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Abstract

:

This study took food-grade polypropylene packaging products as the research project and discussed how to control the polypropylene extrusion sheet thickness and vacuum thermoforming quality and weight. The research objective was to find the key factors for reducing costs and energy consumption. The key aspects that may influence the polypropylene extrusion molding quality control were analyzed using literature and in-depth interviews with scholars and experts. These four main aspects are (1) key factors of polypropylene extrusion sheet production, (2) key factors of the extrusion line design, (3) key factors of polypropylene forming and mold manufacturing, and (4) key factors of mold and thermoforming line equipment design. These were revised and complemented by the scholar and expert group. There are 49 subitems for discussion. Thirteen scholars and experts were invited to use qualitative and quantitative research methods. A Delphi questionnaire survey team was organized to perform three Delphi questionnaire interviews. The statistical analyses of encoded data such as the mean (M), mode (Mo), and standard deviation (SD) of various survey options were calculated. Seeking a more cautious research theory and result, the K-S simple sample test was used to review the fitness and consistency of the scholars’ and experts’ opinions on key subitem factors. There are ten key factors in the production quality, including “A. Main screw pressure”, “B. Polymer temperature”, “C. T-die lips adjustment thickness”, “D. Cooling rolls pressing stability”, “E. Cooling rolls temperature stability”, “F. Extruder main screw geometric design”, “G. Heating controller is stable”, “H. Thermostatic control”, “I. Vacuum pressure”, and “J. Mold forming area design”. The key factors are not just applicable to classical polypropylene extrusion sheet and thermoforming production but also to related process of extrusion and thermoforming techniques in expanded polypropylene (EPP) sheets and polylactic acid (PLA). This study aims to provide a key technical reference for enterprises to improve quality to enhance the competitiveness of products, reduce production costs, and achieve sustainable development, energy savings, and carbon reductions.
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1. Introduction


The prevalence of COVID-19 has severely impacted economic activities and common people’s lives worldwide [1]. The anti-epidemic measures have made many restaurants use portable food packages. When the epidemic situation became severe in 2021, many restaurants or shops stopped their dine-in services for epidemic control. Some stores went further to provide takeaway in disposable food packaging containers only. They refused to put food in the environmentally friendly containers of the customers. The epidemic prevention and environmental protection issues fall into a dilemma [2].



Most food packaging containers in the world are plastic and composite paper packaging materials. The annual consumption of different kinds of beverage paper cups in Taiwan is estimated at more than 2 billion pieces. According to the investigation of Greenpeace International in 2021 [3], it is hard to estimate the quantity increase during the COVID-19 pandemic. The issue of plastic reduction has been the trend and consensus of environmental protection globally [4]. In 2019, the European Union appealed to reduce the use of single-use plastics (SUP). They proposed the single-use plastics-related policy (EU) 2019/904 and SUP instruction. The EU required the member states to prohibit using some single-use plastics products since July 2021, which were generally regarded as the most familiar marine garbage [5], mostly dinnerware and beverage packing containers. To reduce pollution in the transition period, scientific methods are required to control the source, increase manufacturing efficiency, improve quality, and reduce the weight of products. There are many environmentally friendly materials for substituting plastic raw materials, especially the alternative products of biomass material [6] or degradable plastics [7]. However, there are problems in sanitary preservation and the pollutant plastic recycling system to be overcome, for example, using the biomass material polylactic acid (PLA) [8] to replace some plastic packaging materials for food. The replacement of material is not a radical solution. It can be confused with the existing plastics recycling system in Europe, e.g., polyethylene terephthalate (PET), resulting in more pollution and losses.



This study suggested that environmentally friendly disposable food packaging containers should be a simple material, recyclable, or biodegradable. In compliance with the global trend of plastic reduction [9], the UK government collects a plastic packaging tax. It implements the deposit return scheme (DRS), which directly collects petty environmental protection deposits from beverage manufacturers while encouraging them to be involved in recycling. As the name suggests, extended producer responsibility (EPR) extends the producers’ responsibility [10], meaning that relevant manufacturing enterprises bear all expenses related to recycling and processing packages. To ensure the recycling of more plastic products is a scientific and feasible method, Lavoisier, a French chemist, proposed the “law of conservation of matter” in 1787 [11]. He stated that industrial products consume energy, and the environment will be inevitably polluted. The merits and demerits should be discussed using scientific and objective methods. How to reduce the resource consumption and pollution resulting from developing and manufacturing plastic packaging containers is the actual aspect conforming to the “plastic reduction” reality. This study discusses assisting enterprises to develop more conveniently recyclable and environmentally friendly plastic products, enhancing key technologies and manufacturing machines and molds for high-efficiency bulk production, meeting the demand for market competition cost and finding quality improvement methods.



