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Abstract: This paper delves into the feasibility of implementing Cradle to Cradle (C2C) principles in
conceptual product design to achieve sustainability objectives. By developing two concept products
and conducting a series of qualitative and quantitative experiments, this research demonstrates
the potential of the C2C approach as a crucial guide in the design process and emphasizes its
significance in creating environmentally and socially responsible products. Nevertheless, this study
also highlights the challenges and limitations associated with the practical application of C2C theory
and the attainment of optimal product performance. These findings underline the importance of
integrating C2C principles into conceptual product design and call for further research to address the
limitations of the theory and optimize its application in sustainable design. Overall, this research
contributes to the growing body of literature on sustainable design and provides valuable insights
into the potential benefits and challenges of adopting the C2C approach in conceptual product design.

Keywords: Cradle to Cradle (C2C); conceptual product design; sustainable design

1. Introduction

The world’s growing population and increasing demand for goods and services have
led to a surge in the consumption of resources. It is projected that by 2030, over 3 billion
people will have entered the middle class, resulting in an unprecedented demand for goods
and services [1]. This projection has put pressure on achieving sustainable development
goals, leading to a growing interest in sustainable product design and development in
recent studies [2]. Environmental pollution is a major issue with catastrophic effects on
the world [3], and one of its causes is the negative impact of raw material consumption on
the environment, including atmospheric pollution, emissions to the natural environment,
and harmful effects on biodiversity [4]. Therefore, designers and manufacturers have a
critical role to play in reducing the total consumption of a product throughout its life cycle,
especially during the early stages of product development [1].

Product development involves four general phases, including the “specification”
phase, “conceptual design” phase, “detail design” phase, and “manufacturing” phase. The
design phase has a significant impact on the environmental footprint of products, with
70-80% of a product’s environmental impact being determined at this stage [5]. Moreover,
60% of product life cycle costs are determined during the conceptual design stage [6].
Therefore, it is crucial to consider sustainability aspects during product conceptual de-
sign [7]. Conceptual design is primarily a design process that involves defining the task,
formulating the functions and structures of the product, seeking the most applicable combi-
nations and principles, and identifying basic solution paths [8]. Sustainability assessment
during conceptual design can identify products with minimal environmental impact while
ensuring the social and economic aspects of the product [2]. Therefore, research should

Sustainability 2023, 15, 6755. https:/ /doi.org/10.3390/su15086755

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15086755
https://doi.org/10.3390/su15086755
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3247-6236
https://orcid.org/0000-0003-1346-5854
https://doi.org/10.3390/su15086755
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15086755?type=check_update&version=2

Sustainability 2023, 15, 6755

2 of 32

be conducted during the first and second stages of the product development process to
achieve maximum benefits.

In 2002, the book Cradle to Cradle: Remaking the Way We Make Things was published [9].
The Cradle to Cradle philosophy aims to shift our focus from “doing less harm” to “doing
better” [10]. While the traditional eco-efficiency approach focuses on minimizing our
ecological footprint and reducing damage to the environment, Cradle to Cradle prioritizes
eco-effectiveness by encouraging positive impact. Recently, various theories and methods
have been developed to evaluate product environmental performance in different levels
of detail [11], including carbon [12] and water foot printing [13], Life Cycle Assessment
(LCA) [14], and the European Commission (EC) Product Environmental Footprint (PEF)
methodology [15,16]. However, these approaches have their own definitions of sustainable
products and concentrate on manufactured products, with less attention given to conceptual
design. In contrast, Cradle to Cradle design approaches such as the Cradle to Cradle
Certified™ Product Program [17] have not undergone sufficient scientific testing, hence
the need to study Cradle to Cradle design in the conceptual design phase to fill the gap in
product development processes. Although the existing literature provides some insight
into the strengths and weaknesses of C2C, its scope is limited (e.g., Bakker et al. analyze
the C2C principle’s applicability to student design projects) [18]. Therefore, there is a
need for comprehensive and reliable scientific analysis of C2C in the product conceptual
design phase.

This paper aims to assess the feasibility and validity of applying Cradle to Cradle
theory to product concept design through qualitative and quantitative experiments. By
doing so, we propose a design method based on Cradle to Cradle theory in the product
concept design phase. The feasibility of this method is verified by analyzing the choice of
product concept design methods and the feasibility of concept design products based on
Cradle to Cradle theory.

As depicted in Figure 1, we also regard both the C2C theory and product concept
design as integral components of sustainable design. The combination of these two el-
ements offers a novel interpretation of sustainable design theory within the context of
academic research.
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Figure 1. This article distinguishes between two distinct areas of sustainable design research, namely,
sustainability theory and design theory. Sustainability theory encompasses concepts such as LCA,
C2C, and PEF, while design theory focuses on the principles and methods of design. In this article,
we aim to integrate C2C theory from sustainability theory with the conceptual design method from
design theory. This integration can enhance our understanding of sustainable design and provide
practical solutions for creating environmentally friendly products.

The previous literature has established the connection between Cradle to Cradle theory
and packaging development approaches [10], demonstrating the potential for integrating
Cradle to Cradle theory with other product development theories. To test the feasibility
of Cradle to Cradle theory in product concept design, we propose a methodology that
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combines qualitative and quantitative experiments to analyze the relationship between
data and concepts [19]. The research method is assessed by applying it to different product
concept scenarios and comparing experimental data. The results of this study provide
validation for the proposed method.

The remainder of this paper is structured as follows. Section 2 presents related research
work. Section 3 outlines the research methodology and experimental design. Section 4
validates the proposed method and compares it to other experimental subjects using
maize seeds as an example. Finally, Section 5 concludes this paper and suggests future
research directions.

2. Theoretical Background

In this section, we provide a comprehensive overview of the current research on
product concept design methods and the state of Cradle to Cradle theory and design
methods. We present a detailed analysis of the existing literature on the topic, highlighting
the strengths and limitations of current approaches, and identifying research gaps that
need to be addressed.

2.1. Conceptual Design and Evaluation

In a 2015 article, the authors conducted a comprehensive review of 273 articles ad-
dressing product design definitions, with a particular focus on extracting several aspects
from 43 articles that are pertinent to conceptual product design. These aspects encompass
(1) aesthetics, (2) functionality, (3) symbolism, (4) form, (5) ergonomics, and (6) other fac-
tors [20]. This demonstrates that the pursuit of innovation across various dimensions has
consistently been a focal point within the product design research field. Product novelty
has long been acknowledged as a key factor in new product development (NPD) [21], with
researchers increasingly concentrating on the conceptualization and measurement of inno-
vation in recent years [20]. Conceptualization encompasses both the theoretical significance
of product design in terms of definition and the early stages of product development, such
as the testing of prototypes or product concepts, which hold considerable value [20].

In previous research, product concept design approaches incorporating aesthetic,
functional, and symbolic elements have been proposed [22]. Although the methodologies
employed in various studies differ substantially, the majority of authors concur that product
innovation represents a multi-dimensional concept. Consequently, most new products
undergo proof of concept and prototype testing and evaluation before being launched into
the market [23].

Concept design evaluation is a critical aspect of the product development process, as
it directly affects the quality, cost, and desirability of the final product [24,25]. However,
concept evaluation is a complex, multi-objective decision problem, as the objectives of two
subjects, technical and economic characteristics of the product, are in natural competition.
One of the major challenges in concept selection is to find a solution that obtains the
maximum combined value under conflicting objectives [26,27].

Various approaches to conceptual design evaluation exist, including solution eval-
uation techniques that combine customer needs and designer limitations proposed by
Tiwari et al. [28], visual analysis methods based on the Kano model suggested by Atlason
et al. [29], and a focus on demand from different stakeholders in the innovation diffusion
process proposed by Cantamessa et al. [30]. Although numerous research approaches and
theories in conceptual design methods exist, some are better justified by data or quantifiable
research methods such as parameters. For instance, the PDS-behavior-structure conceptual
design model proposed in 2016 [31] is a data-supported method that helps determine
reasonable conceptual design solutions for multi-disciplinary-oriented complex product
systems. The evolutionary game-based product concept design approach proposed in
2019 [32] discusses how the concept in the product development cycle decisively affects
cost and performance. In the same year, binary semantics was proposed [33], with a case
study used to illustrate the method. Considering the role of information ambiguity in
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product concept design, an intuition-based fuzzy group decision product concept design
method was suggested. In 2019 [34], a CBDT-TRIZ model was established to help design
engineers make informed decisions quickly, thus speeding up the design process. Another
conceptual design approach based on conceptual knowledge modeling and eye-tracking
data analysis was proposed in 2019 [35] to analyze the factors influencing the individual-
level transfer of engineering knowledge. In 2020, the use of group decision making and
intuitive fuzzy preference relationships was proposed to quantify conceptual schemes
that consider sustainability attributes [36]. However, building validation models quickly
and using strategies such as group decision making is not an easy challenge and has the
potential to increase design costs. For example, in 2012, the authors of [37] discussed how
using the wrong representation at the wrong stage of design development can lead to
inefficiencies and costly redesigns.

