
Citation: Bai, Y.; Liu, J.; Zhang, R.;

Bai, X. Quality Control of

Water-Efficient Products Based on

DMAIC Improved Mode—A Case

Study of Smart Water Closets.

Processes 2023, 11, 131. https://

doi.org/10.3390/pr11010131

Academic Editors: Conghu Liu,

Xiaoqian Song, Zhi Liu and

Fangfang Wei

Received: 5 December 2022

Revised: 27 December 2022

Accepted: 28 December 2022

Published: 1 January 2023

Copyright: © 2023 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/).

processes

Article

Quality Control of Water-Efficient Products Based on DMAIC
Improved Mode—A Case Study of Smart Water Closets
Yan Bai 1, Jialin Liu 1,2, Rui Zhang 1 and Xue Bai 1,2,*

1 China National Institute of Standardization, Beijing 100191, China
2 Key Laboratory of Energy Efficiency, Water Efficiency and Greenization for State Market Regulation,

Beijing 102200, China
* Correspondence: bai_xue2022@163.com

Abstract: Water-efficient products, a key component of water-saving technology, are widely installed
and utilized in all sectors of society. Due to China’s extensive and varied use of this product,
advancements in effectiveness and quality will significantly enhance people’s standard of living.
In recent years, manufacturers, corporate purchasers, and individual customers have given more
attention to the quality of these items due to the spike in local market and export demands for water-
efficient products in China. It has been a pressing problem to find a practical solution for increasing
product quality in a reasonable and scientific manner. In order to build a DECIA quality improvement
model for water-efficient product quality that is quantifiable and technically practical, this paper
investigates how to improve the quality of smart water closets based on six-sigma management.
Thus, the development of a water-efficient industry can be green and sustainable.
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1. Introduction

Water-efficient products refer to a type of daily-used device that meets certain water
conservation requirements, including regular water closets, smart water closets, squat toi-
lets, water nozzles, showers, and water purifiers. China has been the largest producer and
consumer of water-efficient products in the world. Since 2010, the industry of water-efficient
products has experienced rapid development, with an average annual growth rate of 10%.
In 2021, the sales volume of water-efficient products in China reached 500 million units.
Water-efficient products are daily necessities, so their quality directly affects water use
efficiency, environmental protection, and safety. The Chinese people are better off due to the
rapid economic development, which stimulates the demand for water-efficient products.
As traditional production methods cannot meet the needs of energy and resource conserva-
tion and environmental protection, there is an urgent need for high-quality water-efficient
products that are green and low-carbon. There will be opportunities and difficulties for
the water-conservation device market as a result of the trend toward utilizing high-quality,
water-efficient products and a healthy lifestyle. However, there is little research conducted
in this area, especially concerning the theory and technology of water-efficient upgrades,
and therefore they are unable to influence the process of product development.

Smart water closets were introduced in China in the 1990s, and their popularity has
exploded over the past decade. China is currently the world’s largest manufacturer and
distributor of smart water closets. As living standards continue to rise, so do consumer
demands and requirements for items that use less water. Consumers readily accept and
buy smart water closets with humanized and personalized features, such as warm water
cleansing, warm air drying, automatic deodorization, music, and health monitoring. These
features have made smart water closets an integral part of home furnishing. Roughly
10 million sets of smart water closets were sold in China in 2021, a nearly 130% increase
from 2016. Along with the fast spread of smart water closets, quality has been widely
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concerned by consumers. A smart water closet is a high-power wading electrical product
that is powered by highly complicated technology that spans a variety of industries and
specialties, including water, electricity, heating, machinery, sensing, injection molding,
welding, etc. When using, it is common to have issues with controlling the temperature of
warm air, water efficiency, input power and current, and grounding procedures. For the
steady and quick development of the industry, it is imperative to create a quality model
that analyzes the influencing and evaluating variables of the quality of smart water closets
over the entire life cycle.