The current recyclable materials development focus in Europe is mainly on polypro-pylene (PP) [12]. It is characterized by a higher impact resistance, robust mechanical properties, resistance to multiple organic solvents, and resistance to acid/alkaline corrosion. It is extensively used in food containers (routine food containers), such as meal boxes and beverage cups. The food-grade PP container is free of oral toxicity, and it will not increase the probability of getting cancer. The productivity of PP is expected to be increased by almost six times in 2024. Therefore, PP is a relatively ideal and environmentally friendly and recyclable food packing material among the present plastics [13].



This study used food-grade PP as a raw material in the production of extrusion sheets and food packaging containers of vacuum thermoforming and discussed how to control quality factors. The key factors of production quality can be obtained from the research. The results are analyzed by sophisticated PP production techniques and manufacturing machines and molds. This provides a reference for academic discussion or the development of automatic intelligent machines and technical enhancement. The intelligent automated machine production and quality control can obtain some suggestions or conclusions. The quality of recyclable plastic products can be further upgraded, and the enterprise cost can be reduced. This can further help environmental protection, energy savings, carbon reductions, and sustainable operations.



The purposes of this study are concluded as follows: (1) to probe into the key technology of producing PP extrusion sheets and molded products, to find the important influencing factors in stable production quality, to provide some suggestions or opinions, and to provide references for the researchers and managers of related production techniques; (2) to provide some key advantageous factors in designing and manufacturing special machinery equipment and molds, to provide innovative directions for business circles to improve and develop intelligent machinery and mold equipment; and (3) to discuss the reference indicators of upgrading quality and reducing the production cost for enterprise managers to improve technology and business performance.




2. Literature Review


2.1. Polypropylene


Polypropylene [14] is derived from the reaction of petrochemical propylene gas with a density of 0.89–0.94 g/cm3. It is a lightweight plastic material with a semitransparent white color and has a lower cost than other plastic materials. It is also one of the recyclable plastic materials. In 1954, Italian chemist Giulio Natta successfully synthesized low-molecular-weight PP [15]. PP is a thermoplastic that is polymerized of propylene monomers, which are resistant to −20–120 °C. Its melting point is 145–162 °C, which is higher than HDPE [16]. Food packaging containers made of PP can be sterilized by steam. It has higher impact resistance and is resistant to multiple kinds of organic solvents and acid/alkaline corrosion. PP is the second largest polymer plastic in Europe. It accounted for 19.1% of the plastic output of the European Union in 2015 [17] and accounts for 21% of global production output [18]. PP is resistant to acid, alkali, and high temperatures (100–120 °C). Therefore, it is extensively used for food packaging containers. Food manufacturers pay attention to packages’ thermal performance or temperature requirements [19]. They generally use PP plastic raw material containers to protect the consumers’ food safety and health. Due to the COVID-19 pandemic, wearing a mask has become a basic consensus in epidemic prevention worldwide [20]. The primary material of non-woven fabrics for masks is PP, and one mask uses about 4 g of PP raw material [21]. Medical masks and protective clothing are closely related to PP.



The sample of the purpose for this study is producing coffee cup lids of polypropylene material, as shown in Figure 1. The features of the chosen material are different, as shown in Table 1. Although it is general purpose, the object uses polypropylene homopolymer as a material with several features [22]: (1) high transparency, (2) good moldability, (3) high stiffness, and (4) high heat deflection temperature. Recently, newly developed expanded polypropylene (EPP) sheets, in the place of expanded polystyrene (EPS), are used generally in the automobile industry [23]. Furthermore, although the additives or agents in the extrusion process for expanded or non-expanded polypropylene sheets have different uses [24], the key factor of product quality control stays the same. Similarly, the processes of vacuum forming and mold design for both are different as well. Expanded polypropylene sheets for food packaging can achieve less material usage, better isolation purpose, and higher heat resistance under the slight changing in the parameter setting on the basis of their different shrinkage ratio. As long as changing the extruded die and cooling mandrel, etc. is a key factor, it can also achieve the good result in production quality control to use isobutane or CO2 as a blowing agent injected in the extruder to increase the foaming ratio under the physical foaming process, as shown in Figure 2 [25]. The study can correspond to the key factor in the quality of thermoforming processing. Many manufacturers stopped producing foamed (Styrofoam) food containers due to the prohibited policy in Taiwan in July 2022, so no further explanation in expanded polypropylene was needed.




