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Abstract 
The design orientation and rationality of paper-based straw materials were 
demonstrated by scientific methods, and the “greening” and consumption behavior of 
paper-based straw materials were deeply explored. Methods The “greening” paper-
based straw materials were designed by mathematical modeling. Taking quality 
function deployment (QFD) theory as analysis condition, and combining graphical 
method (KJ) method that the structure is optimized. The design scheme is obtained. 
Results The samples were widely collected through different ways. Human-machine 
interface elements (HIEs) were first used to deconstruct the collected samples. Secondly, 
the QFD theory was introduced into the research of material functional element 
configuration, the functional elements were analyzed, and the associated matrix of 
functional elements were established for quantitative assessment. Finally, based on the 
market demand survey results, the structure was optimized by KJ method, and the 
suggestions of functional composite configuration of straw materials were put forward 
from the perspective of view, and the ideal products were designed. Conclusion This 
method can effectively reduce the subjectivity and apriority of designersʼ design 
guidance, reduce the randomness of modeling suggestions caused by divergent thinking 
and perceptual logic, and improved the scientific rationality and practical applicability 
of design guidance and scheme. 
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1. Introduction 

Under the concept of global low-carbon economy and sustainable development, China is in a 
critical period of economic transformation, reducing the use of plastics is imperative. 
“Replacing plastics with paper” has brought us new opportunities and challenges [1-3]. Bio-
based materials industry has become an important part of new materials industry. 
Biodegradable materials have the characteristics of green, environment-friendly, renewable 
raw materials and biodegradability that traditional polymer materials such as petroleum-based 
plastics do not have [4-6]. 
Paper-based materials based on “greening” mainly include two levels of environmental 
protection and resource regeneration, which have both social and economic benefits [7, 8]. As 
shown in Figure1, in terms of application, green and biodegradable paper-based materials have 
been recycled, reducing the harm of plastic products, helping to solve the problem of packaging 
waste from the source of packaging, and calling for green action. In terms of sustainable 
development, paper-based materials are widely available, renewable and have good 
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biocompatibility [9-12]. It has become a promising functional material in the fields of composite 
reinforcement, flexible display, transparent packaging, high-efficiency filtration, biomedicine, 
electrode materials, battery separators, intelligent sensing and so on. In terms of visual 
perception, taking environmental protection and health as the core and paper as the main 
substrate, it highlights its own advantages[13, 14]. In addition, the printing ink design that is 
harmless to the body not only shows the green and natural products, but also advocates the 
concept of establishing a healthy life. The packaging design is mainly simple style, giving people 
a natural aesthetic feeling. 
 

 
Figure 1. Application fields of “green” paper-based materials 

 
Based on the above, it can be seen that "greening" paper-based materials have a strong 
attraction trend for consumers and have an impact on diet health. Zhang et al. [15] gradually 
quantified the results of perceptual thinking through QFD and TRIZ, and realized multi-level 
design of green products. Lu et al. [16] applied the QFD method to the research on the 
configuration of functional elements of college catering buildings to help the green and complex 
functions of college catering buildings. However, Wu et al. [17] used the deconstruction method 
of human-machine interface elements (HIEs) to analyze the multi-dimensional design 
characteristics of the liquor bottle shape to realize the emotional image connection between 
the consumer and the product. In addition, Wu et al. [18] combined the application of QFD 
theory, graphical method (KJ) and analytic hierarchy process (AHP) to improve the scientific 
rationality and practical applicability of design positioning and design schemes. 
Therefore, this research is driven by user needs, through the combination of QFD theory and KJ 
method to evaluate and analyze the design positioning and technical solutions of paper-based 
straws, and conduct research on the consumption behavior of "greening" paper-based 
materials to solve user needs. Improve the quality of product design. In addition, the paper-
based material design echoes the concepts of saving, environmental protection and green in 
terms of materials and visual design, which can bring green energy to consumers, enhance 
consumers' awareness of environmental protection, energy saving, and greenness, and 
cultivate green and civilized living habits. Working together to create a green society has 
realized the dual significance of resource protection and economic benefits. 
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2. Experiment 

2.1. The Analysis of Multi-level Product Requirements 
2.1.1. Product Performance Requirement 
Functional requirement is one of the basic requirements of a product, which requires that the 
product can meet the use standards of the public and realize specific functions [19]. Generally 
speaking, the functional requirements of a product mainly include seven elements, such as 
product quality. See Table 1 for the functional requirements elements. 
 