The first section of this paper examines the current research findings on Six Sigma
management. The DECIA model of water-efficient product quality improvement, which is
based on the DMAIC model in the Six Sigma framework, is studied in the second section.
The five dimensions of the model’s construction are definition, assessment, inspection,
improvement, and application. On the basis of a case study involving smart water closets,
the contents of each dimension were then introduced. Finally, a few ideas and actions
were put out to raise the standard of water-efficient products in accordance with the
DECIA model.

2. Research Status

Motorola was the first company to embrace Six Sigma, and it has since gained
widespread acceptance throughout the world, particularly in the manufacturing, service,
government, and other institutions or enterprise management sectors. It has developed into
a sophisticated management style that offers businesses significant financial advantages [1].
Through business process re-engineering and procedure optimization, Six Sigma manage-
ment is intended to increase the effectiveness of enterprise management in a scientific and
efficient manner. It is also known as the DMAIC model for short since it comprises the
five stages of Define, Measure, Analyze, Improve, and Control in its application to quality
improvement [2]. DMAIC is a cycle of continuous improvement and promotion that com-
bines project management, schedule management, and statistical analysis. Table 1 shows
the processes, techniques, and technologies under the DMAIC process, which provides a
solution to intricate and systematic issues [3].

Table 1. Key points and tools of DMAIC process activities.

Stages Key Points of Activities Commonly Used Tools and Techniques

D (Define) Identifying problems
Determining Y(CPQ/CTP)

Balanced scorecard, SIPOC, Quality
Function Deployment (QFD), cost of poor

quality, etc.

M (Measure) Determining a baseline
Measuring Y, Xs

Relationship matrix, flow chart, sampling
technique, measurement system analysis

(MSA), value flow chart, process
capability analysis, etc.

A (Analyze) Determining major factors
Determining Y = f(X)

Causality diagram, hypothesis testing,
level comparison, analysis of variance,

experimental design, regression analysis,
process analysis, etc.

I (Improve) Eliminating major factors
Optimizing Y = f(X)

Experimental design, response surface
methodology, tuning operations, lean

improvement technique, etc.

C (Control) Maintaining results
Updating Y = f(X)

Control charts, standard operating
procedures, error prevention measures,

process capability index, process
document control, etc.

Six Sigma management starts with D for Define, which stands for the definition of a
problem and boundaries. The definition of the issues to be resolved and the goals to be
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attained is necessary for this demand analysis step, setting the fundamental groundwork
for project implementation [4–6]. The purpose of M for Measure, also known as the
assessment of project improvement, is to identify the measurement indicators that demand
improvement with a focus on detecting issues. To assist the reflection of shortcomings
and process obstacles, it is necessary to gather a sizable amount of data from the project’s
operational phases [7]. In order to accurately reveal the project’s causality, A for Analysis is
the key to identifying problems that require transformation and examining their internal
logical relationships in light of feedback returns from the measured data. I for Improve
refers to the process of problem-solving through iteration and bridging the gap between the
measurement indicator and the goal by adhering to the technical path and solution designed
for project improvement based on the analysis results and the thorough consideration of
factors like cost. The final stage of the model, C for Control, which stands for controlling the
project, is crucial to sustaining the project’s ability to improve in order to support continuous
improvement. The entire process of creating improvements needs to be monitored to ensure
that they are resolved permanently [8,9].