2.2. Extrusion Molding


Extrusion vacuum forming [26,27] is a standard plastic heating method. The granular or sheet polymer material of a plastic fiber is heated and melted by an extruder [28]. After the extrusion sheet is obtained, the plate [29] or sheet skin material roll of the melt is continuously heated by a mold [30] or molding module or vacuum pressed [31]. After cooling modeling, the plate or sheet skin is then cut into plastic products.



In recent years, constant innovative techniques to develop special-purpose machines with higher demand in the market for food containers continuously keeps going. The machine, as shown in Figure 3 [32], for mass production in extrusion in-line with a thermoforming system reduces the heating time in the heat tunnel before sheets in the forming process to raise the cycle time, increase efficiency, and decrease energy consumption in manufacturing, leading to cost savings. In the meantime, intelligent control systems and robotic arms conducted in automatic machinery lessen the risk of operation error and manual movement. This achieves manpower savings, increases operator safety and reduces the risk of accident. Currently the product process of a polypropylene in-line system is extrusion connected with a thermoforming machine, such as a cut-in-mold thermoforming machine, and further in connection with an automatic regrind recycling system, as shown in Figure 4 [33].




2.3. Key Success Factors


Professional quality controllers and production technologists were interviewed using a half-structured method to discuss the key factors in extrusion molding quality [34,35]. The key factor data were judged and collected according to the experience in real production and inspection. The data were scientifically analyzed to determine specific key success factors and obstacles [36]. Four main aspects were induced. The questionnaire content contained 49 subitem key factors, and the key success factors in extrusion molding quality were discussed.




2.4. Delphi Technology


The Delphi technology [37] is used in different areas of academic research [38], including curriculum planning and capability indexing. It can probe into or understand the assumptions and related decisions of many disciplines. If the background knowledge of Delphi technology is used, 10 to 15 experts and scholars for concluding the consensus of Delphi technology can meet the quantity standard of experts and scholars. Through repeated written discussion by anonymous and structured group interviews [39], the scholars and experts establish a consistent consensus with their expertise or technical experience and opinions to solve complex issues [40]. Anonymity is required in the Delphi interview process to avoid the complex factors of interpersonal communication disturbing objective respondence and avoid the psychological factor of authoritarian submission or bandwagon effect induced by leaders or senior executives of the group [41]. The anonymity enables expert group members to express their real opinions further and leads to different levels of considerations. The experts’ opinions are fairer. Murry and Hammons [42] indicated that the result of experts’ collective discussion and shared decision making should be more comprehensive than the conclusion of individual thinking. The expert group majorly consists of professors and scholars in plastic technique, including two university professors in chemical engineering, 11 scholars in mechanical design in enterprises, and polypropylene product engineers in manufacturing. The Delphi technique group is composed of method analysis scholars including four factory managers and eleven senior engineers with 21 years of experience. The Delphi technique members mainly work in mechanical manufacturing-related or research and development-related plastic extrusion thermoforming processing. These experts were chosen from homogeneous fields of experience and technique with less error and higher reliability.





3. Methodology


The opinions of experts and scholars of Delphi are evaluated according to the five-point Likert scale [43]. The scale represents 5 as very important, 4 as important, 3 as normal, 2 as unimportant, and 1 as very unimportant.



3.1. Research Structure and Method


This study was divided into in-depth interviews with scholars and experts and structured expert questionnaire interviews of the Delphi technique [44]. The selected experts were interviewed with the Delphi questionnaire three times [45]. The key success factors in PP extrusion molding quality were induced by statistical analysis.