Table 1. Functional demand elements 
Element 

Classification 
Demand 
Element 

Element 
Classification 

Demand 
Element 

Quality Good Appearance 
Characteristics 

Reasonable Color 
Simple Design 

Characteristics 
Good Water-resistance 

Environmental Protection, Biodegradable 
High Antibacterial Properties 

Features 
Tight Structure 

Delicate Texture 

Functional 
Elements 

Simple 
Easy to Absorb 

Promotion 
Beautifully 

Propaganda Awareness 
After-sales Service 

Price Cheaper   
 
In order to ensure that the product has the characteristics of basic functions, we should also 
realize the "green" of the product. Compared with the functional requirements of traditional 
products, the application of "green" paper-based materials reduces the use of non 
environmental protection materials, which is conducive to environmental protection 
construction and sustainable development. The environmental demand elements are shown in 
Table 2. 
 

Table 2. Environmental demand elements 
Element 

Classification 
Demand 
Element 

Element 
Classification 

Demand 
Element 

Technical 

Recyclable 
Environment Friendly, 

Degradable 
High Antibacterial 

Resource 
Recyclable 

Easy to Sort 

Environmental 
Environmental Protection, 
Packaging Environmental 

Protection 
Economic 

Low Cost 
High Benefit 

Reusable Rate Reduce Energy 
Consumption 

 
2.1.2. Collection and Arrangement of Products 
First of all, 152 straw samples of different styles sold in different stores were collected through 
various channels. They were preliminarily screened and classified according to the principles 
of material, raw material optimization, modeling style and pore size selection. Then 30 R & D 
personnel were invited as subjects to carry out classification experiments on the collected 
samples by KJ method [17]. The experimental results were statistically sorted and imported 
into SPSS 22.0 for multivariate scale analysis. When the dimension was 6, stress = 0.0698 < 0.1, 
RSQ = 0.92967 > 0.8, indicating that the multidimensional scale analysis under the 6-
dimensional model was the most appropriate, Then, the 6-dimensional spatial coordinates of 
the samples are further analyzed by SPSS 22.0 for hierarchical clustering and K-means analysis, 
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and the optimal number of clusters is 6 and the representative samples in each cluster are 
obtained, as shown in Figure 2. 
 

 
Figure 2. Six representative straw samples 

2.1.3. The Analysis of Sample Performance  
Through the collection and analysis of the above products, we understand that the design of 
straw materials reflects the interaction generated in the process of consumer use and the real 
feelings triggered by vision. For example, from the moment when the straw is inserted into the 
drink to the moment when the drink is tasted, consumers get a comfortable experience of the 
drink. And designers need to study the real feedback of consumers in the process of using to 
design the straw. 
Therefore, when consumers buy drinks, researchers need to consider the influence of the cold 
and hot of the products purchased by consumers and the straw on the taste of drinks. We tested 
the above six representative samples, as shown in Figure 3 (a), when the drink is a cold drink, 
the diameter of the straw is ≤ 0.8 cm, and the investigation in Figure 3 (d) shows that the type 
of straw has no effect on the taste of the cold drink. When the drink is hot, the diameter of the 
paper-based straw is 1.4 cm (Figure 3 (b)). As the diameter of the straw increases, the air 
density and pressure in the straw decrease. Under the action of atmospheric pressure, the 
liquid in the straw is pressed into the straw, and the heat of the drink decreases. While the 
diameter of PLA degradable straw is 1.2 cm, the diameter of other kinds of straw has no change, 
but the cost is expensive, which has a certain impact on the taste of hot drinks. As shown in 
Figure 3 (c), recycled degradable PLA materials and paper-based materials account for 75% of 
the total market. Therefore, the application of environmental protection materials reduces the 
use of non-environmental protection materials, which is conducive to environmental 
protection construction and sustainable development. 
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Figure 3. Research and analysis of straw material properties 