In contrast, simple and general analytical methods that are used in all fields, such as
quantitative and qualitative studies, offer great advantages. In recent decades, these re-
search methods have been applied to studies in the fields of psychology [38], medicine [39],
and education [40], respectively. In a 2016 article [41], quantitative research was seen as
providing “hard”, “factual” data, while qualitative research was described as softer, pro-
viding more in-depth insight. Although quantitative and qualitative research methods are
widely used in various fields, little is known about the feasibility of discussing C2C theory
in the context of conceptual product design. As products and product services become
increasingly complex [42], co-innovation and competitive design-driven innovation [43]
will be pursued through multi-disciplinary collaborations.

2.2. Cradle to Cradle (C2C)

The publication of the book Cradle to Cradle: Remaking the Way We Make Things [9]
marked a significant shift in the theoretical study of eco-efficiency. Cradle to Cradle (C2C)
theory [9] proposed in 2005, consisting of three principles—waste as nutrient, use of
renewable energy, and promotion of diversity [44]—is essential in defining eco-efficiency
and life cycle. The research based on C2C theory extends to various products and systems,
including the conversion of materials into nutrients proposed through biometabolism and
technometabolism in 2007 [45], recycling production methods developed in 2019 [46], and
the assessment of the environmental potential of urban pavements in 2021 [47]. However,
the effectiveness of C2C-guided formation in the conceptual design section, which is often
skipped in most studies, should also be studied.

C2C theory is currently mainly applied in the field of strategy analysis and circular
economy. For instance, a circular economy and C2C were used for university teaching in
2018 [48], environmental adaptation strategies based on ecological goals were proposed
in 2019 [49], and a literature review on the application of a circular approach to education
for sustainable development was conducted in the same year [50]. Moreover, Cradle to
Cradle production solutions were proposed for used furniture in 2020 [51], while C2C was
proposed as a product design concept rooted in “healthy” material circulation to address
the disadvantages of a circular economy in 2021 [52]. Although there are few methods to
directly evaluate the feasibility of C2C theory, it is often used as a guide to analyze cases.

The current study explores the connection between C2C theory and product conceptual
design. In 2010, it was noted that the C2C approach can serve as a complementary method
in the design process and offer guidance for conceptual product development. However, it
is prone to dogmatic errors, making it unsuitable for all product designs [53]. In contrast,
utilizing experimental and numerical analysis to establish a proof-based conceptual product
design process guided by the conceptual design approach ensures the scientific rationality
of solution formation and output. This approach helps to enhance the efficiency and quality
of product design [54].

According to a 2019 study [55], the new knowledge society will undergo changes along
with new cognitive differences. Exploring product conceptual design before implementing
a landing solution will be an opportunity for future innovation. This study aims to address
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this issue by verifying the value and feasibility of C2C theory in concept design before
product landing, using various research methods such as qualitative and quantitative. It
is also proposed, as in 2019 [35], that the rational reuse of past experiences can facilitate
product innovation. Moreover, a 2020 study [56] suggests that the importance of cross-
domain knowledge for product innovation design is continuously increasing, including
the reorganization, transfer, and transformation of multi-domain knowledge. Emphasizing
the conceptual design phase of research can also promote innovation.

3. Methodological Approach

In this section, we propose an evaluation scheme based on qualitative and quantitative
experiments to determine whether Cradle to Cradle (C2C) theory can guide the design of
a good concept product, and we present the limitations of the method. The feasibility of
C2C theory in product concept design is evaluated through a data analysis-based product
concept design approach combined with relevant quantitative and qualitative experiments,
with the experimental analysis-based scheme applied to determine the feasibility of the
theory more comprehensively in multiple directions.

The framework diagram of this study, shown in Figure 2, is based on a combination of
qualitative and quantitative analysis methods, a product concept design approach based
on data analysis, and the principles of waste and nutrients in C2C theory. To avoid the
subjective, relative understanding that occurs in qualitative-based analysis, especially for
qualitative methods that assume only partially objective descriptions of the world that can
be understood in various ways [19], we use data analysis such as numerical modeling,
which is more likely to receive the influence of experimental data and rigor of experimental
settings. Finally, we combine these two approaches to create an effective and flexible
research methodology, which provides more knowledge and insight into the research
topic [57].
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Figure 2. This paper employs a combined qualitative and quantitative experimental approach to
validate the feasibility of integrating C2C theory with conceptual product design. The qualitative
and quantitative experiments provide valuable data support for the theory, while the theory provides
a logical framework for the experiments. What sets this study apart is the approach taken, which
begins with the key principles of C2C theory and combines them with conceptual product design
methods to discuss the feasibility of the theory using a qualitative and quantitative experimental
validation method.

Our current research aims to further understand the testing and corroboration of
C2C theory by qualitative and quantitative experiments during conceptual product design.
Therefore, we will attempt to better explain the importance of C2C theory for the product
conceptual design phase. Here, we explain the validity of the guidance of C2C theory for
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concept product design from experiments such as qualitative and quantitative. The overall
sense of effectiveness depends on the value of the number of experiments and the different
types of experimental approaches. However, the current study explores the implications of
C2C theory in the product concept design phase.

From this perspective, we hypothesize that if the setup of qualitative and quantitative
experiments is influenced by the norms, rules, and conventions of different fields for
experiments, then the presentation of the experimental results differs depending on the
field of expertise. In this regard, we expect designers to pay more attention to the rationality
of the experimental approach argumentation and the impact on theoretical innovation. In
contrast, research by means of data analysis, such as building numerical models, is more
likely to receive the influence of experimental data and the rigor of experimental settings.
On the other hand, innovation in theory is likewise based on different understandings of
multiple identical knowledge, which is in line with [35], who suggested that the rational
reuse of past experience can facilitate design innovation, i.e., innovation is about the
scientific yet logical use of existing knowledge.

A practical and strategic expression of the eco-efficiency concept of “Cradle to Cradle”
defines a framework for designing products and industrial processes so that living systems
can be used for human purposes and safely returned to the environment for use in biological
processes that do not cause immediate or ultimate harm [9]. To achieve these goals, we
designed two conceptual products (hollow maize seeds and absorbing ball) using C2C
principles and examined their responses in quantitative and qualitative experiments.

3.1. Design of Conceptual Products

In this section, we will discuss how the theory of C2C, which envisions a future of
environmental sustainability, has been incorporated into the design of our concept prod-
uct [58]. A 2017 article published in Springer Press’s Life Cycle Assessment issue elucidated
that the objective of C2C is to exert a positive influence on the environment, encompassing
human well-being [59]. To attain this goal, three fundamental design principles ought to be
adhered to throughout the process: waste as a resource, utilization of current solar income
(renewable energy), and the celebration of diversity [17,59]. Consequently, our design also
follows these three key principles:

1. The principle of waste equals food, which requires that all materials and emissions
be considered beneficial to the environment or the technosphere. Our product has
been designed to be harmless to human health and sustainably recyclable, with no
waste generated and all outputs serving as inputs to other systems. This allows us to
establish closed-loop systems based on these cycles.

2. The principle of enhancing renewable energy sources, which we consider essen-
tial to effective design. We have maximized the use of renewable energy sources
wherever possible.

3. The principle of focusing on diversity, which is a key to innovation in designing
technologically diverse products that avoid a “one-size-fits-all” approach.

Our concept product is designed to absorb food, with potential uses including ob-
structing food absorption and aiding in weight loss [60]. The increasing rate of obesity is
a global public health problem, particularly among girls who are struggling to achieve a
socially acceptable ideal body [61,62]. Long-term or chronic attempts to lose weight can
have serious consequences on the physical and mental development of young people, with
female dieters being more likely to suffer from nutritional deficiencies, growth retarda-
tion, menstrual irregularities, delayed sexual maturation, irritability, sleep disturbances,
and poor concentration [62,63]. A three-year follow-up study conducted in the United
States [64] showed the most commonly employed methods for weight loss among adults
were exercise and maintaining healthy eating habits.

