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Abstract: The construction of complex systems is of great significance in enhancing national
competitiveness and promoting social development. However, the academic community
currently lacks a systematic understanding of its sustainable innovation mechanism. This
study selected the China Manned Space Engineering Application System (CMSEAS) as a
representative case of a complex system. Research data were collected by a multi-method
approach including document literature, internal data, field research, and interviews.
Through the lens of grounded theory, the study delves into how the complex system
achieves local innovation and how to maintain the sustainability of innovation. Findings
indicate that, firstly, late-mover advantage and spiritual strength jointly contribute to
the knowledge accumulation of national major task-oriented complex systems, and this
knowledge accumulation significantly improves the innovation ability of complex systems.
Secondly, while emphasizing the enhancement of innovation capabilities, it is imperative
for complex systems to implement holistic risk management, which is an important guar-
antee for successfully achieving the goal. Thirdly, in the context of market failure, the
whole nation system provides strong support for the national major task-oriented complex
system. The overall institution and overall capacity constitute the backbone for ensuring
sustainable innovation.

Keywords: complex system; sustainable innovation; grounded theory; the whole nation
system

1. Introduction
In the context of substantial societal transformations, nations are increasingly attentive

to the growth of the technology sector, vigorously promoting the establishment of complex
systems. In fact, complex systems often serve the major strategic needs of the country,
emphasizing the breakthroughs in core technologies and major scientific and technological
fields. This represents a qualitative improvement in technological strength. In recent
years, numerous significant achievements have been made globally in the development of
complex systems. These achievements have profoundly transformed lifestyles, taking on
an increasingly critical role in economic society and evolving into a powerful tool for global
competition. Furthermore, they have effectively spurred social and economic growth,
thereby attracting the attention of an escalating number of scholars.

Complex systems often involve numerous stakeholders, high investments, significant
risks, and may span several years, having a profound impact on society. Notably, the
inherent complexity of these systems implies that their construction is not an overnight
endeavor. The role of innovation in driving the evolution of complex systems cannot be
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overlooked. In the practice of complex systems, innovation does not typically manifest
as a singular breakthrough but rather as an ongoing process that can span a decade or
more. In other words, the sustainable innovation capability within these systems is of
paramount importance. A series of studies have been conducted by scholars exploring
aspects such as innovative ecosystems [1,2], institutional innovation [3,4], independent
innovation [5,6], and collaborative innovation [7,8]. These studies can often form different
perspectives on sustainable innovation. Additionally, factors such as government support,
digital transformation, and knowledge flow are also important influences on the sustainable
innovation of complex systems. However, although these factors are all significant, there are
relatively few systematic studies that truly explore how to achieve sustainable innovation
in complex systems. Therefore, it is of particular importance to comprehensively analyze
the mechanisms of sustainable innovation in the practice of complex systems.

In addition, according to existing research, the case study is a common method in the
field of complex systems. Relatively successful case studies cover fields such as marine
engineering equipment [9], railway engineering [10,11], bridge construction [12–14], and
aerospace engineering [15]. In fact, different types of complex systems often exhibit certain
differences. For example, cross-border mergers and acquisitions in the global competitive
market mark the starting point of CIMC Offshore’s entry into the offshore equipment
market [9], while large-scale technology imports initiated the development of China’s
high-speed rail system [16]. However, for a complex system like China Manned Space
Engineering (CMSE), it is subject to limited market regulation, faces foreign technological
blockades, and entails substantial costs. This type of complex system, led by the state and
funded by the national treasury, is driven by major national tasks. It plays a crucial role in
safeguarding national strategic interests, conducting science and technology diplomacy,
and enhancing international influence. In fact, although the academic community has also
carried out valuable management research on aerospace-type cases, these studies generally
adopt qualitative research methods, and the doubts about their subjectivity cannot be
ignored. In contrast, grounded theory is hailed as the most scientific qualitative research
method, but there are relatively few aerospace-type case studies using grounded theory.
This study uses grounded theory to analyze the case of a China Manned Space Engineering
application system (CMSEAS) in aerospace engineering to fill this gap.

Furthermore, compared with general space engineering, CMSEAS also has specific
characteristics. Specifically, China’s space engineering practices often involve using mature
but not outdated technologies, and new technologies are cautiously introduced, with the
proportion of new technologies rarely exceeding 30%. This ensures better compliance with
engineering requirements and the completion of tasks under strict engineering constraints.
However, CMSEAS is positioned as an “experimental application”, aiming to carry out
application tasks to fill in the gaps and achieve scientific goals (i.e., engineering goals).
This requires the extensive use of new technologies, techniques, and methods in practice,
which increases the uncertainty associated with the engineering tasks. This high level of
innovation conflicts with the conservative approach to new technologies in space engineer-
ing. Therefore, a strong contradiction arises between scientific objectives and engineering
requirements, which further underscores the unique nature of CMSEAS.

In summary, although previous studies have focused on the research of sustainable
innovation in complex systems from different perspectives such as innovation ecosystems
and government support, these studies have not been effectively integrated, and there
are very few studies that systematically explore the mechanism of sustainable innova-
tion throughout the dynamic evolution of complex systems. In fact, the construction of
complex systems is long-term, and sustainable innovation is crucial to achieving its goal.
Moreover, in recent years, qualitative research on aerospace engineering has emerged,
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but its subjectivity cannot be ignored. The use of grounded theory, the most scientific
qualitative research method, is limited, and can effectively make it less subjective. Fur-
thermore, although complex systems across different fields share commonalities, they also
exhibit certain differences. The strong contradiction between engineering goals and the
requirements of CMSEAS highlights the unique aspects of this aerospace engineering case,
and the realization and maintenance of its sustainable innovation capacity warrant deeper
academic reflection.

In this context, this study focuses on the core theme of sustainable innovation in
complex systems, selecting CMSEAS as a typical case. The study employs both the case
study and grounded theory to analyze the mechanisms of sustainable innovation in com-
plex systems. Specifically, according to the concepts of the part and the whole in systems
theory, this key research question can be decomposed into two main aspects: firstly, how
complex systems achieve local innovation to fulfill local task goals under foreign tech-
nology blockades; secondly, how complex systems maintain their sustainable innovation
capacity throughout their dynamic evolution through local innovation. In analyzing this
key research question, two points should always be considered: The first is the difference
between aerospace-engineering-type complex systems and other types of complex systems,
such as marine-engineering equipment and high-speed rail; The second is the particularity
of CMSEAS compared to general space engineering, particularly the strong contradiction
between its engineering goal and requirement. This study hopes to further promote aca-
demic research in this field by answering relevant research questions, provide theoretical
support and practical guidance for the sustainable innovation of other complex systems,
and enhance the country’s position in global scientific and technological competition.

The framework of this study is as follows. Section 2 reviews the relevant research
findings. Section 3 outlines the research design, specifically including research method,
case background, data source, and data analysis. Section 4 delves deeply into the sus-
tainable innovation mechanism of the complex system, corresponding to the two aspects
deconstructed from the core research question. Section 5 specifically presents the model in-
terpretation, theoretical contributions and practical insights. Finally, Section 6 presents the
main conclusions of the entire study, while also acknowledging existing research limitations
and suggesting potential directions for future studies.

2. Literature Review
2.1. Basic System Theory

Complex systems are often composed of numerous interrelated components, which
exhibit nonlinear relationships. The behavior of the entire complex system is typically a
product of comprehensive coordination, and cannot be simply predicted from any one
component [17]. With the increase in system complexity, a new form of system originating
from systems engineering, systems of systems, has received extensive attention. It is
composed of multiple independent systems, and both the operation and management of
the constituent systems are independent [18]. For systems of systems, these constituent
systems are to some extent independent of the overall system. Different constituent systems
are also intelligent agents with the ability to act and make decisions, and the systems, in
their entirety, influence and interact with each other [19].