2.1.4. The Construction of Product Model  

 
Figure 4. Construction process of multi-dimensional model of straw material 
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HIES deconstruction is a multi-dimensional deconstruction method of product form, which 
deconstructs the product form from six aspects of product material, matrix, form and 
correlation, so as to obtain several independent human interface elements (HIES), thus forming 
the multi-dimensional design feature space of product form. HIES is the emotional 
communication between people and objects, in order to meet the needs of users for product 
shape design. 
The researchers constructed the model by analyzing the relationship between consumers' 
perception and the multidimensional characteristics of samples. Based on the collected values 
of consumers' perceptual image and the product morphological characteristics obtained by 
HIES deconstruction method, the product model is constructed by using mathematical model 
reasoning method. HIES multi-dimensional structure solves the traditional one-dimensional 
variable perception model's imperfect expression of consumer emotion, pays more attention 
to the real needs and feelings of consumers, and makes the product more valuable. The 
construction process of its multidimensional model is shown in Figure 4. 

2.2. The Analysis of Demand Transformation of Green Straw Material based on 
QFD 

2.2.1. The Analysis of Design Requirements based on QFD 
The core idea of QFD (Quality Function Deployment) is: the product from the beginning of the 
feasibility study to the production of products are driven by the needs of market customers. It 
emphasizes that the needs of market customers should be clearly transformed into various 
specific information that the relevant personnel of product development can understand and 
implement, so as to ensure that the enterprise can finally produce products that meet the needs 
of market customers. 
That is, after determining the user requirements URi and its weight Wi, according to the 
customer requirements and product characteristics, analyze and determine the design 
requirements (DR) of the product, input the user requirements and their weight and design 
requirements into the QFD house of quality, quantitatively evaluate the correlation between 
the user requirements and design requirements, construct the user requirements design 
requirements relationship matrix, and set up the βij indicates the correlation between user 
requirement URi and design requirement DRj, then the importance degree of design 
requirement DRj µj and relative importance degree of rj are [20]:  

 
µ = ∑ 𝑊  × ∝                                                                    (1) 

 
r =  µ  / ∑  µ                                                                       (2) 

 
Where i =1, 2, ........, n, j =, 2, ........, m; m is the number of design requirements. Through the above 
analysis and calculation, the importance of each design requirement µj is obtained. 
2.2.2. QFD Applied to the Demand Analysis of Straw Materials 
It is the foundation of successful application of QFD method model to obtain real and 
comprehensive consumer demand. A total of 100 questionnaires were distributed and 98 valid 
questionnaires were collected. The questionnaire is mainly divided into two parts: basic 
function information and personalization. The basic function information mainly focuses on the 
consumers' investigation on the taste, market price and environmental protection concept of 
drinks; The personalized design opinion section investigates the product optimization trend 
and collection value. 
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According to the main contents of the questionnaire, disposable plastic straw is still the first 
choice for beverage tasting (accounting for 80.65 %) due to its affordable price and convenient 
carrying. However, with the implementation of the "plastic restriction" season, consumers' 
awareness of environmental protection has become stronger, and in the consumption behavior 
of buying drinks, consumers tend to have "impulse" purchase behavior (accounting for 82.84 %) 
for straws with interesting shape, beautiful vision and cultural connotation. In addition, due to 
the rise of new retail beverage stores, college students are the main consumers. In the opinion 
survey of personalized design, the respondents were more willing to focus on quality and low 
price, personalized fashion and enjoyment (accounting for 92.50 %). They thought that 
although the straw was just a drink tool, they also wanted value and enjoyment coexisting 
(accounting for 95.80 %), and supported retail beverage stores to increase personalized design 
(accounting for 96.7 %). The results show that: the current consumers are mainly young people, 
not only to meet the requirements of resource protection and green environmental protection, 
but also to stimulate consumers' desire to buy, to achieve the purpose of promoting commodity 
sales. Therefore, based on the needs of users, the green and personalized design of products is 
particularly important. Personalization is an important function of design to promote 
consumers' purchase, which has the role of economic development. Green design is an 
important means of resource protection. 
2.2.3. Determination of the Weight of Functional Elements of Green Materials based on 