Our concept product is designed to allow normal eating behavior without the need
for dieting. Rather than eating less food, our product absorbs the “extra” food, which is
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expelled from the body during the digestion process. This approach helps users solve the
problem of eating less food and dieting, making our product more appealing to users.

Figure 3 elucidates how the conceptual product is utilized by users and delineates its
role in each stage of human digestion. Meanwhile, Figure 4 exhibits the packaging and
product rendering of the conceptual product under examination.

Figure 3. The product undergoes ingestion and enters the human digestive system. During the first
stage, the product and food pass through the stomach, where the vigorous movements break food
down into smaller particles. Subsequently, the product gradually absorbs some of the food. In the
second stage, the product traverses the small intestine, where the food undergoes further degradation
due to the coordinated movements of the small intestine. The external cellulose of the product serves
to prevent the villi of the small intestine from coming into contact with other digestive fluids and
food that may be absorbed by the product, while allowing the product to absorb more food. Finally,
the product enters the large intestine during the third stage, where peristalsis expels it from the body
along with the absorbed food. Therefore, the workflow of the product obviates the need for users to
restrict their diets to achieve a reduction in food absorption.

=

® 3

P

Figure 4. The above figure illustrates the structural blueprint of a conceptual product. The upper
part of the product features an angled aperture, which facilitates food intake, while the lower end
has multiple small orifices to discharge digestive enzymes. Upon entry of food into the product,
the downward sloping aperture creates a unidirectional pathway, making it difficult for the food to
escape. Consequently, a state of ease in food ingestion but difficulty in excretion ensues. The bottle
product, in turn, is a consequence of the packaging design.

In the following sections, we will discuss the research that has been conducted in three
areas: material selection, structural design, and derivative concept products of our design,
all of which are in line with the principles of C2C.
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3.1.1. The Application of Cradle to Cradle (C2C) Theory in Material Selection for
Concept Products

According to the principles of Cradle to Cradle (C2C) theory, products should be
designed in a way that they can be recycled sustainably and be health-friendly to hu-
mans [65,66]. Sustainable design using raw materials from nature is exemplified in In-
donesia, where designers have utilized pineapple leaf fiber as a fashion material [67].
Similarly, the concept product design discussed here utilizes maize seeds, a common plant
from nature.

Maize (Zea mays), also known as the queen of grains, is a miracle crop and the third-
most important cereal crop in the world after rice and wheat [68]. The pericarp of each
maize kernel, which makes up approximately 7% of its weight, contains fiber cells rich in
phytochemicals [58]. The cellulose in the pericarp protects the kernel from being digested
by the body, making it a natural design material without damaging the epidermis.

The selected material for the concept product design is maize seeds, which takes
advantage of the fact that maize is not easily digested by the human body. Additionally, the
starch in sun-dried maize undergoes hydrolysis during storage, resulting in a hollowed-out
internal starch in maize seeds that contains very little starch. This provides a solid research
basis for experimental validation of the concept product [69].

The flow of maize seeds in nature is similar to the flow of biotrophs, or substances that
optimally flow in the biological metabolism of organisms [45]. Biotrophs can include natural
or plant-based materials, as well as biopolymers and other potentially synthetic substances
that are safe for human and natural systems. Biological metabolism encompasses resource
extraction, manufacturing and client use, and the eventual return of these materials to
natural systems, where they can be transformed into resources for human activities [45].
Therefore, the selection of maize seeds aligns with C2C theory’s principles of enhancing
renewable energy.

3.1.2. Guiding Conceptual Product Structure Design with Cradle to Cradle (C2C) Theory

The proposed concept product is primarily designed to absorb food efficiently while
preserving the material’s integrity. Therefore, it is critical to devise a structural design that
enhances food absorption while inhibiting its efflux.

To address this challenge, we propose a novel design that features a downward sloping
opening at the top of the product. As food enters through the opening, it becomes ensnared
by the sloping surface, preventing any attempts to escape. The product structure’s bottom
is hollow and includes several small openings to drain water from the absorbed food, while
minimizing the presence of digestive juices or other liquids. Figure 5 presents the two
conceptual product prototypes designed by our research team.

Our design is carefully crafted to improve food absorption while maintaining the
material’s integrity, in line with the principles of “Cradle to Cradle” theory. By minimizing
waste and maximizing resources, our concept product offers a sustainable and efficient
solution for food absorption.

3.1.3. Designing Concept Product Derivatives through Cradle to Cradle (C2C) Theory

Following the fundamental principles of C2C theory that emphasize the recognition
and appreciation of diversity, we developed a conceptual design based on maize seeds
along with a unique derivative featuring an angled opening at the top. Figure 6 depicts
the derivatives of the four conceptual products designed by our research team.This was
performed to ensure consistency in the primary functions of the experiment. The main
objective of the experiment was to evaluate the uptake capacity of the maize seed-based
derivative and compare it with that of the maize seeds. Additionally, we aimed to determine
whether the derivative could outperform maize seeds in terms of uptake quantity. Figure 7
presents the optimal product selected from the derivatives of the four conceptual products
after conducting a comprehensive multi-dimensional evaluation.
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Figure 5. Six views of two conceptual product prototypes based on maize seeds are dis-

played. These designs aim to retain the natural product’s appearance, potentially enhancing user
acceptance psychologically.

Absorbing Ball Prototype 1 Prototype 2 Prototype 3 Prototype 4

e ' i ‘ -

Figure 6. In accordance with the C2C principle of valuing diversity, the design of the derivative
ball departs from the original concept product. As a product with conceptual diversity, the purpose
of the derivative ball is to maintain the functionality of the concept product while enhancing its
performance. To that end, four derivative ball were designed, with each following the principles of
C2C theory.

Figure 7. After careful evaluation of four derivative ball designs, we chose the final experimental
prototype. Our evaluation was based on the complexity of the 3D printing process and the internal
space of each prototype. Ultimately, we determined that Prototype 4 was the optimal choice.
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3.2. The Purpose and Methodology of Experimentation on Concept Products and Derivatives

The methods of material preparation, direct seed experiments, transplantation experi-
ments, and statistical analysis mentioned in 2006 [70] are primarily used in horticultural
science research. Given that this study involves the selection of natural crops and similar
data analysis, traditional research methods [31] such as the proposed conceptual design
model to support product design are not applicable. Instead, the chosen research method
involves experimental and data analysis. Furthermore, this approach emphasizes the
influence of the conceptual model on the product design. In contrast, direct seed and
transplantation experiments provide better analytical ideas for iterative product design.
The experiment was mainly conducted indoors, and its purpose was to verify whether the
conceptual product, hollow maize seeds designed using C2C theory, and its derivative
product, absorbing ball, could absorb different types of foods.

One of the challenges addressed during this study was how to confirm the validity
of the combination of the two theories through data argumentation. One way to over-
come this issue is the proposed process of applying theory and experiment to conceptual
design in [71,72]. Additionally, in 2019 [34], a method for justifying the rationality of the
combination was proposed.

Furthermore, the research process is crucial for selecting conceptual design solutions,
and in 2019 [73], a decision-making method was proposed to evaluate the relative equi-
librium of conceptual designs. This method addresses the problem of option selection
in conceptual design. However, the current study primarily focuses on the analysis of
experiments and data, rendering this method irrelevant. Nevertheless, solution selection
remains a crucial component in conceptual design.

This paper employs two methods to quantify the combinability between the two
theories. Firstly, direct seed experiments are combined with quantitative and qualitative
experiments [74] in horticultural science research [70] to demonstrate the feasibility of
selecting materials for the conceptual product. Secondly, the rationality of the concept
product is argued through transplantation experiments and derivative experiments. Ad-
ditionally, since there are ethical issues regarding the validation of the concept product
through human experiments, this paper uses the above two methods to bypass human
experimentation and validate the study’s content.

3.3. Design of Quantitative and Qualitative Experiments

In general, quantitative studies involve predetermined data collection and require the
researcher to carefully describe variables that can be computed numerically. This approach
is often viewed as reductionist, where the truth is reduced to a number [19], and assumes
that variables can be measured objectively. In this approach, the study of cause-and-effect
relationships between or among variables is typically of interest [19].

To set up a quantitative experiment for hollow maize seeds, three small groups of
experiments were established. On the other hand, qualitative studies have flexible designs
and measurement of variables that depend on the context of data collection. Qualitative
methods assume that only partially objective descriptions of the world can be produced
and thus can be understood in various ways [19]. Therefore, to enrich the variety of
experiments, the qualitative experiments were divided into two groups, which contained
six small groups of experiments.