In fact, complex systems have a profound theoretical foundation, and numerous
system theory scholars, represented by Ludwig von Bertalanffy, Wymore, Klir, and Kenneth
Boulding, have made remarkable contributions. Specifically, in the 20th century, Bertalanffy
established the theory of “system theory of life”, which was of great significance for the
formation of the “general system theory”. As the founder of the “general system theory”,
Bertalanffy’s system thoughts had a far-reaching impact [20]. Later, Bertalanffy, together
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with experts such as Kenneth Boulding, a famous American economist, founded the
“General Systems Research Society”, which further promoted the development of system
theory. Boulding was more concerned about the application of system thinking in social
sciences. He proposed a method for classifying systems, emphasizing the organic integrity
of systems. He believed that there were interactions among the various components of a
system, and they jointly influenced the overall behavior of the system [21]. Wymore laid
the foundation for the application of system theory in modeling and simulation, and also
contributed to the emergence of the concept of model-driven simulation. In fact, modeling
and simulation technologies have had a profound impact on fields such as aerospace [22].
George J. Klir’s research focused on the three major themes of systems, uncertainty, and
information, as well as the relationships among them, which had a profound impact on the
system discipline [23]. Among these scholars, as the founder of the general system theory,
Bertalanffy was the first to put forward the idea of the part–whole relationship, laying the
foundation for the development of the system field. Meanwhile, modern system theory
has further developed, pointing out that the whole plays a decisive role in the process of
system development, while the parts play a fundamental role. Only through the organic
combination of the two can the system be better understood [24].

In summary, systems theory, encompassing both the part and the whole, along with
the concept of constituent systems as independent intelligent agents, holds significant
implications for this research. Notably, systems theory serves as the important theoretical
bases for this study to deconstruct the core issue of the sustainable innovation of complex
systems into two aspects: the part and the whole.

2.2. Current Status of Case Studies and Innovation Research on Complex Systems

In the field of complex systems, a case study serves as an invaluable research method,
bridging the gap between theory and practice. The cases, such as high-speed rail [25,26]
and Hong Kong-Zhuhai-Macao Bridge [27–29], provide rich research scenarios for complex
systems, offering practical guidance. In comparison, as an important national strategic
project, aerospace engineering has attracted the attention of more and more scholars
in recent years. Some scholars adopt qualitative research methods to conduct research
in the aerospace field, often not involving coding and other methods in specific data
analysis. Zhao Yaosheng et al. [30] used the qualitative research method to summarize
the successful secrets of the Beidou Satellite Navigation System’s leapfrog development,
including R&D strategies, technical solutions, organizational implementation methods,
and opportunities for industrial technology upgrades. Tang Wei et al. [31] abstracted the
new V-R3 system engineering model based on the practice of the Chinese space station,
with “incremental-backtracking-recursive” being an important feature of this model. Sheng
Zhaohan et al. [32] clearly pointed out the importance of human, cultural, and value
orientation in management issues, avoiding the rigid use of a single mathematical method
to study complex management problems. However, it is particularly worth noting the
subjectivity issue of qualitative research. In fact, a rigorous data-coding process can further
reduce the subjectivity of research. Grounded theory is known as the most scientific method
in qualitative research, and applying grounded theory to the management research of an
aerospace engineering case is also a useful supplement to previous research. In fact, China’s
space engineering has also provided successful cases for complex systems, and is one of
the most typical cases that closely integrates academic ideas and practice within complex
systems [33].
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In the realm of complex systems, innovation stands as a critical domain warrant-
ing meticulous exploration. The academic community has conducted extensive research
around innovative ecosystems, institutional innovation, technological innovation, and
collaborative innovation. Firstly, the innovative ecosystem, characterized by numerous
innovative entities, leverages cross-organizational collaborations to foster the progression
of systemic innovation. Zhou, JR et al. [34] discussed the current research state of green
innovation ecosystems, offering insights into the amalgamation of complex systems and
value emergence. Yang, ZJ et al. [35] used China’s high-speed rail as a case of complex
systems, pointing out that technological innovation subsystems, value creation subsystems,
and habitat subsystems were important components of its innovative ecosystem. Secondly,
core technology cannot be bought, so enhancing independent research and development
and innovation capabilities is crucial. Independent innovation can help complex systems to
gain competitive advantages. Zhang, J. et al. [36] took the telecommunications industry as
an example to illustrate the factors affecting the establishment of technological competitive
advantages, emphasizing the importance of self-reliance in science and technology and
independent innovation. Wang, X. et al. [37] posited that it was a practical strategy during
the transformation process of China’s new energy vehicle industry to shift from policy
subsidies to promoting its innovative development and cultivating independent innovation
capabilities. Thirdly, collaborative innovation typically involves numerous participating
entities, cooperating and sharing resources at different levels, ultimately helping complex
systems achieve dynamic evolution. Chen, X. Y. et al. [38] used fuzzy-set qualitative com-
parative analysis to explore the mechanisms of system innovation orientation and radical
innovation orientation on large project collaborative innovation. Guan, Y. Y. et al. [39] took
the new energy vehicle industry as an example, illustrating how economic development
and investment in education and technology affect collaborative innovation networks.
Finally, institutional innovation is often a long-term evolution, significantly influenced
by the policy environment and social needs. Woodhill, J. [3] emphasized the importance
of institutional innovation, pointing out that abilities such as managing complexity, self-
reflection, and political participation profoundly affect institutional innovation. Li, H. C.
et al. [4] compared the levels of institutional innovation in high-tech industries horizontally
and vertically, and approached enhancing their institutional innovation level from three
aspects: government, market, and property rights systems.

It is particularly noteworthy that approaches such as innovation ecosystems [40–42],
independent innovation [43], and collaborative innovation [44,45] are of great significance
for the realization of sustainable innovation. For example, Koch-Orvad, N. et al. [42]
explored the impact of ecosystems on sustainable innovation through case studies and
proposed a spectrum ecosystem management model, with a particular focus on sustainable
innovation. Nigra, M. [45] constructed an analytical model by studying more than 30 con-
struction cases worldwide, regarding cooperative learning in project organizations as an
important way to achieve sustainable innovation. In fact, sustainable innovation was pro-
posed by scholars such as Geroski and Malerba in the 1990s [46]. It has a profound impact
on the realization of complex systems’ goals and is an important force driving the dynamic
evolution of complex systems. Creative ability, network ability, and opportunity-capture
ability are all important components of sustainable innovation [47]. Brix, J. [48] conducted
a field study on an established European company and further explored the importance
of identifying new opportunities and building organizational innovation capabilities for
achieving sustainable innovation capabilities.
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Scholars have also carried out research related to sustainable innovation from per-
spectives such as government support, cross-border cooperation, digital transformation,
and knowledge flow. Paravano, A. et al. [49] used grounded theory to explore the case
of the European Space Agency’s Commercial Applications Program, clearly pointing out
that factors such as policy support, technological progress, and cross-border cooperation
were important forces driving the goal of sustainable innovation. Wang, S. F. et al. [50]
processed questionnaire data using two methods, structural equation modeling and fuzzy-
set qualitative comparative analysis, and pointed out that digital transformation can also
positively enhance sustainable innovation capabilities in the digital era. Bossink, B. [51]
reviewed the development of the Dutch residential construction industry and pointed out
that knowledge flow not only promoted the creation and transformation of sustainable
innovation but also further expanded its scope of application. That is, the sustainable
innovation created and improved in small-scale projects may be adopted by large-scale
engineering projects. Currently, although there are some research perspectives on the
sustainable innovation of complex systems, they are relatively limited. The questions of
why complex systems do not fall into the failure trap due to resources, technology, and
other reasons during the process of sustainable innovation, and how complex systems
break through failure traps, have not been well answered.

In summary, based on the literature review, the following findings can be obtained.
Although the academic community has carried out some qualitative research on aerospace-
type engineering cases, the use of grounded theory, which is regarded as the most scientific
qualitative research method, is relatively limited. In addition, at the present stage, system-
atic research on the sustainable innovation of complex systems is relatively scarce, and the
question of how complex systems break through the innovation failure trap has not been
reasonably explained.