QFD 

 
Figure 5. Tree expansion of functional requirements and functional elements of straw materials 

 
Based on the analysis of market beverage stores such as miyue Bingcheng, Xicha, McDonald's 
and Starbucks, the representative vocabulary of straw material products is summarized as 
follows: simple, high grade, individual, green and durable. According to the characteristics of 
"personalization" and "green", the straw materials were screened again, and finally the straw 
materials were paper-based and PLA materials. Combined with the results of questionnaire 
survey, the various needs of straw materials are sorted out, and the tree expansion diagram of 
functional requirements and functional elements is obtained, as shown in Figure 5. The primary 
and secondary functional requirements are determined by the results of questionnaire survey, 
and the functional elements are determined by case analysis. 
Combined with the results of questionnaire survey and expert opinions, the correlation degree 
between the functional elements of pipette materials was assigned 1-10 from very strong to 
very weak, and the importance of functional requirements was evaluated by using analytic 
hierarchy process (AHP), so as to obtain the weight of requirements wi, as shown in Table 3. By 
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the consistency test of AHP method, the test results CI = 0.090 < 0.100, the relative weight is 
reasonable. 
The next step is to establish the matrix of functional requirements and functional elements of 
pipette materials. The researchers scored the correlation between each user's needs and 
functional elements, where ◎, ○, △ respectively representing strong correlation, correlation 
and weak correlation, with ◎: ○: △ = 3: 2: 1. The independent collocation method is used for 
importance conversion, and the importance value HJ of each functional element hj is obtained. 
The results are shown in Table 4. 
 

Table 3. Analysis of the importance of straw material functional elements  
functional requirements D1 D2 D3 D4 D5 

D1 1 7 / 3 5 / 3 9 / 3 1 / 3 
D2 3 / 7 1 5 / 7 9 / 7 1 / 7 
D3 3 / 5 7 / 5 1 9 / 5 1 / 5 
D4 3 / 1 7 / 1 5 / 1 9 / 1 1 
D5 3 / 9 7 / 9 5 / 9 1 1 / 9 
wi 0.12 0.28 0.20 0.36 0.04 

 
Table 4. Analysis of relative weight between functional requirements and functional elements 

of straw materials 
 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 wi 

C1 ◎ △ ○ ◎ △   △   0.6 
C2 ◎ ◎ ◎ ◎ ○ ◎ ◎ ○ △ △ 0.4 
hj 1.24 2.16 1.76 1.72 1.84 1.36 1.40 1.36 1.32 1.48  

2.3. Design and Evaluation 
The straw material is designed according to the above characteristics, and the design scheme 
is shown in Figure 6. Based on paper, the product has green and personalized requirements, 
reduces the contradictory impact of straw material and environment, adopts more 
environmentally friendly materials, increases the recycling rate, and reduces the 
environmental pollution. 
 

 
Figure 6. The design proposal of straw materials 

3. Conclusion 

The combination of KJ method and QFD method objectively, clearly, systematically and 
completely reflects the whole process from product collection, positioning evaluation to 
product appearance design tangible scheme. It fully proves that paper-based straw material 
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can effectively save manpower and use cost, which is suitable for the promotion and use of 
commercial beverage stores, and has strong market promotion value. In addition, the scheme 
can not only enhance the understanding of rational design thinking of industrial design 
students, expand their vision of rational design methods, but also evaluate the fit of 
competitors' design schemes with customer needs, provide data support for competitive 
product research, and provide direct guidance and reference for industrial designers. 
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