The DMAIC approach has been widely employed in industrial manufacturing [10–12]
to effectively decrease defects or errors resulting from manual handling, materials, pro-
cesses, machinery, or environment [13,14]. In addition, the DMAIC approach can be
implemented in the urban service sector, government agencies, and other regulatory de-
partments [4] in order to minimize handling errors caused by people or systems. Successful
DMAIC applications have been made in service sectors including banking [15,16], educa-
tion [17,18], hospitals [19,20], etc. The following are benefits of the DMAIC model. First,
it is a data-driven model. As the project is completed, statistics are gathered to identify
difficulties with an emphasis on a data-driven strategy. Secondly, it focuses on continuous
improvement. The DMAIC is a model that is continuously optimized and iterated until the
measurement index reaches the target [18,21]. Thirdly, it emphasizes the shift in thinking
style. Since DMAIC optimizes company culture beyond a mere instrument, it adds fresh
significance to the initial project for improvement by altering employees’ thinking and
behavior [22]. However, DMAIC has inherited drawbacks. First, the reasonability of the
boundary and problem definition in the DMAIC model will directly affect the subsequent
measurement, analysis, improvement, and control links. Definition errors could lead to
project delays or even project failure. Second, it is unclear how the improvement cycle
works. The DMAIC model places an emphasis on studying the process of quality improve-
ment, but disregards the completion of the improvement cycle, leading to unmanageable
expenses and service quality. Third, it discourages innovation. The DMAIC model stream-
lines the procedure, emphasizes its uniformity, and lowers the dynamic of innovation.

The boundary issues for items that conserve water are defined by the green, leader,
and green indicator systems. The evaluation system for water-efficient products is formed
by national, industrial, or association standards with distinct cycles for change and review.
Such standards also provide technical support for policies that have been issued relating
to water-efficient products. In addition, innovative procedures and product lines will
drive the development of water-efficient products in order to meet assessment require-
ments. In conclusion, the DMAIC model’s advantages can be utilized while avoiding
its drawbacks by taking into account the industry’s current features when improving
water-efficient products.

3. Construction of Water-Efficient Product Quality Improvement Model

Taking into consideration the features of water-efficient products and based on the
internal quality control of water-efficient products and external policy market promotion,
we developed a DECIA improvement model (Define, Evaluate, Check, Improve, and Ap-
plication) based on the six-sigma DMAIC quality management model for performance
evaluation and quality improvement under the novel use scenario of water-saving ap-
pliances. Define: compiling a database by screening performance indicators. Evaluate:
building an evaluation system on the criteria of water efficiency, green energy, and leader.
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Check: innovate inspection method and research relevant devices. Improve: On-going
technology improvement or upgrade for water-saving facilities to develop new products.
Application: Researching evaluation techniques for the use of water efficiency standards
and product marketing advancement to tap the water-saving potential of the product, form
marketing policies to publicize and promote products. The DECIA model’s details are
shown in Figure 1, which can determine the quality evaluation index system of water-
efficient products and guide the collection of corresponding data, through objective index
data analysis to find the existence of quality problems. Moreover, the evaluation system
established will effectively promote the quality of water-efficient products via iterative
upgrade, clear quality improvement goals, and innovative water-saving technologies, thus
solving the problem of unclear transformation cycle and insufficient innovation momentum
in the DMAIC model. In summary, the DECIA model provides theoretical and technical
support for the quality evaluation and improvement of water-efficient products, respec-
tively, and enriches the application scenarios of the DMAIC quality management model.
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Figure 1. Schematic diagram of DECIA model.

3.1. Definition

For water-efficient products, e.g., water nozzle, toilet, and water purifier, the Definition
represents the boundary featuring the quality of water-saving appliances and the indicators
reflecting the quality attributes over the product life cycle [23]. The water efficiency
indicator is a necessary performance criterion in order to reflect the characteristics of water
conservation. The entire process, including the acquisition of raw materials, manufacturing,
circulation, usage, and recovery, should be covered in the selection of indicators, along
with economy, feasibility, and operability.

The defined indicator database of smart water closet is shown in Table 2.
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Table 2. Indicator database of smart water closets.

Type of Indicator Indicators Type of Indicator Indicators

Water efficiency
indicators [24]

Water consumption for full flushing
of double flush toilets

Leader indicators [25,26]

Safety performance

Average water consumption
for cleaning Warm-water characteristic

Average water consumption
for flushing Self-cleaning nozzle

. . . Seat heating

Green indicators [27]

Waste porcelain utilization rate Water seal recovery function

Sewage replacement function

Utilization rate of waste base
(including glazed body)

Waterproof grade of the
whole product

Cleaning function

Utilization rate of waste glaze slurry Ball discharge

Waste sludge recovery rate Particulate emission

Product packaging Mixed media discharge

Individual quality Drainage pipeline transport
characteristics

Comprehensive energy consumption
per unit product Antimicrobial property

Service life of pressure flush valve Antimicrobial durability

Service life of seat and cover Artificial test and paper ball test

. . . . . .

