes to solve problems, the extension
transformation is implemented to obtain creative solutions. Alternative solutions can be generated
by applying the operation of transformation. According to Brrs, Brr2 and Bg, functional basic-
element Brre can be replaced by Bez or Bz applying Equation (2.2) as

1B,.c = B., = B,,,T € displacement . Similarly, functional basic-element Brr, can be realized by
Brs and Brs as 7B,., = B, + B, I € addition.

According to displacement and addition transformation, three solutions are generated by
applying TRIZ tools based on the extension transformation in the functional level as follows.
Solution 1(S1): the medium is replaced with the distilled water to eliminate bubbles, and
electromagnet only drives the receiving probe. Solution 2(S2): separation of measuring surface
and tank body, and the measurement device is designed as a horizontal position. Solution 3(S3):
surface is measured at the top of the device, and when not working, electromagnet is in the
compression state.

3.4 Priority Degree Evaluation

The three solutions are evaluated using the priority degree evaluation in extenics to determine the
optimal solution.

(1) Determining the measurement indicators. According to experts’ suggestions and specific
conditions, the most representative four indicators are sorted out as C= {Ci, C3, GC3, Ci} =
{measurement inaccuracy degree, energy consumption, cost, occupied space}.

(2) Determining the weight coefficient. The Delphi method is used to evaluate the
measurement indicators of design solutions of the measurement device. Weight coefficients are W=
{Wi, Wo, W3, W4} = {0.4, 0.3, 0.2, 0.1}.

(3) Evaluating solutions with necessary conditions. According to required conditions, we
remove solutions that do not meet the conditions. The required service life can be met by these
three solutions.

(4) Establishing correlation function and calculating correlation degree. For a characteristic
value interval of the service life [0, 100] and values of indicators of the existing design [50, 50,
50], values of the measurement indicators are obtained by comparing with the original design in
Figure 4 as shown in Table 3.

According to K; =(Ki(S1), Ki(S2), ..., Ki(Sm)) (i=1, 2, ..., n), correlation degrees of solutions on
measurement indicators are such as Ki=(50, 45, 70), K,=(60, 50, 50), K3z=(45, 60, 70), and
Ks=(50, 55, 60). Furthermore, standard correlation degrees are calculated using Equation (2.3) as
kiz (0.71, 0.64, 1), ko= (1, 0.83, 0.83), ks= (0.64, 0.86, 1), and ks= (0.83, 0.92, 1).

(5) Calculating priority degree. Priority degrees are calculated using Equation (2.4) as G(S1)
=0.795, G(S2) =0.769, and G(S3) =0.949.

When the measurement device has high measurement accuracy, low energy consumption, low
cost and low occupied space, it meets design requirements. Therefore, values of measurement
indicators are reduced, and the measurement accuracy is improved. In other words, the optimal
solution has the smallest priority degree. According to Step (5), there is G(S2) < G(S1) < G(S3).
Therefore, Solution 2 is selected as the optimal solution.
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Figure 6: Function extension analysis.

Computer-Aided Design & Applications, 18(1), 2021, 199-210
© 2021 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

Measurement indicator Solution 1 Solution 2 Solution 3
measurement inaccuracy degree 50 45 70
energy consumption 60 50 50
cost 45 60 70
occupied space 50 55 60
Table 3: Values of the measurement indicators.
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1-tank body, 2-transmitting probe, 3-receiving probe, 4-medium, 5-breathing pipe, 6-piston, 7-left cylindrical tube,
8-right cylindrical tube, 9-casing pipe, 10-fixed pin, 11-upper electromagnet, 12-lower electromagnet, 13-spring,
14-locking pin, 15-connection pin, 16- measuring surface, 17-paper-holden surface, 18-floor

Figure 7: Redesign innovative solutions of the measurement device [24].

U

(a) The beginning of the measurement

(b) Paper-holden surface with tested paper

Figure 8: Prototype of the redesign measurement device.

The working process of the new design shown in Figure 7 is as follows. The water medium 4 is
imported through breathing pipe 5 until transmitting probe 2 and receiving probe 3 are all in the
water. When the measurement device doesn’t work, spring 13 is slightly compressed to ensure
measurement surface 16 and paper-holden surface 17 contact.

There are two stages when the measurement device starts work. Stage 1: the tested paper is
not put on paper-holden surface 17 as shown in Figure 7 and Figure 8(a). Receiving probe 3
receives a pulse signal taken as the measurement signal from transmitting probe 2. Distance D1
from transmitting probe 2 to receiving probe 3 is decided through the analysis and calculation of
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information processing unit of the measurement device. Stage 2: measuring surface 16 is moved
left by compressing spring 13 and separated from paper-holden surface 17. The tested paper is
put on paper-holden surface 17 as shown in Figure 8(b), and measuring surface 16 is moved right
to compress the tested paper tightly. Similarly, receiving probe 3 receives the measurement signal
from transmitting probe 2. Distance D2 from transmitting probe 2 to receiving probe 3 is
calculated and recorded. Thickness D of the paper can be decided using D=D1-D?2.

In Solution 2, the measuring surface is separated from the tank body to reduce the driving
weight. Meanwhile, the receiving probe is placed horizontally with the piston to solve the
interference of the medium bubble as shown in Figure 7 and Figure 8. Therefore, the redesign
solution greatly improves the measurement accuracy, reduces cost and saves energy.

4 CONCLUSIONS

A function redesign method was proposed for the product innovation based on the extension
theory. The method provided ways to innovate product for engineers in the functional level. A
triangular fuzzy number was applied to decide the function importance degree for an extension
function decision-making process. The DFU and HIDF were determined and represented in a form
of the functional basic-element based extension theory. Routes of design innovation were decided
by the extension transformation of the functional basic-element. Solutions were achieved by
applying TRIZ tools. The optimal solution was decided by the priority degree evaluation method.
The proposed method was verified in an innovative redesign of the ultrasonic-based device for the
paper thickness measurement.
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