2.3. Research Foundation from the Perspective of Grounded Theory

The construction and refinement of a theoretical model cannot be separated from
drawing on existing research. In fact, multi-dimensional research, such as late-mover
advantage, knowledge accumulation, risk management, the impact of policy on technology,
organizational research, and public policy, has important implications for the abstraction of
relevant categories and concepts in the development of the grounded theory in this paper.

Firstly, the late-mover advantage often enables latecomers to increase their knowledge
reserves at a relatively low cost and speed. Once knowledge accumulation reaches a
certain level, the innovation ability will also be effectively enhanced. The pathways for
latecomers to obtain late-mover advantage include studying abroad and scientific and
technological exchanges, introducing foreign-funded enterprises, collecting information,
importing equipment, and purchasing patents, which effectively enhance the knowledge
reserves and innovation capabilities [52]. Taking high-speed rail as an example, China
is neither the original country nor the country that developed it first, but it has been
recognized as a great achievement by China. In fact, the starting point of its construction
was large-scale technology import, and the late-mover advantage was an important force
driving the construction of China’s high-speed rail [16]. Beuter, N. et al. [53] explored the
impact of knowledge-based dynamic capabilities on the sustainable innovation process
through the case of the green plastics project. Knowledge acquisition, knowledge creation,
and knowledge integration are all important dimensions affecting this process.

Secondly, the impact of policy on technology and organizational research both have a
significant impact on the evolution of complex systems. Zhang Shuman et al. [54], taking
the case of TBEA, emphasized the promoting role of government support in cultivating the
sustainable innovation ability of key core technologies. The integration and allocation of
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innovation resources by the government, and the impact of various government policies
on interest coordination and innovation environment optimization are all important ways
for government support to play its role. Chu, Y.Y. et al. [55] applied grounded theory
to emphasize the important impact of the management system on the development of
complex product systems. The general department and the organizational management
model are all successful management experiences.

Thirdly, risk management runs through the construction process of complex systems.
It is a management activity to control risk events and is of great significance for complex
systems to achieve their established goals. Maria, D. et al. [56] pointed out that risk
management must be carried out within complex systems so as to better adapt to reality.
Both human behavior and uncertainty were important factors affecting risk management
strategies. Sanchez-Cazorla, A. et al. [57] pointed out that risk identification is an important
link in risk management, and its entire process included planning, risk identification,
qualitative and quantitative risk analysis, and risk response planning.

Finally, public policy is systematic decision-making made by the government. Indus-
trial policies and the whole nation system are its important manifestations. In fact, for
the national major task-oriented complex system, the whole nation system is particularly
important. Ma Xuemei et al. [58] pointed out that the new whole nation system, with
institutional advantages and resource allocation that often profoundly affect complex and
significant projects, is a magic weapon for major scientific and technological projects such as
manned spaceflight and lunar exploration. Wu, X. T. et al. [59], drawing from a longitudinal
study of China’s high-speed rail, highlighted the complexity inherent in industrial policies
by distinguishing between central and ministerial policy approaches, and further proposed
the concept of a policy-driven open strategy.

3. Methodology
3.1. Research Method

This study aims to explore the mechanisms of sustainable innovation in complex
systems using two research methods: case study [60] and grounded theory [61]. In fact,
identifying how complex systems can achieve sustainable innovation is of significant
importance for the future development of such systems. Case study is particularly suited
for addressing “What” and “How” types of research questions [62], as it allows for a
thorough consideration of contextual factors such as China’s national conditions and
cultural nuances. This approach helps solve practical problems and effectively bridges
the gap between abstract theory and engineering practice. Furthermore, in addition to
conducting case studies, this research will leverage grounded theory to develop a theoretical
framework for sustainable innovation in complex systems. Grounded theory involves
systematically coding vast amounts of research data from the bottom up, continuously
abstracting relevant concepts and categories, and integrating them into a coherent storyline
that addresses the research questions. The combination of these two research methods
provides a solid foundation for this study.

3.2. Case Selection

This paper selected CMSEAS as a case of complex systems, utilizing grounded theory
for data analysis to further dissect the sustainable innovation mechanism of complex
systems. The case selection of CMSEAS was based on the following three considerations.

(1) Typicality. CMSE is a globally recognized, intricate system with the ultimate aim of
space application. CMSEAS, one of the seven major systems initiated at the inception
of the CMSE, holds specific responsibility for space application. Its sustainable inno-
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vation process from its outset to achieving a series of significant breakthroughs aligns
well with the research issues, demonstrating a high degree of typicality.

(2) Heuristics. In contrast to engineering construction, which is typically market-oriented
or relies on stages such as “introduction, absorption, and re-innovation”, CMSEAS,
amidst foreign technological blockades, has been primarily financed by government
funds. and has developed new payloads for multidisciplinary and multi-domain
applications. A significant majority of these payloads are pioneering within their
domestic sphere, and some have even attained international leadership or set global
precedents. For instance, the space cold atom clock carried by Tiangong-2 is the first
operational cold atom clock in orbit internationally. Therefore, this paper selected
CMSEAS as a case which relies on sustainable innovation capabilities to achieve
complex system goals and continuously realize significant breakthroughs. This also
offers valuable insights for overcoming technological bottlenecks and achieving engi-
neering milestones.

(3) Data availability. The author has undertaken several years of research on the CM-
SEAS, amassing an extensive collection of secondary information. With the assistance
of pertinent institutions, the author has interviewed engineering specialists and re-
viewed internal documents. Guidance from senior experts has further ensured the
completeness of the research data.

3.3. Case Background

CMSE is a multi-century project initiated to address major national strategic needs.
It has evolved from the initial seven major systems to fourteen, with few similar projects
worldwide. CMSE has always adhered to the philosophy of “building ships for establishing
stations, and establishing stations for applications”, emphasizing space application as its
important goal. As its second largest system, CMSEAS represents China’s first large-scale
national strategy for space applications, marking substantial development. Over three
decades, CMSEAS has executed numerous application tasks through platforms such as
spaceships, Tiangong laboratories, and space stations. In addition, it has developed new
payloads like medium-resolution imaging spectrometers and scientific experiment cabinets.
It has also conducted scientific research, including the cultivation of rice from seed to seed,
pioneered novel application technologies such as the in-orbit release of microsatellites, and
achieved significant breakthroughs from nonexistence to existence, from zero to one.

In the early stages of China’s space industry development, the country mainly focused
on the research and development of launch vehicles and other space technologies. At this
time, effective payloads and satellite platforms were viewed as two distinct subsystems
in the traditional satellite engineering model. Within this framework, space applications
belonged to service applications, which were secondary and used proven technologies
to serve the national economic construction and the improvement of people’s living stan-
dards. After the implementation of CMSE, CMSEAS became a new major system with a
wider scope, greater task complexity, and pioneering frontier research, thereby marshal-
ing resources for relevant application domains. Therefore, there is a marked disparity in
technological maturity and innovation between the service applications of conventional
satellite engineering and the application tasks associated with CMSE.

3.4. Data Collection

To conduct this study, we amassed a wide range of data resources via various methods
including document literature, internal data, field research, and interview, as detailed in
Table 1. The specific explanation of these four data sources is as follows.
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Table 1. Data source.

Specific Source Main Content Code

Document Literature
This specifically incorporated authoritative sources, including authoritative media
such as CCTV News, official websites like the official website of CMSE, databases
such as CNKI, and books like Biography of Academician Ren Xinmin.

DL

Internal Data This specifically included ways like researching archive materials, attending internal
meetings, and consulting internal documents. ID

Field Research

This specifically included on-site research in important places such as the payload
operation and control hall, electromagnetic ejection center, etc., and involved
engaging in substantive dialogues with relevant personnel and meticulously
documenting pertinent information.

FR

Interview
This specifically involved conducting interviews with the relevant experts of
CMSEAS and maintaining continuous contact with them. Notably, the in-depth
guidance of the senior expert of CMSEAS was obtained.