3.2. Evaluation

Indicators are classified into three groups: water efficiency evaluation, green evalua-
tion, and leader to build a quality assessment system for water conservation evaluation, as
shown in Figure 2. Three tiers and three dimensions make up the system. The three-level
evaluation framework combines leading, comprehensive, and independent indicators. The
independent indicators specifically refer to the ratings for water efficiency for appliances
applied throughout the entire evaluation system. Comprehensive evaluation incorporates
green evaluation indicators, as shown in Figure 3, including resource attributes (water
intake per unit product, recycling, and utilization of production wastes), energy attributes,
environmental attributes, quality attributes, etc. Leader evaluations refer to a series of
evaluation indicators for standard enterprise leaders. For the three dimensions, the first
dimension consists of top-down evaluation indicators that enrich assessment criteria and
technical requirements to gradually improve the overall quality and production level. The
second dimension includes bottom-up evaluation indicators that allocate from the basic
to the premier level based on water-saving capability, green, and leader, highlighting the
core function of water efficiency evaluation. A horizontal evaluation model covering the
complete life cycle of appliances makes up the third dimension.
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Take smart water closet for example, as shown in Figure 4. Its water efficiency evalua-
tion dimension includes the average water consumption for cleaning and flushing. The
green evaluation dimension incorporates water intake per unit, recycling rate of waste
water, unit quality, a carbon footprint report, and the expected life of use. Leader evaluation
dimensions cover safety performance, cleaning performance, antibacterial activity, and
other indicators.
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Figure 4. Example of evaluation system of smart water closets.

3.3. Checking

The checking procedures and facilities are improved based on the evaluation system
that satisfies market expectations and achieves the indication value. When testing the smart
water closet, leader evaluation indicators for water efficiency, environmental friendliness,
and other factors were taken into consideration.

Improving detection methods: Targeting existing smart water closets’ problems of
technical weakness, low precision, and big testing errors from the aspects of average
flushing water consumption and heating temperature, we modified the checking method
and redesigned the checking devices (Figure 5). In view of the rapid change of the water
temperature, the detection device with a fast thermocouple as the main element was
developed to realize fast, accurate, and dynamic temperature checking. At the same time,
the new method also satisfies data statistical analysis by tracing the changing pattern of
test parameters, such as water temperature and power. The improved checking method
and device meet the indicator requirements in the evaluation system, provide technical
support, and improve the checking efficiency.
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Figure 5. Schematic diagram of detection for a smart water closet. Note: 1—Pressure gauge;
2—Weight scale; 3—Flow meter; 4—Water pump; 5—Cold water tank; 6—Hot water tank.

Developing smart monitor: A comprehensive smart water closet monitoring platform
is built for the safety attribute in the leader indicators by integrating the smart water supply
control system, the electrical control system, the data acquisition and analysis system, and
a test bench. The smart monitoring platform can also effectively acquire and process data
such as pressure and temperature. The platform is an embedded system based on the
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Internet of Things. It adopts high-power switching technology and realizes stable water
source temperature and pressure testing through a constant temperature and pressure
water supply system controlled by an adaptive tuning controller driven by DAQmx. As
a result, the smart water closet is guaranteed to operate safely under various conditions.
Meanwhile, the pipeline water supply system and the platform of the testing equipment
were scientifically designed based on fluid mechanics and ergonomics to achieve the
functions of human-computer interface interaction parameter setting. Other functions,
such as automatic storage of test data and remote data transmission, also standardize the
test conditions for flushing and cleaning water volume and provide technical support for
performance parameter detection (Figure 6).
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3.4. Improvement

This stage is designed to encourage enterprises to invest in R&D, technology inno-
vation, and market competitiveness under the guidance of the evaluation indicators and
testing results, so as to continuously improve/upgrade water-efficient technology and
create new products [28].