3.1.1. Research Methods


The research methods included qualitative and quantitative research [46]. The qualitative research integrated the scholars’ and experts’ opinions from in-depth interviews through semi-structured interviews. The first Delphi research questionnaire was discussed. The quantitative research selected the structured questionnaire of Delphi for three interviews. A total of four key success factors were developed as the research structure and discussed. After interviews, the experts’ opinions were collected to induce the result shown in Figure 5.




3.1.2. Process of Delphi Technique


The process of three questionnaires of the Delphi technique is shown in Figure 6.





3.2. Delphi Research Method and Design


This study established the Delphi questionnaire aspect content. The interview subject team comprised three categories of professionals: (1) scholars of chemical plastic production, (2) senior engineers developing special machines, and (3) technical executives of production manufacturing. Discussions were made according to their expertise, and the Delphi research questionnaire with the four aspects of specific key quality factors and 49 subitems was formulated.



According to the expert interview team’s opinion, the Delphi research questionnaire had 13 subitems in dimension 1, “key factors in PP extrusion sheet production technique” [47], as shown in Table 2.



According to the expert interview team’s opinion, there were 12 subitems in dimension 2, “extrusion sheet manufacturing machinery equipment design”, of the Delphi research questionnaire [48], as shown in Table 3.



According to the expert interview team’s opinion, there were 12 subitems in dimension 3, “key factors in PP molding [49] and mold manufacturing [50]”, of the Delphi research questionnaire, as shown in Table 4.



According to the expert interview team’s opinion, there were 12 subitems in dimension 4, “mold and molding trimmer equipment design”, of the Delphi research questionnaire, as shown in Table 5.




3.3. The Statistical Analysis


For the statistical analysis of the interviews with scholars and experts [51], besides the in-depth interviews with two professor scholars, there were 13 effective questionnaires of interviews with experts of the circle. The statistical results of the first Delphi questionnaire are as follows: (1) the mode was above 4, (2) the high fitness selection criteria were adopted with the mean ≥4, and (3) the consistency selection standard deviation was ≤1. Forty subitems met the above three requirements, which were kept to establish the second Delphi research questionnaire. According to the statistical result of the second Delphi research questionnaire, the high fitness selection criteria were employed with a mean of ≥4.2, and the consistency selection standard deviation was ≤0.68. Sixteen subitems meeting the requirements were kept to establish the third Delphi research questionnaire. A statistical analysis of the key subitems of the third questionnaire was conducted via a Kolmogorov–Smirnov one-sample test. The statistical analysis result shows that the expert opinions on each subitem were significant (* p < 0.05). This means that the third questionnaire corrected by Delphi was more reliable and valid than the first one. The mean, mode, and standard deviation of the subitems, the Kolmogorov–Smirnov one-sample test, and progressive significance results are shown in Table 6.





4. Results


From September 2021 to January 2022, three Delphi structured questionnaire interviews were performed. The statistical results of the third Delphi questionnaire revealed that (1) the high fitness selection criteria was employed with the mean of ≥4.2, (2) the consistency selection standard deviation was ≤0.5, (3) the consensus of the K-S test has reached consistency, and (4) the subitems of progressive significance have reached the significance level of ** p < 0.01. The subitems would be kept only when the above four requirements were met. Based on the final statistical analysis result of the third Delphi research questionnaire, the subitems of ten key control factors in production quality were obtained, as shown in Table 7.



4.1. Test Key Factors in Production Quality


The 16 key factors in the third Delphi research questionnaire were analyzed and verified by the Kolmogorov–Smirnov Z test. When the extreme differences and progressive significance (p) were analyzed, it was found that the test result matched the progressive significance of the two-tailed p < 0.01 test. The analysis result indicated ten key subitems of quality. The key factors for their being retained in the questionnaire were the consensus of scholars and experts who considered these subitems the most critical factors in extrusion molding quality.




4.2. The Delphi Research Analysis Result


According to the Delphi research analysis result, ten key success factor items were induced from the four main aspects of key factors in PP extrusion molding production quality. A fish-bone diagram was used [52] to illustrate these factors in PP extrusion molding production quality, as shown in Figure 7.