Additionally, a qualitative experiment group was established for the derivative absorb-
ing ball, which included two small groups of experiments. Figure § illustrates the design of
both quantitative and qualitative experiments.
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Quantitative Experiments

[ Self-weight (g) ~ Boiling water (ml)

100.00

80.00

Qualitative Experiments

W Weight (g) ~ Boiling water (mi)

250.00 250.00 250.00 250.00

120.00

100.00 100.00

o 60.23 60.55

Starch solution 1

Starch solution 2 Starch solution 3 Black sesame aleurone Corn flour Lotus root starch Brown rice flour

Figure 8. The design of qualitative experiments for the concept product involved four different
solutions: black sesame pastes, maize paste, lotus root powder, and brown rice flour. Furthermore,
the design of quantitative experiments for the concept product involved three different concentrations
of starch solutions.

3.3.1. Preparation of Experimental Materials

Prior to conducting the experiments, the materials for both the quantitative and
qualitative studies were carefully selected and prepared. For the quantitative experiments,
starch was used as the experimental material. For the qualitative experiments, four different
materials were selected, namely, lotus root powder, maize paste powder, black sesame
paste powder, and brown rice powder.

Furthermore, several essential tools and equipment were prepared, including plastic
bottles for rotation, a motor, an electronic scale, a measuring cup, a rotating fixed structure,
a rotating track, an adjustable power supply, tweezers, and a number of hollow dried maize.
This ensured that the experiments were conducted accurately and effectively.

3.3.2. Experimental Introduction—Experiments on Hollow Maize Seeds Using
Quantitative and Qualitative Methods

e Quantitative Analysis Experiment—Starch Solution Experiment

The purpose of this quantitative analysis experiment was to investigate the ability of
hollow maize seeds to absorb different concentrations of solutions prepared from the same
material. Three experimental groups were established, with concentrations of 80 g/100 mL,
120 g/100 mL, and 160 g/100 mL. The experimental solutions were created by mixing
starch with water at room temperature. The independent variable was the experimental
time, with intervals of 5 min, 10 min, 15 min, 20 min, and 25 min. The dependent variable
was the weight of hollow maize seeds after absorbing the solution. The experimental
subject was hollow maize seeds, with a total of eight seeds used in the experiment.

e  Qualitative Analysis Experiment—Multiple Solution Experiment

In this experiment, the purpose was to verify whether hollow maize seeds have the
ability to absorb solutions of similar concentrations prepared from different materials. Four
groups were created with different ingredients: black sesame paste powder (65.02 g/250 mL),
maize paste powder (60.23 g/250 mL), lotus root powder (60.55 g/250 mL), and brown rice
powder (100.58 g/250 mL). The experimental solutions were prepared by mixing water at
room temperature with each ingredient and stirring. The independent variable was the
type of ingredient, while the dependent variable was the weight of hollow maize seeds
after absorption of the solution. The experimental subject was hollow maize seeds, with a
total of six seeds used in the experiment.
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e Qualitative Analysis Experiment—Viscous Solution Experiment

In this experiment, the purpose was to verify whether hollow maize seeds have the
ability to absorb viscous solutions prepared from different materials. Two groups were
created with different ingredients: maize paste powder (50.03 g/250 mL) and lotus root
powder (50.05 g/250 mL). The experimental solutions were prepared using 100 °C water
mixed with the respective ingredient and then cooled for 1 h prior to the experiment.
The independent variable was the type of material, while the dependent variable was the
weight of hollow maize seeds after absorption of the solution. The experimental subject
was hollow maize seeds, with a total of six seeds used in the experiment.

3.3.3. Experiment Introduction—Experiments on Absorbing Balls Using Qualitative Methods

e  Qualitative Analysis Experiment—Viscous Solution Experiment

The purpose of this experiment was to investigate whether the derived structure ball
have the ability to absorb viscous solutions and whether they can outperform hollow maize
seeds in terms of absorption multiplicity. Two experimental groups were tested using
maize paste powder (50.00 g/250 mL) and lotus root powder (49.95 g/250 mL) solutions,
respectively. The experimental solutions were prepared by mixing different ingredients
with 100 °C water and stirring, and then cooled for 1 h prior to the experiment.

The independent variable in this experiment was the type of material used (maize
paste powder, lotus root powder), while the dependent variable was the weight of the
derived structure ball after absorption of the solution. The experimental subject was the
derived structure ball, with four ball used in each experimental group.

This research may have significant implications for the development of more effective
and efficient absorbent materials in the future.

3.3.4. Solution Proportioning for Experimental Design—Quantitative and Qualitative
Methods for Studying Hollow Maize Seeds

e  Starch Solution Experiment

The design of the starch solution experiment is illustrated in Table 1, where we prepared
three different concentrations of starch solutions for the purpose of quantitative testing.

Table 1. Experimental Solution Proportioning in Quantitative Analysis.

Material Weight/Material

Classification Starch 1 Starch 2 Starch 3
Self-weight (g) 80.00 120.00 160.00
Boiling water (mL) 100 100 100

e  Multiple Solution Experiment

The design of the multiple solution experiment is presented in Table 2, in which we
prepared four distinct solutions for the purpose of qualitative testing. Diverse ratios are
established based on the water solubility of the constituents, with the intention of attaining
the utmost uniformity in the concentration of the solution.

Table 2. Experimental Solution Proportioning in Qualitative Analysis.

Material Weight/Material

Black Sesame

Classification Aleurone Maize Flour Lotus Root Starch Brown Rice Flour
Self-weight (g) 65.02 60.23 60.55 100.58
Boiling water (mL) 250 250 250 250

e  Viscous Solution Experiment
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The design of the viscous solution experiment is illustrated in Figure 9 and Table 3,
wherein we prepared two distinct solutions for the purpose of qualitative testing.

B Weight (g) Boiling water (ml)

250.00 250.00

50.03 50.05

Corn flour Lotus root starch

Figure 9. The experimental procedures were carried out utilizing a maize paste solution with high
viscosity and a lotus root powder solution.

Table 3. Experimental Solution Proportioning in Qualitative Analysis.

Material Weight/Material

e ae Maize Paste Solution Lotus Root Powder Solution
Classification
Weight (g) 50.03 50.05
Boiling water (mL) 250 250

Cool the solution for 1 h before the experiment.

3.3.5. Solution Proportioning for Experimental Design—Qualitative Methods for Studying
Absorption Balls

For the absorption ball, we designed two sets of distinct solutions to validate the
absorption capacity of the ball, as shown in Figure 10 and Table 4, which are utilized for
the qualitative investigation of the absorption ball.

W Weight (g) Boiling water (ml)

250.00 250.00

50.00 49.95

Corn flour Lotus root starch

Figure 10. The experimental procedures were carried out utilizing a maize paste solution with high
viscosity and a lotus root powder solution.
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Table 4. Experimental Solution Proportioning in Qualitative Analysis.
Material We.:l.ght{Materlal Maize Flour Lotus Root Starch
Classification
Weight (g) 50.00 49.95
Boiling water (mL) 250 250

Cool the solution for 1 h before the experiment.

3.4. Experimental Procedure
3.4.1. Specific Steps for Starch Solution Experiments

e  Preparation of Three Different Concentrations of Solutions

Three different weights of maize starch material, namely, 80 g, 120 g, and 160 g, were
taken out and placed in transparent plastic bottles. Then, 100 mL of water was added to
each bottle and stirred with the material until completely dissolved.

e  Labeling of Eight Maize Kernels

Each maize kernel was labeled to effectively record any changes before and after the
experiment and avoid deviation in the experimental data.

o  Weighing and Recording of Each Maize Kernel

The weight of each maize kernel was recorded after labeling to ensure experimental rigor.
e Adding Maize Kernels to the Solution

The maize kernels were added to the experimental solution in preparation for the experiment.
e  Starting the Stirring Experiment

The plastic bottle was placed on the support structure, and the motor was turned on
to start the rotating and stirring experiment.

e  Recording of Experimental Process

The entire process of the rotating and stirring experiment was recorded using a
cellphone camera to avoid interference from other factors.

e  End of Experiment and Removal of Maize Kernels

The power and motor were turned off at the end of the experiment, and the plastic
bottle was removed from the support structure. The cap was opened and the maize kernels
were taken out.

e  Weighing and Recording of Each Maize Kernel

The removed maize kernels were placed on an electronic scale, and the weight of each
kernel was recorded.

e  Comparison of Weight Changes and Calculation of Average and Absorption Multiplicity

The average weight of each maize kernel before and after the experiment was calcu-
lated, and the relationship between the two multiplicities was determined.