For example, the evaluation system of the smart water closets will specify the value
of the indicators, including water efficiency indicators of the average cleaning water con-
sumption level 1 indicator value of 0.3 L, level 2 for 0.5 L, level 3 for 0.7 L; with seat heating
function of energy consumption indicators level 1 for 0.03 kW·h, level 2 for 0.04 kW·h,
level 3 for 0.06 kW·h, which are mandatory in China, and products that do not meet the
relevant standards will no longer be allowed to be sold. Therefore, in order to meet the
water efficiency index and the requirements of the frontrunner, manufacturers will increase
investment in new technology research and development and develop new products. In
particular, energy-saving water efficiency of more than two levels of products in the market
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is very popular with consumers. The entry of new products will drive positive growth in
product sales, feeding the investment in technology research and development. In order to
meet the requirements of water efficiency and leader indicators, manufacturers have been
optimizing their technologies to strengthen the producing process as well as innovating
new products. In particular, China’s water efficiency level 2 and above products are very
popular with consumers in the market, and the entry of new products will drive positive
growth in product sales and promote investment in technology research and development.

Optimizing the process: Due to the limitations of the process, many manufacturers
of smart water closet products cannot meet the requirements of the leader indicators. In
light of the leader indicator that requires top water efficiency, a certain Chinese smart water
closet design represents a first-of-its-kind inner water retaining structure, breaking through
the traditional water diversion structure. The new design solves the water wasting problem
caused by the baffle plate of the flush toilet with a waterless ring structure, and the water
efficiency reaches the first class level. By fixing the baffle plate and the flow division plate
behind it but at the front end of the main water outlet of the toilet body, the new product
installs a water blocking bump in the interior of the baffle plate, so the flushing water will
only flow down in the middle of the plate and save water. The water retaining design
utilizes the flushing water more efficiently and prevents water from flowing on both sides
of the water baffle.

New product R&D: In order to occupy the highly smart water closet market, a manu-
facturer has developed a height adjusting component for the defects in the original water
seal, so that the new smart water closet can reach the limit of first-class water efficiency.
The height of the water seal point in the sewage discharge pipeline, which will lower when
flushing. The height difference between the water surface in the toilet and the water seal
point increases the pressure difference, pushing the sewage up into the upper pipeline faster
to trigger the siphon effect. As a result, when maintaining the water seal height unchanged,
the water volume used for replacing the storage water is rather low, thus enhancing its
flushing and water-saving capabilities. At the same time, the siphon pipe structure, water
tank structure, water spray hole, and water distribution hole of the smart water closets
were optimized. A double-pump toilet flushing structure was designed and developed to
solve problems such as backwater or reverse suction by installing an air isolation valve
on the spray water outlet pipe. Meanwhile, the structure of pump flushing + air isolation
valve was adopted to reduce the average water consumption to less than 4 L, reaching
the requirement of the water efficiency indicator. The design is shown in Figure 7. Due to
the greatly improved water-saving performance and better product quality, the product
became the main brand of the enterprise after entering the market, with annual sales
volume greater than 100,000 sets, and soon occupied the high-end market and achieved
greater economic benefits.

In addition, the water purifier products, for example, in order to achieve the water
efficiency requirements of the water purifier, a manufacturer developed a new product
to achieve the water purifier rinse water does not need to be discharged, reducing water
consumption and achieving water efficiency level 2 requirements. This product solves
the problem of large discharge of rinse water from water purifiers and the inability to
utilize rinse water by developing a small flow throttle device. The inlet of the low-flow
throttle valve is connected to the inlet pipe of the reverse osmosis processor or the outlet
pipe of the concentrated water to realize the recycling of concentrated water and limit the
concentration of water in the circulating pipeline of the reverse osmosis system through
the regulation technology to reduce the blockage of the inlet pipe, and to extend the service
life of the membrane, improve the water efficiency, and enhance the product quality.
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3.5. Application

Marketing strategies help promote the application of water-efficient products while the
product evaluation model will tap water-saving potential and continuously stimulate the
updating of Definition indicators. Such effort enables continuous water-efficient products’
quality iteration and improvement.