IW

The first source is the acquisition of document literature. At the initial stage of the
research, the author extensively read books, papers, and other literature related to CMSE
and CMSEAS, including the CMSE popular science series, the Academy of Aerospace
Sciences biographical series, expert papers, etc. Professional perspectives were obtained
from aspects such as the engineering evolution process, key contributors, and aerospace
theoretical research. In addition, the author promptly accessed authoritative reports from
press conferences of the State Council Information Office, the official website of the CMSE,
the official website of the Chinese Academy of Sciences, and other authoritative media.
After acquiring these materials, valuable data related to the research topic were selected and
imported into the Nvivo 14 software, forming the basic database for subsequent coding.

The second source is the acquisition of internal data. With the support of relevant
organizations, the author conducted in-depth research on the CMSEAS archives, studied in-
ternal documents such as CMSEAS system files, and participated in some internal meetings.
The author strictly adhered to the regulations of the organization, ensuring the compliance
of data use, which was solely for academic purposes.

The third and fourth sources are field research and interview. The author conducted
on-site visits to key work locations, including the electromagnetic ejection center, and
software evaluation center, engaging in in-depth discussions with staff on related topics. In
addition, the author interviewed engineering experts and was fortunate to receive insights
from the original overall commander of CMSEAS. After the field research and interview,
the author continued to maintain contact with these staff members and experts via WeChat
and face-to-face communication.

In using field research and interview to obtain data, the author approached the research
with a clear academic question while engaging in conversations with the relevant staff
and interviewees. The interview mainly sets open-ended questions around sustainable
innovation, and the interviews should be clearly defined when determining the criteria
for interviewees, including both engineering experts and frontline technical personnel. In
fact, based on conducting interviews with senior experts, this study gradually expanded
the interview scope through snowball sampling, and the final number of interviewees
totaled more than 20 people. Specifically, since 2020, the author has begun to track the
development of CMSEAS, and during the research process of this study, interviews were
first conducted with senior experts of CMSEAS. Then, according to the expert’s connections
and engineering experience, further investigation of relevant internal materials was carried
out; at the same time, this senior expert recommended other interviewees who might
fit the theme of sustainable innovation, and other interviewees were determined under



Systems 2025, 13, 232 10 of 26

the snowball-sampling method. Before the interview, the author explained the academic
purpose and confidentiality principles, striving to create a comfortable environment for
interviewees to express their true thoughts. At the same time, the author fully respected
the wishes of the staff and experts, and the interview information was not directly reflected
as original material in the paper.

The conclusions drawn from this study are supported by multiple data sources, in-
cluding document literature and interview. These data sources complement each other,
forming a triangulation relationship that enhances the credibility of the research. During
the process of comparing the consistency of data from different sources, if any issues such
as unclear logic, data contention or insufficient data are discovered, additional work would
be undertaken to enrich the research data via WeChat, face-to-face conversations, acquiring
internal data and other means.

At the same time, the author has been very mindful of the needs of the supporting
organization and interviewees throughout the process of completing this thesis. All data
that substantiates the conclusions in this paper are extracted from publicly accessible
document literature. Direct references to internal data, field research, and interview are not
included in the paper. In fact, CMSE is an internationally recognized global phenomenon,
with ample secondary data available. Research conclusions drawn in this study can be
fully substantiated by secondary data obtained from the document literature.

3.5. Data Analysis

This study is a qualitative research, employing the methods of case study and
grounded theory. In the process of Section 4 “Case analysis and results”, when select-
ing CMSEAS as a case, the analysis strategy of grounded theory [63] is strictly followed to
analyze the research question of “how complex systems could achieve sustainable innova-
tion”. Figure 1 shows the specific process of grounded theory. Correspondingly, the overall
analysis process of using grounded theory in this study is as follows.
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Figure 1. Flow chart of grounded theory.

The first stage was to collect and organize research data based on the research ques-
tion. In this phase, research data was collected and processed from sources such as the
documented literature and internal data. Original text related to the sustainable innovation
of CMSEAS was organized, forming a basic database, and then imported into Nvivo 14
software for further analysis.

The second stage was three-level coding, including open coding, axial coding, and
selective coding. The Nvivo 14 software was used to continuously abstract the data text
in the basic database to obtain rigorous constructs. Specifically, open coding was used to
abstract relevant data texts from the basic database, and compare them with literature, so
as to obtain relevant concepts and abstract basic categories; axial coding mainly aimed
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to identify the potential relationships among the scattered basic categories, and further
abstract and develop main categories; selective coding involved in-depth analysis of the
previously formed concepts and categories, exploring their relatively clear connections,
and developing a core category that can integrate them into a coherent whole. This core
category serves as the foundation for constructing a theoretical model.

It is particularly important to note that triangulation is a key component of the three-
level coding process. Triangulation refers to comparing and cross-validating data from
different sources within the basic database to enhance the credibility of research conclusions.
This study employs triangulation by using data from various sources, such as document
literature and internal data. For inconsistent data, timely confirmation with relevant en-
gineers should be conducted through WeChat or face-to-face communication, etc. This
ensured information completeness, and thereby obtained rigorous constructs, finally guar-
anteeing the reliability and validity of the study. Importantly, while the research data
were sourced diversely and underwent triangulation, only the original materials from the
document literature are presented in Section 4 “Case analysis and results” due to specific
constraints of the data provider.

The third stage was the saturation test. When continued data collection no longer gen-
erates new concepts or categories and fails to contribute additional insights, the saturation
test was passed; otherwise, data collection needed to be continued, and the three-level
coding process was repeated.

In addition, in Section 5 “Discussion”, this paper conducted a comprehensive com-
parison of the CMSEAS with other complex systems, including high-speed rail, marine-
engineering equipment, and large aircraft. This comparative analysis aided in elucidating
the distinctiveness and universality of complex system cases, thereby enhancing the ex-
planatory capacity of the constructed theoretical model.

4. Case Analysis and Results
Countries typically make significant project approvals after thoroughly evaluating

various factors such as strategic needs, national security, and technological development.
These projects often pertain to complex systems and cannot be regulated solely by market
forces. Such systems embody a blend of the country’s hard and soft power. The approval of
CMSE was in line with the country’s long-term interests, and was founded on a combination
of internal development and external influence, reflecting comprehensive national consid-
erations in alignment with the country’s enduring interests. On the one hand, through
early space missions and the implementation of the 863 Program, China gradually built up
the capabilities needed for manned spaceflight. On the other hand, its initiation was also a
strategic choice made by China in response to foreign space technology blockades.

At the beginning of the approval of CMSE, a distinct role was envisioned for space
applications: “experimental applications”. This perspective guides the inevitable selection
of a sustainable innovation strategy, which would be driven by significant national tasks
within CMSEAS. Specifically, the CMSEAS tasks are based on national strategic needs,
aimed at the international frontier of space science, and belong to exploratory research
that fills gaps. This is in stark contrast to satellite engineering, which utilizes mature
technologies for practical benefits. In addition, the CMSEAS comprehensively promotes
the advancement of space science and applications during the exploration and verification
process. Some achievements of CMSEAS have also been transferred to the operational
applications of satellite engineering, yielding immediate benefits in fields such as meteorol-
ogy, communication, broadcasting, and remote sensing. The choice and realization of the
sustainable innovation strategy have further enhanced the national image, strengthened
the overall national strength, and generated long-term social benefits.
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The clear positioning of CMSEAS in the approval of major national tasks determines
the selection of its sustainable innovation strategy. Then, how does CMSEAS achieve its sus-
tainable innovation ability? This part strictly follows the grounded theory analysis process
of three-level coding and saturation testing to scientifically explore this research question.