3.4.2. Specific Steps for Multiple Solution Experiments

e  Preparation of Four Different Solutions

The appropriate amount of the four materials was taken and placed in a weighed
plastic cup. Then, 250 mL of boiling water was added to the materials, and the mixture
was stirred until dissolved. The lid was sealed and the solution was left for 5 min. The
concentration of the solution particles was observed, and more materials were added until
the concentration was similar in all four solutions.

e  Labeling of Six Maize Kernels
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Each maize kernel was labeled to effectively record any changes before and after the
experiment and avoid deviation in the experimental data.

e  Remaining Experimental Steps were Consistent with the Above.

3.4.3. Specific Steps for Viscous Solution Experiments

e  Preparation of Two Different Solutions

Firstly, 50 g each of maize paste powder and lotus root powder materials were taken,
placed in a weighed plastic cup, and mixed with 250 mL of boiling water. The mixture was
stirred until completely dissolved, and the lid was sealed and left for 5 min.

e Cooling and Weighing of Two Solutions for One Hour

The plastic bottle containing the two solutions was uncapped and allowed to cool for
1 h to simulate the relatively dry state of liquid food in the human body:.

e  Weighing and Recording of Six Maize Kernels
The weight of each maize kernel after labeling was recorded to ensure experimental rigor.

e  Remaining Experimental Steps were Consistent with the Above.

3.5. Statistical Analysis

During experimental analysis, the arithmetic mean was utilized for statistical analysis.
When calculating the mean from relative or average numbers, the key issue is the accurate
selection of weights. The arithmetic mean is one of the most fundamental and widely
used averages in statistics. It is an important indicator of the overall level and typical
characteristics of a phenomenon. It abstracts away the specific differences in the quantity of
the phenomenon, reflects the concentrated trend of the phenomenon, and is a representative
value [75].

4. Discussion

In this section, we analyze the feasibility of C2C theory in product conceptual design
based on the results of qualitative and quantitative experiments. The variations in the
absorption capacity of maize seed in the three sets of starch solution experiments are illus-
trated in Figures 11-13. In the three groups of starch solutions, the performance of maize
seed in terms of absorption values is depicted in Figures 14-16. Likewise, we have pro-
vided an overview of the results and offered suggestions. Two conceptual design schemes
based on C2C theory are compared in more detail in this article and illustrated through
experimental results. Finally, we summarize the impact of qualitative and quantitative
experiments on demonstrating the influence of C2C theory in product conceptual design
through a comparison of experimental data.

4.1. Qualitative and Quantitative Analysis of Hollow Maize Seed Experimental Results

In the evaluation methods of conceptual design, various methods have been proposed,
including TOPSIS [76], the weighted product method (WPM) [77], multiple attribute utility
theory (MAUT) [78], and the elimination method, among others. Based on the weighted
product method, which analyzes the relative weights among interacting objectives, the
most competitive design can be obtained. Therefore, in this study, hollow maize seeds
were chosen as the experimental object and a series of analyses were conducted based
on the weight data changes through before-and-after comparisons. The experiment was
divided into quantitative analysis and qualitative analysis, where the former included
a starch solution experiment and the latter included multiple solution experiments and
viscous solution experiments using different materials to prepare solutions of similar
concentrations. The qualitative analysis experiments used the same materials, but the
viscosity of the prepared solutions was different.
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= Com1 Com2 = Com3 = Com4 = Com5 = Com6 ~ Com7 = Com8

0min 5min 10 min 15 min 20 min 25 min

Figure 11. The weight changes of eight hollow dry maize seeds absorbing food in 100 mL/80 g starch
solution at different times of the quantitative experiment.

= Comn1 Com2 = Com3 = Corn4 = Com5 = Corn6 Com7 = Com8

Omin 5min 10min 15min 20min 25min

Figure 12. The weight changes of eight hollow dry maize seeds absorbing food in 100 mL/120 g
starch solution at different times of the quantitative experiment.

= Corn1 Comn2 == Corn3 == Corn4 = Com5 = Corn6 Corn7 = Com8

Omin Smin 10min 15min 20min 25min

Figure 13. The weight changes of eight hollow dry maize seeds absorbing food in 100 mL/160 g
starch solution at different times of the quantitative experiment.
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100mI/80g Starch Solution Experiment Results

3.00

068 0.61 0.63 0.65 25min

0.55 0.58
0.56 00
2.50

. 058
068 0.60 0.64 0.67 —— 20min

15min

10min

Smin

Before experiment

null

comn.1 corn.2 corn.3 cormn.4 corn.5 comn.6 corn.7 corn.8

Figure 14. The absorption data of each maize seed in the starch solution in Experiment 1.

100ml/120g Starch Solution Experiment Results

3.00
0.65

0.64 08¢ 064 0.52 —— 25min
250 0.71 0.55
0.52
0.69
0.50 0.58 0.65 0.55 —— 20min
2.00 0.51 J 0.53

1.50 15min

10min

1.00

0.50 Smin

[ —— Before experiment

— null

corn.1 corn.2 corn.3 comn.4 corn.5 corn.6 corn.7 corn.8

Figure 15. The absorption data of each maize seed in the starch solution in Experiment 2.

The purpose of the quantitative analysis experiment was to verify the absorption
capacity of hollow maize seeds for different concentrations of solutions prepared with
the same material. The purpose of the qualitative analysis experiment was to verify the
absorption capacity of hollow maize seeds for solutions of similar concentrations prepared
with different materials. Among the qualitative analysis experiments, the multiple solution
experiment and the viscous solution experiment used the same materials, but the viscosity
of the prepared solutions was different.

Overall, the weighted product method was used to analyze the relative weights of
interacting objectives and obtain the most competitive design. The experimental results
were based on a series of analyses of weight data changes and included quantitative and
qualitative analysis experiments, such as the starch solution experiment, and multiple
solution and viscous solution experiments.
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100ml/160g starch solution experiment results

3.00

0.64 0.66 — 25min
0.62 0.61 0.75 05z 0.59
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corn.1 corn.2 corn.3 corn.4 corn.5 corn.6 corn.7 corn.8

Figure 16. The absorption data of each maize seed in the starch solution in Experiment 3.

4.1.1. Experiment Quantitative Analysis Experiment—Starch Solution Experiment

e  Experiment 1

In this experiment, hollow maize seeds were used, and each seed was washed several
times with water before the experiment to reduce its weight as much as possible. Then, 80 g
of starch was weighed and placed in a transparent plastic bottle. Following this, 100 mL of
water was added to the bottle using a measuring cup, and the two were mixed thoroughly
before the experiment started. The weight of the hollow maize seeds was recorded over
time during the experiment, as shown in Tables 5 and 6. The experimental results are
shown in Figures 11 and 14.

Table 5. Starch Solution Experiment 1 data results.

Starch Solution

After the Experiment (g)

100 mL/80 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.30 0.52 0.46 0.63 0.66 0.65
Maize Seed 2 0.34 0.43 0.52 0.56 0.60 0.55
Maize Seed 3 0.35 0.43 0.43 0.57 0.64 0.58
Maize Seed 4 0.37 0.56 0.47 0.47 0.64 0.61
Maize Seed 5 033 034 048 048 0.54 0.54 056
Maize Seed 6 0.34 0.49 0.55 0.58 0.58 0.63
Maize Seed 7 0.35 0.42 0.56 0.50 0.54 0.66
Maize Seed 8 0.35 0.56 0.46 0.47 0.67 0.65

e  Experiment 2

In this experiment, hollow maize seeds were used, and each seed was washed several
times with water before the experiment to reduce its weight as much as possible. Then,
120 g of starch was weighed and placed in a transparent plastic bottle. Following this,
100 mL of water was added to the bottle using a measuring cup, and the two were mixed
thoroughly before the experiment started. The weight of the hollow maize seeds was
recorded over time during the experiment, as shown in Tables 7 and 8. The experimental
results are shown in Figures 12 and 15.
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Table 6. The average absorption rate and absorption rate of maize seeds in the starch solution at each

time period were recorded in Experiment 1.