For instance, the water efficiency labeling system, water efficiency pioneering system,
green product system and leader system have been formulated in the field of smart water
closet for wider promotion and application. The pioneering system water efficiency is
based on China’s National Development and Reform Commission, the Ministry of Water
Resources, the Ministry of Housing and Urban-Rural Development, and other departments
issuing Measures for the Administration of Water Efficiency Labels and Implementation
Rules for Water Efficiency Labeling of smart water closets and other policies, which clearly
put forward the average water consumption of cleaning, average water consumption of
flushing, flushing full flush water consumption, and unit cycle energy consumption should
be based on GB 38,448 intelligent toilet energy efficiency water efficiency limit value and
level for the determination of evaluation indicators. The system has become compulsory in
China where products without these labels are not allowed to be sold in the market. The
leader system is based on the Implementation Plan for Leader Action by Water Efficiency
Leaders issued by China’s National Development and Reform Commission, Ministry of Wa-
ter Resources, State Administration of Market Regulation and other departments, and the
Implementation Plan for Energy Efficiency Leader Systems (Trial), which clearly proposed
to meet the requirements of the relevant indicators to be named “frontrunner” products,
such as water efficiency level to meet the average flush water consumption ≤4.0 L, wash
function without residue, mixed media emissions for the first flush number of 28. The
system of selection of the best, to establish the benchmark in the field of intelligent toilets,
the formation of benchmarking effect, to promote new product updates and technical
upgrades in the field of intelligent toilets. The system selects the best among the best,
sets up a benchmark in the smart water closets industry, and promotes the new product
and technology upgrade. The green product system is based on Certification and Accred-
itation Administration of the People’s Republic of China issue of the Announcement of
Certification and Accreditation Administration on Issuing the Qualification Conditions
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of Green Product Certification Organizations and the First Batch of Certification Imple-
mentation Rules, which proposed that water closets’ resource attributes, energy attributes,
environmental attributes, and quality attributes need to meet the relevant indicators to be
recognized as green products. The system promotes the green certification of smart water
closet products and promotes the improvement of product quality.

4. Conclusions

This paper proposes a DMAIC model for water-efficient product quality improvement
based on the DECIA of six sigma management, providing a theoretical guideline for
manufacturers to improve product quality. Based on the DECIA model, water-saving
appliance manufacturers, through the construction of evaluation systems and the formation
of relevant policy support, etc., can promote the upgrading of production processes or
technologies, forming a virtuous cyclical circulation, and ultimately achieve the goal of
improving product quality and increasing market penetration. In addition, the means of
pasting the water efficiency label will influence the consumer’s purchase decision, promote
a positive relationship between marketing and enterprise innovation, and achieve a cycle
of quality improvement.

The DECIA model suggests improving the quality of water-efficient products in the
following aspects. First, strengthen enterprises’ awareness of quality enhancement. Quality
is the soul of a product, so higher quality will increase the sales volume while improving
the user experience, which further translates into economic benefits for enterprises. In
light of this, enterprises should focus on the quality of their product through strategy,
ideology, and business practices. Second, enhance R&D. Technology is the driving force
behind product upgrades and iterations. Only through constant R&D and innovation can
manufacturers be self-motivated to improve the quality of their products. Third, improve
the checking methods and equipment. The checking accuracy and precision should be
improved to push the quality improvement of water-efficient products. Fourth, improve
the product evaluation system. The evaluation system for water efficiency, green, and
leader should be continuously improved, and relevant standards should be revised from
time to time to remain effective in the long term. Fifth, build a top-level design for quality
improvement. Top-level policies and norms should be formulated to give full play to the
efforts of the government and the market, promote the wide application of water-efficient
products, enhance the market penetration of high-quality water-efficient products, and
stimulate the production and R&D enthusiasm of manufacturers.
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