5. Conclusions


According to the statistical results, the key factors in PP extrusion molding quality control had the following ten key subitems: (1-2) PP extrusion driving screw feed pressure control (correction: PP extrusion driving screw discharge pressure control), abbreviated as A. Main screw pressure; (1-3) PP extrusion resin temperature change control, abbreviated as B. Polymer temperature; (1-4) T-die lips adjustment sheet stability (correction: die lips adjustment depends on sheet thickness), abbreviated as C. T-die lips adjustment thickness; (1-5) mirror wheel pressing stability, abbreviated as D. Cooling rolls pressing stability; (1-7) mirror wheel temperature stability, abbreviated as E. Cooling rolls temperature stability; (2-3) extrusion driving screw geometric design, abbreviated as F. Extruder main screw geometric design; (3-5) molding heating controller element stability, abbreviated as G. Heating controller is stable; (3-6) molding heating thermostatic control area error value, abbreviated as H. Thermostatic control; (3-7) molding vacuum and compressed air system stability, abbreviated as I. Vacuum pressure; and (4-5) molding machine maximum clamping force and molding area relationship design, abbreviated as J. Mold forming area design. Therefore, the key factors in the PP extrusion molding production quality are abbreviated to “A. Main screw pressure”, “B. Polymer temperature”, “C. T-die lips adjustment thickness”, “D. Cooling rolls pressing stability”, “E. Cooling rolls temperature stability”, “F. Extruder main screw geometric design”, “G. Heating controller is stable”, “H. Thermostatic control, “I. Vacuum pressure”, and “J. Mold forming area design”, totaling ten key control factors in quality. The said key quality factors had a few differences in setting the technical parameters of real production due to different specifications of manufacturing machines and molds. Through the manufacturing and production of S company’s intelligent modern extrusion molding machine, with the chain restaurant McDonald’s drinks the cup lid as a production case, its production efficiency is more than 1.5 times that of injection molding products, and the production cost is only injection molding. The market price of molded products is about 60%. At present, the innovative and optimized automatic machinery and production technology are not comparable to the general traditional semi-automatic extrusion and cutting molding machines. According to the product weight, the plate thickness is about 0.45 mm~0.65 mm, corresponding to the key control factors of fishbone diagram quality: “A. Main screw pressure control: Speed set at 480~500 rpm”, “B. Polymer temperature control at 200~240 °C“, “C. T-die lips adjustment thickness is controlled at 0.45~0.69 mm “, “D. Cooling rolls pressing stability pressing control at ±0.05 mm “, “E. Cooling rolls temperature stability is controlled at 20~45 °C”, “F. Extruder main screw geometric design adopts American style. Standard”, “G. Heating controller is stable controller at 230~250 °C”, “H. Thermostatic control error of molding heating ±1 °C”, “I. Stability of molding vacuum pressure ±0.01 MPa”, “J. Mold forming area design between the mold and the area is designed from 60% to 90% of the size”. In the production of food packaging, to reach a good result in production quality control by using isobutane or CO2 as a blowing agent injected in the extruder to increase the foaming ratio under the physical foaming process can result in less material usage, better isolation purpose, and higher heat resistance, as long as the extruded die and cooling mandrel, etc., are changed. The study can correspond to the key factor in the quality of thermoforming processing. It is confirmed in practical manufacture processing in the experimental factory for an obvious quality and energy-saving improvement. The production processing of the regrind recycling system is assisted in conveying scrapped material from the edge trimmer or crusher back to the extruder loading system in collocating with the automatic volumetric dosing device. The returned recycled material mixes with new material. At the present, the extruder and thermoforming system with precise vacuum forming molds is intelligent automatic machinery. The division of management and procurement are most concerned about having reliable quality and less error. As there are few related literature reviews of the Delphi technique, this study applied science to actual operators engaging in plastic production or clients with plain and specific key factors or data. Worldwide polypropylene sheet production is over 30 million metric tons. The key to the market competition is the condition that the percentage raises up in 1–2% for certified products and regrind recycling material to produce polypropylene coffee cups.