Mean/Absorption )
Rate After the Experiment (g)
100 mL/80 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.30 Mean value (g)
Maize Seed 2 0.34
Maize Seed 3 0.35 0.49 0.49 0.54 0.61 0.61
Maize Seed 4 0.37
0.34
Maize Seed 5 0.33 Absorption rate
Maize Seed 6 0.34
Maize Seed 7 0.35 44% 44% 59% 79% 79%
Maize Seed 8 0.35
Table 7. Starch Solution Experiment 2 data results.
Starch Solution After the Experiment (g)
100 mL/120 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.35 0.46 0.56 0.57 0.50 0.64
Maize Seed 2 0.34 0.45 0.47 0.62 0.58 0.66
Maize Seed 3 0.31 0.38 0.50 0.58 0.51 0.71
Maize Seed 4 0.37 0.35 0.46 0.43 0.58 0.65 0.64
Maize Seed 5 0.37 ’ 0.47 0.54 0.60 0.69 0.65
Maize Seed 6 0.34 0.46 0.48 0.52 0.53 0.55
Maize Seed 7 0.35 0.41 041 0.47 0.52 0.52
Maize Seed 8 0.35 0.51 0.47 0.58 0.55 0.52
Table 8. The average absorption rate and absorption rate of maize seeds in the starch solution at each
time period were recorded in Experiment 2.
Mean/Absorption .
Rate After the Experiment (g)
100 mL/120 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.35 Mean value (g)
Maize Seed 2 0.34
Maize Seed 3 0.31 0.45 0.48 0.57 0.57 0.61
Maize Seed 4 0.37
0.35
Maize Seed 5 0.37 Absorption rate
Maize Seed 6 0.34
Maize Seed 7 0.35 29% 37% 63% 63% 74%
Maize Seed 8 0.35

e  Experiment 3

In this experiment, hollow maize seeds were used, and each seed was washed several
times with water before the experiment to reduce its weight as much as possible. Then,
160 g of starch was weighed and placed in a transparent plastic bottle. Following this,
100 mL of water was added to the bottle using a measuring cup, and the two were mixed
thoroughly before the experiment started. The weight of the hollow maize seeds was
recorded over time during the experiment, as shown in Tables 9 and 10. The experimental
results are shown in Figures 13 and 16.
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Table 9. Starch Solution Experiment 3 data results.

Starch Solution After the Experiment (g)
100 mL/160 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.32 0.48 0.65 0.53 0.61 0.62
Maize Seed 2 0.37 0.52 0.49 0.66 0.62 0.64
Maize Seed 3 0.35 0.41 0.51 0.64 0.67 0.61
Maize Seed 4 0.37 0.50 0.56 0.53 0.56 0.75
Maize Seed 5 037 036 043 055 052 055 0.67
Maize Seed 6 0.35 0.55 0.42 0.61 0.69 0.67
Maize Seed 7 0.36 0.59 0.51 0.53 0.67 0.59
Maize Seed 8 0.39 0.44 0.48 0.64 0.69 0.66

Table 10. The average absorption rate and absorption rate of maize seeds in the starch solution at
each time period were recorded in Experiment 3.

Mean/Absorption .
Rate After the Experiment (g)
100 mL/160 g Before Experiment (g) Mean Value (g) 5 min 10 min 15 min 20 min 25 min
Maize Seed 1 0.32 Mean value (g)
Maize Seed 2 0.37
Maize Seed 3 0.35 0.49 0.48 0.49 0.57 0.49
Maize Seed 4 0.37
0.36
Maize Seed 5 0.37 Absorption rate
Maize Seed 6 0.35
Maize Seed 7 0.36 36% 33% 36% 58% 36%
Maize Seed 8 0.39

Using the starch solution experiment as a case study, a quantitative analytical method
was employed to design an experiment and verify the absorption capacity of hollow desic-
cated maize kernels. The findings demonstrated that the hollow desiccated maize kernels
exhibited notable absorption capacity for the same ingredient at varying concentrations.
Moreover, with an increase in the experimental duration, the absorption rate of the hollow
desiccated maize kernels gradually increased, ultimately reaching a steady state.

The results of the experiment indicated that hollow desiccated maize kernels possess
a fundamental capacity to absorb everyday food. As time progresses, the absorption ability
of the kernels increases, eventually reaching a plateau.

4.1.2. Qualitative Analysis Experiment—Multiple Solutions Experiment

e  Experimental investigation of black sesame paste solution

In this experiment, hollow desiccated maize kernels were used, and each kernel was
washed multiple times before the experiment to minimize its weight.

Firstly, 65.02 g of black sesame paste powder was weighed and placed in a transparent
plastic bottle. Then, 250 mL of boiling water was added to the bottle using a measuring
cup, and the two were mixed thoroughly and allowed to stand for 5 min. The hollow
desiccated maize kernels were then placed into the bottle, and the experiment was started.
The experimental results are shown in Table 11.

e  Experimental investigation of maize paste solution

Firstly, 60.23 g of maize paste powder was weighed, and 250 mL of boiling water
was added using a graduated cylinder. The two components were thoroughly mixed and
allowed to stand for 5 min. The hollow desiccated maize kernels were then added to the
mixture, and the experiment was initiated. The experimental outcomes are presented in
Table 12.
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Table 11. Experimental Data of Black Sesame Paste Solution.

Black Sesame

Aleurone i
Before Mean Value (g) 10 min Later After the Mean Value (g) Absorption

Experimental ~ Experiment (g) Experiment (g) Rate
Subjects
Maize 1 0.27 0.50
Maize 2 0.34 0.58
Maize 3 0.32 0.50 o
Maize 4 0.35 0.34 0.53 0.57 68%
Maize 5 0.37 0.68
Maize 6 0.36 0.65
Table 12. Experimental Data of Maize Paste Solution.
Maize Paste Bef After th Ab
: efore . er the sorption
Experimental Experiment (g) Mean Value (g) 10 min Later Experiment (g) Mean Value (g) Rate
Subjects
Maize Seed 1 0.26 0.56
Maize Seed 2 0.36 0.66
Maize Seed 3 0.32 0.62 o
Maize Seed 4 0.34 0.34 0.71 0.64 88%
Maize Seed 5 0.37 0.61
Maize Seed 6 0.36 0.65

e  Experimental investigation of lotus root powder solution

Before the experiment, each maize kernel was washed multiple times to remove any
residues inside and minimize the weight of the dry maize kernels. Then, 60.55 g of lotus
root powder was weighed, and 250 mL of boiling water was added using a measuring cup.
The two were mixed thoroughly and allowed to stand for 5 min. The experimental results
are shown in Table 13.

Table 13. Experimental Data of Lotus Root Starch Solution.

Lotus Root
Powder Before ) After the Absorption
Experimental Experiment (g) Mean Value (g) 10 min Later Experiment (g) Mean Value (g) Rate
Subjects
Maize Seed 1 0.27 0.59
Maize Seed 2 0.35 0.62
Maize Seed 3 0.32 0.59 o
Maize Seed 4 0.34 0.33 0.65 0.63 %
Maize Seed 5 0.36 0.65
Maize Seed 6 0.36 0.65

e  Experimental investigation of brown rice flour solution

Before the experiment, the cleaning steps of the previous experiment were repeated.
Then, 100.58 g of brown rice flour was weighed, and 250 mL of boiling water was added
using a measuring cup. The two were mixed thoroughly and allowed to stand for 5 min.
The experimental results are shown in Table 14.
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Table 14. Experimental Data of Brown Rice Flour Solution.
Maize Flour Bef After th Ab
- efore . er the sorption
Experimental Experiment (g) Mean Value (g) 10 min Later Experiment (g) Mean Value (g) Rate
Subjects

Maize Seed 1 0.28 0.48

Maize Seed 2 0.36 0.47

Maize Seed 3 0.31 0.45

Maize Seed 4 0.35 0.34 0.71 0.52 53%
Maize Seed 5 0.37 0.51

Maize Seed 6 0.36 0.50

During the qualitative study, we conducted experiments using four different solutions
to explore the absorption capacity of corn seeds for various foods, with the results illustrated
in Figure 17. Despite the variation in the proportions of the four materials, the phenomenon
observed in Figure 18 still occurred in the comparison of solution concentrations.