4.1. Open Coding

In the open-coding stage, this study uses the coding analysis software Nvivo 14 to
process the data materials from different sources, and abstracts basic categories. Table 2
presents an example of the open-coding process. Specifically, this study needs to screen
the original materials from different sources sentence by sentence, sort out the summary of
phenomena related to the theme of the sustainable innovation of CMSEAS, further abstract
the key information, and conduct a conceptualization process based on labeling so as to
obtain initial concepts. Then, it is necessary to further condense these initial concepts,
clarify the relationships among them, and obtain relevant basic categories. These basic
categories specifically include national pride, independent innovation, etc.

Table 2. Open coding example.

Original Material Phenomenon Abstract Basic Category

The orbital module of Shenzhou-5 is still orbiting
in space. There was a young chief designer in our
ground system who often went without rest for
several days and nights. I know he wasn’t afraid
of hardship or staying up late, but he was also
the father of a child just over one year old. How
could he not be worried about his child? Just like
this young father, we have many dedicated
scientific researchers, but it’s hard to find many
of them who are qualified as fathers or mothers.
When we make progress in experiments time and
time again and achieve success, we feel that all
our efforts are worthwhile. We connect ourselves
with the development of our motherland. (DL)

a1: There was a young chief designer
in our ground system who often
went without rest for several days
and nights.
a2: We feel that all our efforts are
worthwhile.
a3: We connect ourselves with the
development of our motherland.

A1: Manned Spaceflight
Spirit (a1, a5, a6)
A2: National Pride (a2,
a3, a4)

“There is no such thing as ‘leaving work exactly
at the end of the shift’ in our place. In our
perception, there is no such thing as overtime;
there is only the task of doing things, and doing
things for the country”. Zhang Lu said. CMSE is
a large-scale engineer that requires the
coordination of multiple parties. “If one node is
delayed, all the subsequent nodes will be
affected. Therefore, we must ensure that no task
is left unfinished”.
In the photos that Zhang Lu showed to the
reporter, some people had moved their beds into
the factory, and some people simply lay down on
the ground and fell asleep. In the factory, the
bright red Party flag and the national flag were
particularly eye-catching. Additionally, there
were four huge red ribbons, on which were
inscribed the following words respectively:
“Especially capable of enduring hardship,
especially capable of fighting, especially capable
of tackling key problems, and especially capable
of making sacrifices”. (DL)

a4: In our perception, there is no such
thing as overtime; there is only the
task of doing things, and doing
things for the country.
a5: Some people moved their beds
into the factory, and some people
simply lay down on the ground and
fell asleep.
a6: There are four huge red ribbons,
on which are written respectively:
“Especially capable of enduring
hardship, especially capable of
fighting, especially capable of
tackling key problems, and especially
capable of making sacrifices”.
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4.2. Axial Coding

In fact, the initial categories obtained through open coding are relatively scattered.
Axial coding mainly aims to identify the associations between different categories, link
them together, and further deepen the understanding of these basic categories to develop
more abstract main categories. After the axial-coding stage, this study has developed nine
main categories, such as late-mover advantage, spiritual strength, knowledge accumulation,
etc., as specifically shown in Table 3.

Table 3. The results of axial coding.

Main Category Basic Category Basic Category Meaning

Knowledge
Accumulation

Internal accumulation

Primarily refers to the process in which an individual or team
enhances their own knowledge reserves through their activities
within a specific knowledge domain, characterized by internality
and long-term nature.

External accumulation
Primarily refers to acquiring relevant knowledge through the
external environment, including external communication and
cooperation, knowledge spillovers, innovation searches, etc.

Late-Mover
Advantage

Study abroad and scientific
and technological exchange

Primarily refers to latecomers achieving accelerated technological
progress and acquiring advanced concepts through studying
abroad, international exchanges, and bilateral cooperation.

Information gathering and
imitation

Primarily refers to latecomers gathering various forms of
information to achieve the purpose of imitation and learning,
thereby enhancing their own competitiveness.

Spiritual
Strength

National pride
Primarily refers to the high recognition of a nation’s achievements,
culture, etc., by individuals or teams, leading to a sense of
emotional affiliation.

Manned spaceflight Spirit
Primarily refers to the spirit of courage, perseverance, and
dedication cultivated through the practice of manned
space programs.

Innovation
Capability

Integrated innovation
Primarily refers to the innovative activities that integrate
technologies or knowledge from different fields to generate new
products or services.

Independent innovation
Mainly emphasizes innovative activities of independent research
and development and independent ownership of intellectual
property rights.

Risk Control

Full process risk
management

Primarily refers to implementing systematic risk management
throughout the entire lifecycle, emphasizing the full cycle of time.

Comprehensive element risk
management

Primarily emphasizes the identification, evaluation, and control of
risks related to all elements such as planning, technology, schedule,
and funding.

The Whole
Nation System

Government leadership
The government, through funding support, policy assistance, etc.,
has a significant impact on the initiation, implementation, and
operation of complex system projects.

Resource allocation
It relies on national strategic planning, concentrating resources
such as funds and talents to support the construction of
complex systems.

Team collaboration
The government, research institutions, and other forces collaborate
closely, with managers and technical personnel from different fields
coordinating to jointly achieve national strategic goals.
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Table 3. Cont.

Main Category Basic Category Basic Category Meaning

Overall
Capability

Overall management
capability

Primarily refers to the management capability of the overall
department, including overall coordination ability, etc.

Overall technical capability Primarily refers to the technical capability of the overall
department, including overall design, integration testing, etc.

Legitimacy

Legitimacy of the complex
system

Primarily refers to the situation, where the construction of a
complex system is recognized in terms of social, legal, and
governmental aspects.

Legitimacy of the general
department

The overall department is the research entity responsible for the
overall design and coordination of the complex system, ensuring
the maximization of its overall interests.

Sustainable
Innovation Sustainable innovation

Primarily refers to sustainable engagement in technological,
product, and other innovations throughout the entire lifecycle of
the complex system.

4.3. Selective Coding

Selective coding mainly involves refining a higher-level, overarching category, namely
the core category, by integrating the categories obtained from the previous coding stages.
This core category weaves different categories into a conceptual model in the form of a
story line. In this study, “sustainable innovation” is determined as the core category. For
better understanding, the story line is divided into two closely connected parts: “how a
single subsystem achieves its innovation goals” and “how CMSEAS maintains innovation’s
sustainability”, which also corresponds to the two aspects of the deconstruction of the core
research question “the mechanism of the sustainable innovation of complex systems” in
Section 1 “Introduction”.

The first part of the story line emphasizes the achievement of the innovation goals
of a single subsystem, which forms an important foundation for sustainable innovation.
In fact, in complex systems such as CMSEAS, resolving the pronounced contradiction
between scientific objectives and engineering requirements to achieve synchronization is
tantamount to realizing the innovative goals of subsystems.

In analyzing the innovation process of a single subsystem, this part follows the fol-
lowing train of thought: how the subsystem team achieves scientific goals through new
technologies, new thinking, new concepts, etc., and, based on the achievement of scientific
goals, how to ensure that these innovative behaviors meet the constraints of engineering
conditions and satisfy engineering requirements. According to this idea, the author gradu-
ally searches for the evidence chain in the basic database, codes the data with the help of
grounded theory, and obtains the corresponding evidence chain. Table 4 presents part of
the evidence chain.

Based on the evidence chain and the corresponding data analysis, Figure 2 presents
a model about achieving the innovation goals of subsystem i. Specifically, the complex
system first increases its knowledge reserve through the interaction of factors such as the
late-mover advantage and spiritual strength. These knowledge accumulations form a solid
foundation for independent innovation and integrated innovation capabilities. At the same
time, the enhancement of innovation capabilities brings greater uncertainty to the complex
system. In this regard, the risk control of the whole process and all its elements plays an
important role in ensuring the reliability of the complex system.
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Table 4. Relation of main category and core category. (The first part of the story line).

Typical Relation The Essence of
Relation Classic Reference Statement

Spiritual Strength,
Late-mover
Advantage →
Knowledge
Accumulation

A strong spiritual
force and a certain
late-comer
advantage compel
knowledge creation,
jointly contributing
to knowledge
accumulation.