Nonetheless, the findings indicated that the manufacturing quality and energy savings could be improved effectively in the experimental plant. The study findings are expected to improve intelligent manufacturing and quality for production engineers and researchers, enhance the market competitiveness of products, and reduce enterprise management costs. As a result, the findings may contribute to achieving sustainable development, environmental protection, energy savings, and carbon reductions.
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Figure 1. Polypropylene coffee lid with molds. 
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Figure 2. The schematic of polypropylene physical foaming process (Reprinted with permission from Ref. [25]. Copyright 2022, Chen and Lin). 
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Figure 3. Full-automatic polypropylene extrusion line (Reprinted with permission from Ref. [32]. Copyright 2022, Sunwell Global). 
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Figure 4. The schematic of polypropylene extrusion and thermoforming in-line system (Reprinted with permission from Ref. [33]. Copyright 2022, Sunwell Global). 
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Figure 5. Research structure. 
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Figure 6. Steps to prepare the questionnaire by the Delphi technique. 
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Figure 7. Important key factors affecting the quality of polypropylene extrusion molding. 
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Table 1. Properties of raw materials for producing polypropylene coffee cup lids.
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Selection of Reference Values for Raw Material Properties




	
Typical Property

	
Test Method

	
Unit

	
Reference Value






	
Melt flow rate (230 °C, 2.16 kg)

	
ASTM D1238

	
g/10 min

	
1.6 ± 0.1




	
Density

	
ASTM D792

	
g/cm3

	
0.901 ± 0.001




	
Tensile strength at yield

	
ASTM D638

	
kg/cm2

	
370 ± 10




	
Flexural modulus

	
ASTM D790

	
kg/cm2

	
15,500 ± 1000




	
Rockwell hardness

	
ASTM D785

	
R scale

	
100 ± 5




	
Heat deflection temperature (4.6 kg/cm2)

	
ASTM D648

	
°C

	
105 ± 2




	
Izod impact strength, notched 23 °C

	
ASTM D256

	
kg-cm/cm

	
5.0 ± 0.5




	
Mold shrinkage

	
ASTM D955

	
%

	
1.5 ± 0.1
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Table 2. Key factors of polypropylene extrusion sheet production (13 subitems).
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	1-1 The ratio of PP virgin pellets and reclaimed pellets



	1-2 PP extruder main screw output pressure control



	1-3 PP extruder polymer temperature control



	1-4 T-die lips adjustment depends on sheet thickness



	1-5 Cooling rolls pressing stability



	1-6 Cooling rolls flatness



	1-7 Cooling rolls temperature stability



	1-8 T-die output and cooling rolls pressing position



	1-9 Processing according to extrusion and raw material characteristics



	1-10 PP extruder output (experts complement)



	1-11 PP sheet thickness (experts complement)



	1-12 PP sheet width (experts complement)



	1-13 PP extruder main screw geometric design (experts complement)
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Table 3. Key factors of extrusion line design (12 subitems).
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	2-1 Extruder main motor coordinate with main screw output



	2-2 Gearbox coordinate with main screw output



	2-3 Extruder main screw geometric design



	2-4 The relationship between the metering pump and main screw output



	2-5 The relationship between the metering pump and motor reducer



	2-6 Screen changer and main screw diameter output



	2-7 The max./min. width of the sheet and die design



	2-8 The maximum sheet width and cooling rolls design



	2-9 The maximum output of the screw and the cooling design of the cooling rolls



	2-10 Cooling rolls and motor reducer design



	2-11 Cooling rolls and cooling mechanism strength design



	2-12 Maximum sheet width/maximum winding roll diameter and winding mechanism
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Table 4. Key factors of polypropylene forming and mold manufacturing (12 subitems).
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	3-1 Material of vacuum aluminum alloy forming mold



	3-2 Requirements for mold vacuum holes and pressure holes



	3-3 Feeding stability of forming heater



	3-4 Core/cavity and product modeling design



	3-5 Forming heating controller element stability



	3-6 The deviation of forming heating constant temperature control area



	3-7 Near scenic sport or night markets



	3-8 Collective residential community, enterprise office building, or factory concentration area



	3-9 Mold cooling mode



	3-10 Mold clamping to prevent leakage



	3-11 Product geometric design



	3-12 Product and mold cutter shrinkage
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Table 5. Key factors of mold and thermoforming line equipment design (12 subitems).
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	4-1 Depends on the clamping force of the thermoformer



	4-2 The product and mold maximum layout design arrangement



	4-3 The maximum forming height of the thermoformer and product mold design



	4-4 The maximum trimming width of the trimmer and product mold design



	4-5 The maximum clamping force of the thermoformer and mold forming area design



	4-6 Thermoformer motor education ratio



	4-7 Trimmer motor reducer and trimming mold weight cutting force



	4-8 Trimmer platen opening and trimming mold



	4-9 Maximum product depth and trimmer opening



	4-10 Thermoforming mold and thermoformer platen center positioning clamping



	4-11 Trimming mold and trimmer platen center positioning clamping



	4-12 Thermoformer cooling pump flowrate










[image: Table] 





Table 6. Statistical analysis of the third Delphi questionnaire.
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No.