Qualitative experiment of com aleurone

W con.1 lcom2 [l comn3 [l com4 Ml com5 | comé

Before experiment (g) After experiment (g)

od with Datawrapper

Qualitative Experiment of Brown Rice Flour
Wcon.1 [lcom2 [l com3 [l comd Jll com.5 [ com.6

0.71

0.48
047 0.45

035 937 036

After experiment (g)

Before experiment (q)

Qualitative experiment of lotus root starch
W com1 [Mcomn2 [l com3 ll cond llcom5 [ com6

0.65 0.65 0.65

34 0.36 0.36

Before experiment (g) After experiment (g)

Qualitative experiment of black sesame aleurone powder
W con.1 M com.2 [l Com.3 lComd [ Com5 Coms6

0.58

Before experiment (g) After experiment (g)

Figure 17. In the qualitative experiment, the absorption capacity of hollow maize seed was tested

by four different solutions, aiming to investigate the absorption ability of the conceptual product in

various solutions.
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Comparison of Absorption Rates of Different Materials in Qualitative Experiments Qualitative experiment using material weight comparison(g)
91%
88%
68%
53%
100.58
Bl 60.55 60.23
T T T T
Brown r;r_'e flour Lotus ra:)t starch MaizeIPasm Black se:ar;'\e aleurone Brown rice flour  Black sesame Lotus root Corn flour
aleurone starch
Average absorption per corn in qualitative experiments(g)
0.64 0.63
0.57
0.52
T T T T
Corn flour Lotus root Black sesame  Brown rice flour
starch aleurone

Figure 18. In the qualitative experiment, a comparison was made of the four different qualitative
experimental data, and a summary was made of the material weight used in the experimental
solutions, the average absorption of the conceptual product in different solutions, and the absorption
rate in different solutions.

In the experiment, four distinct solutions were utilized to simulate various food sources
in human dietary practices. The results of the qualitative experiment are presented in
Table 15. The results of the experiment affirmed that hollow desiccated maize kernels have
the capability to absorb diverse food sources and that the absorption rate is concentration
dependent. Furthermore, the experiment demonstrated that the absorption rate of hollow
maize kernels is positively correlated with the viscosity of the solution. This study provides
empirical evidence for the potential use of hollow desiccated maize kernels as a food
absorbent in a variety of applications. The outcomes of this research may facilitate the
advancement of novel food technologies and formulations in the future.
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Table 15. Summary of Qualitative Experiment Results.

Summary of four aspects of qualitative experimental research

Used material weight (g):

Brown rice flour (100.58) > Black sesame aleurone (65.02) > Lotus root flour (60.55) > Maize paste (60.23)

Solution viscosity:

Maize paste solution > Lotus root flour solution > Black sesame paste solution > Brown rice flour solution

Average absorption (g):

Maize paste solution (0.64) > Lotus root starch solution (0.63) > Black sesame paste solution (0.57) > Brown rice flour solution (0.52)

Absorption rate:

Maize paste solution (91%) > Lotus root starch solution (88%) > Black sesame paste solution (68%) > Brown rice flour solution (53%)

4.1.3. Qualitative Analysis Experiment—Viscous Solution Experiment

e  Experiment of viscous maize paste solution

The previous experiment has confirmed that the absorption rate of dried maize kernels
is higher in solutions with higher viscosity. In this round of experiments, the absorption ca-
pacity of dried maize kernels in solutions with higher viscosity will be further investigated
by extending the experimental duration.

Before the experiment, the maize kernels were washed and dried. Then, 50.03 g of
maize paste powder was weighed, and 250 mL of boiling water was measured using a
graduated cylinder. The two were thoroughly mixed and allowed to cool for 60 min to
increase the viscosity of the solution.

The increased viscosity of the solution was achieved by allowing it to cool and settle,
which is expected to enhance the absorption ability of dried maize kernels, The results are
shown in Table 16.

Table 16. Experimental Data of Viscous Maize Paste Solution.

Viscous Maize

Paste Solution Before ) After the Absorption
Experimental Experiment (g) Mean Value (g) 25 min Later Experiment (g) Mean Value (g) Rate
Subjects

Maize Seed 1 0.28 0.56

Maize Seed 2 0.37 0.70

Maize Seed 3 0.34 0.53

Maize Seed 4 0.37 0.35 0.64 0.64 83%
Maize Seed 5 0.38 0.72

Maize Seed 6 0.38 0.67

e  Experiment of Viscous Lotus Root Starch Solution

Prior steps to the experiment were carried out as in the previous trial. Specifically,
50.05 g of lotus root powder was weighed and mixed thoroughly with 250 mL of boiling
water, as measured by a volumetric flask. The resulting mixture was left to cool for 60 min,
during which time the solution’s viscosity increased due to its settling. This procedure was
performed to achieve a higher level of homogeneity in the solution and to ensure that the
experiment was carried out under standardized conditions, The experimental results are
shown in Table 17.
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Table 17. Experimental Data of Viscous Lotus Root Starch Solution.

Viscous Lotus

Root Starch .
Solution Be}fore Mean Value (g) 25 min Later Aft‘er the Mean Value (g) Absorption
Experiment (g) Experiment (g) Rate

Experimental
Subjects

Maize Seed 1 0.27 0.59

Maize Seed 2 0.36 0.69

Maize Seed 3 0.31 0.52

Maize Seed 4 036 0-34 0.67 0.63 85%

Maize Seed 5 0.37 0.62

Maize Seed 6 0.37 0.71

In contrast to previous experiments, the current study on viscous solutions required
an adjustment of the experimental time to 25 min corresponding to the extended retention
time of solid foods during human digestion.

e  Conclusions:

The results of the second experiment showed that hollow dried maize kernels had
a noteworthy ability to absorb high viscosity solutions approximately equal to their
own weight.

4.1.4. Derivative Concept Product Absorption Experiment

The experiment employed a small ball derivative structure that was designed based
on dry maize kernels, with a total of four balls. Subsequent analysis was conducted by
comparing the weight before and after the experiment. Two types of food were used for
the experiment under the same conditions as the previous round, with the aim of verifying
whether the ball derivative structure could increase its self-absorption rate while ensuring
that the absorbed food does not flow out. The goal was to investigate the effectiveness of
the ball derivative structure in enhancing its self-absorption ability.

e  Experiment of viscous maize paste solution

Before the experiment, four small balls were labeled with serial numbers and weighed
individually for subsequent weight comparison. Then, 50.00 g of maize starch was weighed,
and 250 mL of boiling water was measured with a measuring cup. The two were thoroughly
mixed and allowed to cool for 60 min, The experimental results are shown in Table 18.

Table 18. Experimental Data of Viscous Maize Paste Solution.

Viscous Maize
Paste Solution Before After the Absorption

Mean Value (g) 25 min Later Mean Value (g)

Experimental ~ Experiment (g) Experiment (g) Rate
Subjects
Ball 1 1.20 5.65
Ball 2 1.18 5.22 o
Ball 3 121 L19 493 5.34 349%
Ball 4 1.15 5.54

e  Experiment of viscous lotus root starch solution

The pre-experimental procedures were identical to the previous experiment. Then,
49.95 g of lotus root powder was weighed, and 250 mL of boiling water was measured
using a graduated cylinder. The two were thoroughly mixed and allowed to cool for 60 min,
The experimental results are shown in Table 19 and Figure 19.
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Table 19. Experimental Data of Viscous Lotus Root Starch Solution.
Viscous Lotus
Root Starch Bef After th )
Solution S o Mean Value (g) 25 min Later or e Mean Value (g) Absorption
Experiment (g) Experiment (g) Rate
Experimental
Subjects
Ball 1 1.21 2.84
Ball 2 1.18 2.71 .
Ball 3 1.21 1.19 372 3.15 165%
Ball 4 1.15 3.33

Wcon  Bal

349%

165%

85% 83%

Thick lotus root starch solution Thick corn starch solution

Figure 19. A comparison was made between the absorption rates of the derivative small balls of the
conceptual product and the hollow dry maize kernels of the conceptual product in viscous lotus root
powder solution and viscous maize starch solution.

e  Conclusions:

This round of experiments confirmed the absorptive ability of the small ball deriva-
tive structure that was designed based on maize kernels. Under conditions identical to
the previous experiment, the absorptive rate of the small ball derivative structure was
significantly improved.

4.2. Analysis of Experimental Results

In this study, a series of experiments were conducted to investigate the absorbency of
hollow maize seeds under different conditions.

1. Firstly, the absorbency of the same material at different concentrations on hollow
maize seeds was quantitatively studied.

2. Secondly, the absorbency of four different solutions on hollow maize seeds was
qualitatively studied.

3. Thirdly, the absorbency of two high-viscosity solutions on hollow maize seeds was
qualitatively studied.

4. Finally, the absorbency of two high-viscosity solutions on small ball derivatives based
on hollow maize seeds was qualitatively studied.

The starch solution experiment confirmed that hollow maize seeds have absorbency,
and the absorbed weight increases over time and eventually stabilizes.
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The multi-solution experiment showed that hollow maize seeds can absorb solu-
tions of different viscosities. In addition, the experimental conclusion is that the ab-
sorbency of hollow maize seeds in low-viscosity solutions increases with the increase
of solution concentration.