There was a key instrument called the “Medium Resolution Imaging
Spectrometer” in the Shenzhou payload, and the Shanghai Institute of
Technical Physics of the Chinese Academy of Sciences had years of
experience and knowledge accumulation in terms of relative
technology. The infrared detector in this instrument was used to detect
ground temperature. In the early 1990s, an international proposal for a
new “area array” combination emerged, and might have a better
detection effect. The basic principles were described in foreign
textbooks, but there was no manufacturing process, and no relevant
papers were published. Although the “area array” solution entailed
both technical and investment risks, in order to master the most
advanced detection technology in the world, . . . thus, they embarked
on an eight-year exploration. To this day, every detail of their
breakthroughs remains vividly in their memories: how the
refrigeration capacity was set, how the vibration was eliminated, and
so on. They overcame one difficulty after another. Finally, in 2001, they
developed the most advanced infrared detection instrument in the
world at that time and successfully installed it in the Shenzhou-3
spacecraft. (DL)

Knowledge
Accumulation →
Innovation
Capability

The augmentation of
knowledge
accumulation has
facilitated the
enhancement of
innovation
capability.

In the 1990s, Wang Yuzhu began to conduct relevant demonstrations
on the space cold atomic clock. After entering the 21st century, Wang
Yuzhu led his team to gradually promote the feasibility studies of
miniaturized cold-atom rubidium clocks and space cold atomic clocks.
The team overcame numerous difficulties and achieved a series of
results. In 2010, they completed the development of the principle
prototype of the space cold atomic clock and the demonstration of
ground-based scientific experiments. In 2011, the experimental plan
for the space cold atomic clock officially entered the design and
development stage of the engineering prototype. In 2016, the world’s
first space cold atomic clock for in-orbit scientific experiments was
launched into space on Tiangong-2. Its accuracy reached an
astonishing level with an error of less than one second in 30 million
years. (DL)

Innovation
Capability →
Realization of
Subsystem i
Innovation Goal

The bolstering of
innovation
capabilities has been
instrumental in
achieving the
scientific goals of the
sub-system.

For the past decade, the team has been exploring and making
breakthroughs in the “unexplored territory” of scientific research.
“Almost every scientific payload for manned spaceflight missions is
brand-new, representing an innovative journey ‘from 0 to 1’”, said
Tang Shanping. “There is no experience to draw on. A seemingly
minor problem often requires hundreds of attempts and experiments
before a finalized design can be achieved”. (DL)

Risk Control →
Realization of
Subsystem i
Innovation Goal

Sound risk control
has ensured the
realization of the
engineering goal of
the sub-system.

At that time, all the experimental cabinets of the core module were
developed in a Tianjin factory. They needed to be brought back to our
hall for the final state setting and testing. We only had 8.75 days to
complete the research and testing of hundreds of processes. Eventually,
we completed the corresponding development. (DL)
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The second part of the story line is “how CMSEAS maintains the sustainability of
innovation”. When considering this part, it should be clear that after the approval of CMSE,
it is divided into three phases according to the “three-step strategy”: Manned Spacecraft
Engineering, Space Laboratory Engineering, and Chinese Space Station Engineering. CM-
SEAS has always been an important part of CMSE. Horizontally, CMSEAS has different
subsystems in each phase of CMSE, and different subsystems are developed in parallel.
Figure 3 shows the organizational chart of CMSEAS in each phase. Vertically, CMSEAS has
different positions for space applications in these three phases, and different subsystems
in CMSEAS are developed successively. Therefore, based on the first part of the story
line, namely “how a single subsystem achieves its innovation goals”, this part considers
the realization of the innovation’s sustainability from both horizontal and vertical aspects.
Based on this idea, this study further codes the research data in the basic database. Table 5
presents part of the evidence chain for CMSEAS to maintain the innovation’s sustainability.

After comprehensively considering the relevant evidence chains and the organizational
chart of CMSEAS in Figure 3, Figure 4 presents the model of maintaining innovation’s
sustainability. Specifically, for the CMSEAS-type complex system with a very high overall
difficulty, it not only has great risks and is difficult to obtain market value in a short time,
but also requires the support of huge human, material and financial resources. The whole
nation system has played a significant role. In addition, on the basis of ensuring the
legitimate status of CMSEAS itself and the general department, its overall capabilities have
been guaranteed, effectively coordinating the subsystems in the same stage and even in
different stages, and gradually forming the sustainable innovation of the entire system
from local innovation.

Systems 2025, 13, x FOR PEER REVIEW 17 of 26 
 

 

 

Figure 3. CMSEAS organization chart. 

After comprehensively considering the relevant evidence chains and the organiza-
tional chart of CMSEAS in Figure 3, Figure 4 presents the model of maintaining innova-
tion’s sustainability. Specifically, for the CMSEAS-type complex system with a very high 
overall difficulty, it not only has great risks and is difficult to obtain market value in a 
short time, but also requires the support of huge human, material and financial resources. 
The whole nation system has played a significant role. In addition, on the basis of ensuring 
the legitimate status of CMSEAS itself and the general department, its overall capabilities 
have been guaranteed, effectively coordinating the subsystems in the same stage and even 
in different stages, and gradually forming the sustainable innovation of the entire system 
from local innovation. 

 

Figure 4. The CMSEAS model for maintaining innovation’s sustainability. 

Running through the first and second major parts of the story line, the sustainable 
innovation model of the complex system is integrated and obtained, as shown in Figure 
5. It should be noted that in the process of integrating the sustainable innovation model 
of the complex system, this study replaced the term “subsystem”, which was specifically 
used in the aerospace field. Considering that the term “component” may not reflect the 
higher level of “subsystem” in CMSEAS, “subsystem” was replaced with “constituent 
system” in Figure 5. 

Figure 3. CMSEAS organization chart.



Systems 2025, 13, 232 17 of 26

Table 5. Relation of main category and core category. (The second part of the story line).

Typical Relation The Essence of Relation Classic Reference Statement

Legitimacy → the
Whole Nation
System

The scientific approval of complex
systems, guided by significant
national goals, is a prerequisite for
effectively leveraging the robust
efficacy of the whole nation system.

“Shortly after the approval of the CMSE in 1992,
CMSEAS was established. It’s quite rare for us to set
up a dedicated system for space applications”, said
Gu Yidong, a senior advisor at the Technology and
Engineering Center for Space Utilization of the
Chinese Academy of Sciences, an advisor to the
CMSE, and an academician of the Chinese Academy
of Sciences. “During the project demonstration and
selection process, we need academicians and experts
who have a very accurate and comprehensive
understanding of their respective fields. They should
be able to accurately anticipate the forefront directions
and hotspots of scientific development in the coming
years or even decades”, said Lv Congmin, the deputy
chief designer of CMSEAS. (DL)

Legitimacy →
Overall Capability

The legitimacy of the general
department significantly bolsters the
overall capability of the complex
system.

The development of the application payloads for
Tiangong-2 was carried out by dozens of units. The
general department of CMSEAS scientifically and
rationally decomposed the application tasks, setting
up 17 subsystems, and each subsystem further
consisted of sub-subsystems. Moreover, a systematic
management and technical documentation standard
system was established. From the selection of
components to the development process, every
procedure was ensured to be under control. (DL)

The Whole Nation
System →
Sustainable
Innovation

The institutional advantages of the
whole nation system serve as a
crucial safeguard for the complex
system’s sustainable innovation.

Space science and applications are one of the
fundamental tasks of CMSE. During the first and
second phases of the CMSE, CMSEAS organized
numerous units across the country to newly develop
more than 600 sets of payloads, and carried out over
60 space science experiments and application tests.
This represents the research activities in the field of
space science and applications in China that cover the
broadest range of disciplines and ensures they are of
the largest scale, and have the richest content. (DL)

Overall Capability
→ Sustainable
Innovation

Both the overall technical capabilities
and the overall management
capabilities are vital guarantees for
the complex system’s sustainable
innovation.