	
Item

	
Mo

	
M

	
SD

	
K–S

Z-Test

	
Choice






	
1. Key Factors of Polypropylene Extrusion Sheet Production




	
1–2

	
PP extruder main screw output pressure control

	
5

	
4.54

	
0.499

	
1.941 **

	
Keep




	
1–3

	
PP extruder polymer temperature control

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
1–4

	
T-die lips adjustment depends on sheet thickness

	
4

	
4.38

	
0.487

	
2.219 **

	
Keep




	
1–5

	
Cooling rolls pressing stability

	
4

	
4.38

	
0.487

	
2.219 **

	
Keep




	
1–6

	
Cooling rolls flatness

	
4

	
4.23

	
0.576

	
1.525 *

	
Delete




	
1–7

	
Cooling rolls temperature stability

	
4

	
4.31

	
0.462

	
2.496 **

	
Keep




	
1–12

	
PP sheet width (experts complement)

	
4

	
4.07

	
0.615

	
1.248

	
Delete




	
2. Key Factors of the Extrusion Line Design




	
2–3

	
Extruder main screw geometric design

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep




	
2–4

	
The relationship between the metering pump and main screw output

	
4

	
4.23

	
0.576

	
1.525 *

	
Delete




	
2–9

	
The maximum output of the screw and the cooling design of the cooling rolls

	
4

	
4.08

	
0.474

	
1.525 *

	
Delete




	
3. Key Factors of Polypropylene Forming and Mold Manufacturing




	
3-4

	
Core/cavity and product modeling design

	
4

	
4.23

	
0.576

	
1.525 *

	
Delete




	
3-5

	
Forming heating controller element stability

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
3-6

	
The deviation of forming heating constant temperature control area

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep




	
3-7

	
Near to scenic sport or night markets

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
4. Key Factors of Mold and Thermoforming Line Equipment Design




	
4-5

	
The maximum clamping force of the thermoformer and mold forming area design

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep




	
4-9

	
Maximum product depth and trimmer opening

	
4

	
4.15

	
0.533

	
1.525 *

	
Delete








* p < 0.05, ** p < 0.01.
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Table 7. Statistical analysis of the final Delphi technique.
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No.

	
Item

	
Mo

	
M

	
SD

	
K–S

Z-Test

	
Choice






	
1. Key Factors of Polypropylene Extrusion Sheet Production




	
1–2

	
PP extruder main screw output pressure control

	
5

	
4.54

	
0.499

	
1.941 **

	
Keep




	
1–3

	
PP extruder polymer temperature control

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
1–4

	
T-die lips adjustment depends on sheet thickness

	
4

	
4.38

	
0.487

	
2.219 **

	
Keep




	
1–5

	
Cooling rolls pressing stability

	
4

	
4.38

	
0.487

	
2.219 **

	
Keep




	
1–7

	
Cooling rolls temperature stability

	
4

	
4.31

	
0.462

	
2.496 **

	
Keep




	
2. Key Factors of the Extrusion Line Design




	
2–3

	
Extruder main screw geometric design

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep




	
3. Key Factors of Polypropylene Forming and Mold Manufacturing




	
3-5

	
Forming heating controller element stability

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
3-6

	
The deviation of forming heating constant temperature control area

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep




	
3-7

	
Near to scenic sport or night markets

	
4

	
4.46

	
0.499

	
1.941 **

	
Keep




	
4. Key Factors of Mold and Thermoforming Line Equipment Design




	
4-5

	
The maximum clamping force of the thermoformer and mold forming area design

	
4

	
4.23

	
0.421

	
2.774 **

	
Keep








** p < 0.01.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
[1.Extrusion sheet production [2.PP Extruder
ain screw pressure j-» \ o—| D- Cooling rolls
s
e
temperature stability
. T-die lips adjustment thickness [~ F. Extruder main screw |