The viscous solution experiment confirmed the absorbency of hollow maize seeds
to high-concentration viscous solutions. These experiments collectively demonstrate the
ability of hollow maize seeds to absorb solutions in different states.

Theoretically, multiple solutions can be likened to different types of food consumed by
humans, while the stirred experimental environment can be likened to the human digestive
process. Therefore, hollow maize seeds may produce similar effects in the human body.

The structural derivative experiment confirmed that small ball derivatives based
on hollow maize seeds have absorbency. Moreover, the experiment indicated that the
absorbency rate of the small balls was higher than that of the hollow maize seeds.

In conclusion, our study provides comprehensive evidence for the absorbent properties
of hollow maize seeds under various conditions, including different types of solutions
and concentrations. The results of this study could have potential implications for various
fields, which can reference areas like food processing and diet control.

Furthermore, a comparison of the viscous solution experiments and the derivative
structure experiments is presented in Table 20.

Table 20. Comparison of Absorption Rate of Different Products in Viscous solution.

Comparison of the Two Concept Products

Viscous Maize Paste Solution Viscous Lotus Root Starch Solution

Experimental subjects/Absorption rate
Maize Seed Ball Maize Seed Ball
83% 349% 85% 165%

According to Table 20, the experimental results of the derivative structure demonstrate
that the design of the small ball prototype has effectively improved the absorption rate
compared to the hollow maize seed, further proving the rationality of the small ball
derivative structure.

4.3. Discussion

In this investigation, we not only adhered to the three fundamental principles of C2C
theory in our conceptual design, but also thoroughly integrated these principles—waste as
a resource, utilization of renewable energy, and respect for diversity—into the structure of
both quantitative and qualitative experimental setups.

In the quantitative experiments, we selected varying concentrations of starch solutions,
examining their absorption by our concept product. This approach aimed to evaluate the
design’s capacity to absorb different concentrations of a single food type. Starch, a renew-
able natural resource, aligns with the C2C principle of utilizing renewable energy sources.
Its circulation within the ecosystem resembles that of biological nutrients, emphasizing
the waste-as-resource principle. In the qualitative experiments, we designed multiple
solutions to assess the product’s absorption capabilities, simulating a diverse array of foods
consumed in daily life to approximate real-world eating environments. The experimental
design of both the qualitative and quantitative studies align with the C2C principle of
celebrating diversity.

In summary, the design of these experiments not only verifies the feasibility of the
concept product but also reflects the core tenets of C2C theory. By incorporating the three
principles of C2C theory into our experimental design, we seek to ensure that the concept
product fulfills its intended function while adhering to the standards of environmental
protection and sustainable development.
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Furthermore, in the practical component of our research, we designed a concept
product to evaluate its weight-loss properties. This aspect of the study may overlap with
certain medical clinical investigations, which we acknowledge. Our study primarily focuses
on evaluating the conceptual design of a product guided by C2C theory, and the practical
research emphasizes assessing the feasibility of the conceptual design through theoretical
investigations. It is important to note that this study addresses only a portion of the weight-
loss process through product conceptual design within a laboratory setting. There remain
numerous specialized issues in the medical field that we are currently unable to address,
which is a limitation of our research.

In future studies, we plan to actively collaborate with researchers in the medical field
to obtain relevant research qualifications and subsequently concentrate on addressing
specialized issues in the realm of weight loss. This interdisciplinary approach will ensure
a more comprehensive understanding of the concept product’s potential in real-world
applications and its overall impact on health and well-being. By integrating insights
from multiple fields, we aim to create a product that not only adheres to the principles of
C2C design but also addresses the complex challenges associated with weight loss and
human health. Future studies may contemplate adopting diverse approaches such as
integrating control groups, repositioning experimental materials, or deploying live animal
experiments to better reflect qualitative and quantitative experimental environments under
real-world conditions.

5. Conclusions

This paper elucidates the practicability of applying Cradle to Cradle (C2C) theory
in conceptual product design and also evaluates the efficacy of amalgamating theory
and practice in sustainable conceptual design. This study exemplifies how natural and
renewable resources can be innovatively utilized to engender novel products with specific
functional attributes, which is congruent with the tenets of sustainable concept design,
accentuating the use of eco-friendly materials and efficacious production processes that
abate waste and environmental impact.

Qualitative and quantitative experiments were implemented to ascertain the viability
of the concept product by scrutinizing the absorption properties of hollow corn seeds. As
evidenced by our experiments, the capacity of hollow corn seeds to assimilate disparate
types and concentrations of solutions intimates that these seeds can be exploited as a natural
and renewable resource that can be utilized for a diverse range of applications. For instance,
the absorption properties of hollow maize seeds could be employed to fashion novel food
products or constituents with specific functional properties, such as augmentation of texture
or improved nutrient assimilation.

Altogether, this study furnishes a comprehensive inquiry into the absorption prop-
erties of hollow maize seeds under sundry conditions, which can proffer a constructive
impact on the evolution of derivative product designs. Moreover, experiments on the
derivative concept corroborated the extension of our theoretical practice. The outcomes of
this study make a salutary contribution to the advancement of derivative product design,
elucidating how C2C theory can be harnessed to fabricate innovative products that are
both functional and sustainable. This study lays the groundwork for future research as it
underscores the significance of considering the sustainability of product development at
the conceptual stage. By assimilating the tenets of sustainable conceptual design, designers
and manufacturers can engender products that meet consumer needs while safeguarding
the environment and conserving natural resources. These findings also underscore the
importance of introducing C2C theory at the concept stage in research on product devel-
opment. Although C2C theory has a broader application in terms of landing products or
supporting decision making, it still plays a pivotal role in ameliorating the product design
ecosystem as a methodology for refining product concepts.

Notwithstanding, we concede the constraints of our methodology. Firstly, our study
was conducted in a laboratory setting, instead of an actual production line or product use
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environment. While this facilitates control over other factors that may affect qualitative
and quantitative experiments, it may not precisely emulate the scenarios and equipment
conditions of qualitative and quantitative experiments in the industry. Secondly, we
acknowledge the limitations regarding the analysis of energy consumption for the product.
Throughout the C2C cycle, energy dynamics play a crucial role, with different states of
the product form and manufacturing methods and processes leading to varying levels of
energy consumption. While energy loss is not explicitly emphasized as a key principle
of C2C theory, it does advocate for reduced energy loss throughout the overall cycle,
which our research also recognizes. Consequently, our study’s focus on the conceptual
design of the product based on C2C theory and the evaluation process utilizing qualitative
and quantitative experiments has inherent limitations in addressing energy consumption
and cycles.

Given the constraints of the laboratory environment, our study has limited capa-
bilities in evaluating energy consumption and cycles throughout the concept product’s
life. This challenge parallels the development of concept vehicles, where the steps re-
quired to progress from proof of concept to mass production involve substantial cost and
energy optimizations.

Similarly, our research faces the same challenges. In our subsequent research, we
will continue to strengthen the analysis of energy consumption across various aspects of
product forms guided by C2C theory, in order to enhance the practical implementation
of the C2C approach. By addressing the limitations of energy consumption and cycle
evaluation, we aim to ensure that our research adheres to the principles of environmental
sustainability and contributes to the advancement of C2C theory in real-world applications.

Moreover, the integration of emerging technologies such as artificial intelligence (Al)
represents a promising avenue for advancing sustainable design theory and its intersection
with technological factors. For instance, Al technology can provide a high-quality simu-
lation environment for sustainable design and even product design based on C2C theory.
By leveraging digital simulation technology and cutting-edge innovations, researchers
can bridge the gap between the conceptual design stage and the product development
phase. This approach enables more effective evaluation of sustainable design’s efficacy and
applicability, offering additional development paths for real-world product development
and allowing sustainable design to thrive in diverse contexts.

Our research explores the research approach of inferring design possibilities from
the perspective of sustainable design, based on the assumption of the referred sustainable
materials that are safe, harmless, while sharing required physical characters. Obviously, the
contribution of this study lies in exploring the effectiveness of a sustainable design method
rather than explicitly guidance in clinical medicine or healthcare. We believe that research
at this stage should not be used as a basis or guidance for medical or healthcare production
and rehabilitation without strict clinical trials with rigorous health and safety permits.

In conclusion, while our current study has its limitations, future research will explore
more comprehensive approaches, incorporating advanced technologies and more extensive
energy consumption analyses, to ensure that C2C theory can be successfully applied to
practical, sustainable product development.
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