In such contexts, the importance of the general
department is particularly pronounced. This research
entity has been specifically constituted to investigate
the integrated management model of scientific
research and engineering technology, bolster original
scientific innovation, and augment the innovation and
integration of key technologies. It has devised a
comprehensive, cross-system, and cross-field design
model in the course of implementing CMSEAS.
Through this process, it has generated numerous
mature, innovative achievements in the realms of
scientific management, technical management, and
engineering project management, all of which possess
independent intellectual property rights.
Consequently, it has garnered a wealth of successful
experiences in the research and development of space
science and application technology within China.
(DL)
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Running through the first and second major parts of the story line, the sustainable
innovation model of the complex system is integrated and obtained, as shown in Figure 5.
It should be noted that in the process of integrating the sustainable innovation model of the
complex system, this study replaced the term “subsystem”, which was specifically used
in the aerospace field. Considering that the term “component” may not reflect the higher
level of “subsystem” in CMSEAS, “subsystem” was replaced with “constituent system” in
Figure 5.
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4.4. Saturation Test

After constructing a preliminary theoretical model through selective coding, this study
continued to collect new data materials and conduct data coding. If coding the newly
collected data fails to generate new concepts, categories, and relationships, that is, it cannot
contribute new insights to the theory, it indicates that the theory has reached saturation;
otherwise, new data will be collected for three-level coding and the relevant saturation test.
During the saturation test of this model, four data materials were collected, and the results
of CMSEAS all conform to the sustainable innovation model in Figure 5, that is, the model
has passed the saturation test. Furthermore, in order to ensure the alignment between the
sustainable innovation model and the practical engineering applications of the system, the
author conducted in-depth discussions with the senior expert on the scientific validity of
this model, ultimately receiving positive feedback.

5. Discussions
5.1. Sustainable Innovation Model Explanation

A complex system is composed of numerous interacting components. These com-
ponents often have a certain degree of independence, and form an important part of the



Systems 2025, 13, 232 19 of 26

construction of a complex system. Meanwhile, complex systems involve numerous non-
linear interaction relationships, making it extremely difficult to directly study the complex
system as a whole. Therefore, this study explores the sustainable innovation of the entire
complex system based on the local innovation of the component. First, the complex system
is decomposed, and local research is carried out. Then, gradually advancing the research
to the entire complex system is a feasible approach. In the process of using the grounded
theory to analyze the sustainable innovation of the CMSEAS case, this study clarifies that
the achievement of the subsystem goal constitutes the components of the sustainable inno-
vation of the entire CMSEAS. So, in the process of constructing the sustainable innovation
model of the complex system, the study first investigated how the subsystem balances the
strong contradiction between engineering goal and engineering requirement, accomplishes
new scientific discovery and new technology verification, and then achieves the innovation
goal of the subsystem. Subsequently, based on the achievement of the subsystem innova-
tion goal, it further explores how to maintain the sustainability innovation. Finally, the
sustainable innovation model of CMSEAS was constructed, as shown in Figure 5.

In fact, according to the case of CMSEAS, it was found that, different from the inno-
vation path of “introduction, absorption, and re-innovation”, a CMSEAS-type complex
system, which has long been under foreign technological blockade, cannot directly intro-
duce advanced technologies and has very little technology to draw on. However, CMSEAS
can, to a certain extent, learn from the experiences and lessons of predecessors to enrich its
own knowledge reserve. At the same time, different from complex systems such as offshore
engineering equipment that are influenced by the market mechanism, CMSEAS belongs to
the type of complex system of major national special tasks. It is difficult to obtain market
returns in the short term, but it is in line with national strategic interests. Spiritual strength,
including national pride, can fully mobilize the initiative of various stakeholders and
promote the entire process of knowledge accumulation. That is to say, under the interaction
of elements such as the late-mover advantage and spiritual strength, CMSEAS realizes
knowledge creation and a large amount of knowledge accumulation. These knowledge
accumulations play an important role in the cultivation of innovation capabilities, enabling
the application of a large number of new technologies and new concepts. Correspondingly,
scientific goals are achieved. But on the other hand, this may increase the risks to the project.
Therefore, the risk control of the whole process and all elements ensures the success of the
subsystem engineering tasks and, in turn, guarantees the successful achievement of the
subsystem innovation goals.

In addition, for aerospace-type complex systems that are crucial to national strategic
security, their strategic significance and long-term return characteristics are contrary to
the short-term profit-seeking nature under the market mechanism. Therefore, for such
complex systems that consume a substantial amount of manpower, material resources,
and financial resources, they can only be promoted by relying on the country’s strong
mobilization capabilities and resource allocation capabilities. Consequently, leveraging
governmental forces to allocate various resources, the whole national system becomes the
cornerstone for its construction. Complex systems are composed of numerous, interacting
components. The general department holds great authority within the complex system,
oversees the operation of the entire complex system, and effectively coordinates and
resolves conflicts between components to achieve the maximization of overall interests.
Its legitimate status is the cornerstone for maintaining the stability of the entire complex
system. In fact, the general department occupies a core position in the entire complex
system. Correspondingly, whether it is the overall technical capability or the overall
management capability, the overall capability plays an important role in promoting the
realization of sustainable innovation.
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5.2. Theoretical Contributions

This section aims to deeply combine the sustainable innovation mechanism of
CMSEAS-type complex systems with relevant theoretical frameworks, subsequently elabo-
rating on the theoretical contributions of this study. These aspects will be further detailed.

(1) Current case research is mostly focused on fields such as marine-engineering equip-
ment [9], telecommunications [64], and high-speed rail [65]. While there are case
studies in aerospace engineering, and qualitative methods are commonly used, the
application of grounded theory, which is regarded as the most scientific qualitative
research method, is extremely limited. Therefore, this study uses grounded theory to
explore the mechanism of sustainable innovation in aerospace complex systems. In
fact, while different types of complex systems have certain commonalities, they also
exhibit their unique characteristics. In complex systems represented by aerospace engi-
neering, the whole national system often plays an important role. However, the whole
national system is not a necessary condition for the development of complex systems;
market mechanisms may also play a significant role, which requires further judgment
based on the type of complex system. Taking marine-engineering equipment [9] as
an example, the reference value of theories such as national cooperation and institu-
tional market has limited impact on the development of the China National Offshore
Oil Corporation (CNOOC). CNOOC, with enterprises as the main body, achieves
capacity improvement through international market competition, open collaboration,
and other methods. In fact, different from this market-oriented type of complex
system, complex systems represented by aerospace engineering are often funded by
government allocations, primarily reflecting the national strategic needs. The whole
national system often plays a role in areas where market capabilities are insufficient,
concentrating its efforts to achieve major national tasks. It can harness the country’s
advantages to meet major strategic needs and achieve effective resource allocation.

(2) Aerospace major national tasks can drive high-intensity technological innovation
in the construction of complex systems. The reason is that the interaction between
late-mover advantage and spiritual culture accelerates the process of knowledge
accumulation. A rich reserve of knowledge forms a solid foundation for innova-
tive capabilities. In fact, different from China’s high-speed rail, which started its
development with large-scale technology introduction [16], aerospace engineering
often faces a technological blockade, so this late-mover advantage is more reflected
in scientific and technological exchanges, knowledge spillover, and other aspects,
and direct technology introduction is unrealistic. On the basis of this late-mover
advantage, spiritual strength, such as national pride, is important to promote inno-
vative capabilities. It may even compensate for technological deficiencies to some
extent and propel technological innovation. Of course, this is not merely a spiritual
victory but one that is founded on substantial knowledge accumulation and a certain
measure of late-mover advantage. In addition, existing research also emphasizes the
important roles of spiritual culture [66,67] and technology [68–70] in the complex
systems, but this study further clarifies this interactive relationship between spiritual
culture and technology. Within the context of the whole national system, the powerful
driving force of spiritual culture to technological innovation is an important force
for facilitating sustainable innovation in CMSEAS across both horizontal and vertical
processes. In fact, this interactive relationship is crucial to the sustainable innovation
of aerospace complex systems.