) ‘geometric design
. Heating.

controlleris stable | /~—{ 1. Vacuum pressure

H. Thermostatic
control

J. Mould forming area design

3.Formingand mould manufacturing | [4.PP Forming machine






media/file4.png
—egl——
Regulated
Gas Supply

Gas/Supercritical Fluid

Metering System .
Flow Stabilizer/

Hopper ' Breaker Plate
Pwlilth Vent Port Fo _’u &
SRS Heaters Ty Fy Shaping
P P Die
b
Motor
& Gear
Drive /
- — ] ———
Barrel Stzcrew T —— Py rm— T,
ge One A L ) ‘ 1
Processing Solution Formation Static Mixers
System System
Screw _
Stage Two To Take-Up Stretching Pre-Heaters

Winder






nav.xhtml


  applsci-12-05122


  
    		
      applsci-12-05122
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg
-
Regulated
Gas Supply

Gas/Supereritical Fluid
Mettring System [ e

- firdaeion
e Vent Port Foaming/
- - ron [ Spnd
R P System
i
Y }
X d
Barrel_Serky o T,
e oy mer olymer
sageOne  prolimer ol Eomion s Misen
ey Lo
S Mo ToTakeUp  Sweiching  Pre-Heaers

Winder





media/file1.jpg





media/file7.jpg
Cuttingandreceiving
"machine
'

Vacuum hesting forming machine

v

Polypropylene extrusion machine

~






media/file10.png
Qualitative
Research

Interview with
Professionals

Quantitative
Research

Delphi
Technique

Research Aspects

1.Key factors of polypropylene
extrusion sheet production

2. Key factors of extrusion line
design

3. Key factors of polypropylene
forming and mould
manufacturing

4. Key factors of Mould and
thermoforming line equipment
design

Induction
Key factors

N

Summary






media/file12.png
Interview with scholars and experts

.

Determine the research questionnaire
content

Average: 3.5 and above
Standard Deviation: Not Considered

ves_ Ll

1st Questionnaire Version by the
Delphi Technique

Average: 4 and above
Standard Deviation: 1 and below

2nd Questionnaire Version by the

Delphi Technique

Average: 4.2 and above
Standard Deviation: 0.68 and below

yes_ Ll

3rd Questionnaire Version by the
Delphi Technique

Average: 1.2 and above
Standard Deviation: 0.5 and below
Kendall's Coefficient of Coherence

{p < 0.01)

el e

Conclusions

no

no

Delete





media/file9.jpg
Qualitative

Research

Interview with
Professionals

Quantitative
Research

Delphi
Technique

Research Aspects

1.Key factors of polypropylene
extrusion sheet production

2. Key factors of extrusion line
design

3. Key factors of polypropylene
forming and mould
manufacturing

4. Key factors of Mould and
thermoforming line equipment
design

Induction
Key factors

v

Summary






media/file0.png





media/file14.png
| 1.Extrusion sheet production | | 2.PP Extruder

D. Cooling rolls

| A. Main screw pressure l—' —
pressing stability

| B. Polymer temperature ‘_' E. Cocling rolls

temperature stability

| C. T-die lips adjustment thickness I—’ F. Extruder main screw

) geometric design
G. Heating

controller is stable

*—| I. Vacuum pressure |

H. Thermostatic
control

|]. Mould forming area design I—'

3.Forming and mould manufacturing | | 4.PP Forming machine






media/file8.png
. g Vacuum heating forming machine
Cutting and receiving

machine ’/






media/file11.jpg
Interview with scholarsand experts

=_=

———————
Comtent

= =

“Average. 35 and sbove
Standard Deviston: Not Considered

15t Questonnaire Version by the
Delphi Technique.

~__—

Standard Deviation: 1 and belove

Ve Tl

“nd Questionnalre Verian by the
Delphi Technigue

Aversge £2and sbove
‘Standacd Devition:0.68 and below

3rd Questionmaire Verion by he
‘Delphi Technique

&

ncerage 2 and sove no
Standard Devation-0.5 snd below
s Delete

[

Conclusions






media/file6.png