(3) Given that the overall behavior of complex systems is often the result of multiple
component interactions, this study first clarifies the importance of an independent
general department, and emphasizes the irreplaceability of overall design and over-
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all management capabilities from both technical and managerial dimensions. In
comparison, prior research has predominantly highlighted the importance of overall
design in complex systems, primarily to ensure efficient and coordinated operations
from a technical standpoint, while frequently overlooking the critical role of overall
management capability. For instance, Zeng, DL et al. [71] identified, from a technical
capability viewpoint, that the overall design and system integration capabilities are
pivotal to the development success of the C919 mainline passenger aircraft. Ouyang,
Taohua, et al. [72] explored how the Chang Ying unmanned aerial vehicle achieved
original innovation under technological blockade, emphasizing the important role of
the overall unit, but in fact focusing more on technical indicators, overall schemes, and
other technical issues. In fact, strengthening team collaboration through forms such as
scheduling meetings is also a manifestation of overall management capabilities. Such
capabilities are instrumental in ensuring coordinated and efficient functioning of the
entire system, thereby safeguarding its overall benefits. Therefore, the significance of
independent general institutions and holistic management capabilities offers valuable
additions to existing research.

(4) Existing research on complex systems rarely focuses on the strong contradiction be-
tween engineering goals and engineering requirements, emphasizing more on how to
successfully achieve goals through policies [59], technology [73], management [74],
and other means. Differing from He Yubing et al. [75], who focused more on the
impact of technological innovation on business performance, in the context of strong
contradiction between the engineering objectives (scientific objectives) and engineer-
ing requirements of CMSEAS, it is crucial to achieve a balance between innovation
capability and risk control. This study emphasizes the important role of strict risk
control measures in achieving engineering tasks, which is a valuable addition to
previous research. Specifically, the extensive application of new technologies and
concepts can help achieve engineering goals, but it also increases the risk to the project.
Comprehensive risk management throughout the entire process and all elements has
become an essential link to ensure the success of engineering tasks. Such risk manage-
ment is intricate and protracted, encompassing the planning, design, and disposal
phases of complex system lifecycles. It entails the oversight of various components,
including technology, equipment, and project progression. Adopting these strategies
significantly diminishes the unpredictability inherent in complex systems.

(5) The application scope of the sustainable innovation model for complex systems is
not limited to the industry field to which the case belongs. Identifying the common-
alities and particularities of the case study and further expanding the applicable
boundaries of the model are particularly crucial for case research. In fact, the sustain-
able innovation model in this study is not limited to the aerospace sector. It is also
highly pertinent to national major task-oriented complex systems characterized by
significant costs, technological challenges, and difficulties in market regulation. A
prime example of such a system is the Beijing Electron-Positron Collider (BEPC) [76].
For the national major task-oriented complex system, firstly, making full use of the
late-mover advantage and stimulating spiritual strength such as the national pride
of the developers are of great significance for the cultivation of knowledge accumu-
lation and innovation capability. The national major task-oriented complex system
needs to pay close attention to this kind of cultural soft power. Secondly, the balance
between innovation capability and risk control is crucial for the smooth completion of
complex system tasks. Finally, in the national major tasks, the whole national system
effectively promotes the completion of complex tasks through resource allocation,
policy inclination, etc. For such complex tasks, overall management capabilities and
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technical capabilities also occupy an important position. In addition, some viewpoints
of this sustainable innovation model can be further extended. Perspectives such as
the balance between innovation capability and risk control, overall capability, and
legitimacy also have certain applicability in other complex system fields, and should
be used with caution.

5.3. Practical Inspiration

The sustainable innovation model, developed in this study, provides not only the-
oretical value but also practical insights for use in the high-tech complex systems, as
detailed below.

Firstly, not all implementations of major complex systems relate to the whole nation
system. However, for the case where it is difficult for the market to be effective in a short
time, the whole nation system offers unique advantages. As to major tasks, such as deep
space exploration, this system effectively allocates human, financial, and material resources,
so as to foster technological breakthroughs and sustain innovative behavior. Furthermore,
in national projects with significant strategic significance, the emphasis on spiritual incen-
tives for participants, such as national honor and historical responsibility, can inspire the
development team to surmount technical challenges and achieve sustainable innovation. In
fact, the reverse pressure in the task-driven scenario is also a noteworthy point in the prac-
tice of complex systems. Managers can achieve this spiritual motivation through measures
such as setting up honor-incentive programs and strengthening cultural construction.

Secondly, it is crucial to establish the general department and enhance the overall
capability in the practice of complex systems. Managers should ensure the legitimacy
and authority of a general department in the complex system. Leveraging the general
department to enhance overall technical and management capabilities is of great benefit to
the construction of complex systems. The general department should consider setting up
an interdisciplinary expert committee to further improve the overall design capabilities
of the complex system. Meanwhile, advanced artificial intelligence technologies can be
introduced to optimize the system architecture design, ensuring the maximization of
overall benefits. In addition, it is essential to further strengthen overall management
capability and build effective communication platforms. Regular multi-level and cross-
departmental coordination meetings can be held to ensure information flow and knowledge
integration, enhance inter-disciplinary team collaboration, and cultivate a unified approach
to surmount challenges.

Finally, in the development of complex systems, it is imperative to strike a balance be-
tween innovation and risk to ensure the realization of the system’s goals. In fact, innovation
does not always play a positive role, and an overly aggressive innovation strategy might
reduce the stability of the system, but being overly conservative might make it difficult
to achieve system goals. Therefore, managers need to establish a sound risk-assessment
mechanism, especially paying attention to the risk of new technologies, new processes
and new materials, and integrating risk control mechanisms into the entire lifecycle of
the complex system. At the same time, based on considerations of a comprehensive risk
management strategy such as funds and technology, managers can try to establish a risk
fund to balance the uncertainty brought by innovation, which is of great significance for
the sustainable innovation of complex systems.

6. Conclusions
Complex systems are not only the practical focus of the strategic goal of self-reliance

in science and technology, but also the foothold for deepening its practical implementation.
This study selected CMSEAS as a case of complex systems to explore the breakthrough
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mechanism of sustainable innovation in complex systems, and draws the following conclu-
sions. Firstly, in the face of technological blockades, the synergy between spiritual strength
and late-mover advantages facilitates continuous knowledge accumulation. This is impera-
tive for fostering innovative capabilities. In fact, spiritual strength, such as national pride,
plays a pivotal role in addressing the challenges associated with lagging complex system
technologies in major national tasks. Secondly, it is observed that heightened levels of inno-
vation amplify the uncertainty inherent in complex systems, necessitating comprehensive
risk management across all processes and elements for successful goal attainment. Thirdly,
given the intricate dynamics within complex systems, where market mechanisms may be
insufficient, the whole nation system often proves adept at mobilizing superior resources,
ensuring human, financial, and material security. It plays a pivotal role in the development
of major national task-oriented complex systems. Furthermore, the general department’s
legitimacy and overall capacity are identified as crucial factors for achieving sustainable
innovation in such systems.

Of course, this study also has certain limitations. This case of CMSEAS is more
compatible with the national major task-oriented complex system. The driving forces
and mechanisms for sustainable innovation in complex systems under different scenarios
may vary, so this to some extent limits the further promotion of the research results. In
addition, this study employs grounded theory to establish its theoretical framework. While
this research method is apt for exploratory research, its inherent subjectivity should not
be overlooked.

In the future, the following two research directions should also be attempted. Firstly,
considering the limitations of single-case studies, future research could attempt multi-case
comparisons of complex systems, deeply exploring their commonalities and individualities,
further expanding the depth of innovation theory in complex systems. Moreover, given
the inherent limitations of grounded theory, subsequent studies could try to quantify
the relationships among different elements based on this study, using methods such as
system dynamics. This approach could potentially unveil the quantitative laws governing
innovation research in complex systems, thus overcoming the inherent limitations of
qualitative research.
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