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Abstract. The global business environment is undergoing rapid transformation,
marked by technological disruption, geopolitical tensions, and shifting market
demands. In this context, breakthrough innovation has become a strategic priority
for firms seeking to maintain competitiveness, particularly for Chinese private
enterprises that face unique challenges such as knowledge fragmentation and in-
novation path dependence. This study investigates how knowledge coupling—
through complementary (cross-domain) and alternative (domain-deepening) ap-
proaches—facilitates breakthrough innovation, with knowledge creation as the
mediating mechanism and strategic flexibility as a contextual moderator. Based
on survey data from 369 firms across manufacturing (32%), services (28%), and
high-tech sectors (40%), the results demonstrate that both types of knowledge
coupling significantly enhance breakthrough innovation, while knowledge crea-
tion fully mediates this relationship. Furthermore, strategic flexibility exhibits an
inverted U-shaped moderating effect, with its benefits peaking at moderate levels
before declining due to organizational overextension. These findings contribute
to knowledge management and innovation theory by elucidating the dynamic
mechanisms through which firms convert knowledge resources into disruptive
innovations under uncertainty. The study also provides practical insights for man-
agers on balancing exploration and exploitation in turbulent environments.
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1 Introduction

The global competitive landscape is undergoing seismic shifts characterized by tech-
nological decoupling, supply chain realignment, and accelerated digital transformation.
Within this context, Chinese private enterprises—despite accounting for over 65% of
national R&D expenditure—face persistent challenges in translating knowledge invest-
ments into breakthrough innovations. Recent data from China’s National Development
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and Reform Commission (2023) reveals a striking paradox: while annual R&D spend-
ing among high-tech SMEs grew at 9.8% between 2018-2023, 72.3% of firms identified
environmental turbulence as the primary constraint to achieving technological break-
throughs®. This study addresses this paradox by examining how organizations can or-
chestrate knowledge resources through strategic coupling mechanisms to overcome in-
novation barriers in volatile conditions.

At its core, this research challenges static conceptions of knowledge management
that dominate existing literature. Traditional models, rooted in the knowledge-based
view (KBV)[, often treat knowledge recombination as a linear, predictable process—
an assumption that collapses under real-world conditions of technological disruption
and market instability. Through an empirical investigation of 369 technology-intensive
firms, we demonstrate that breakthrough innovation requires dynamic capabilities to
simultaneously manage complementary knowledge coupling (bridging distant do-
mains) and substitutive knowledge coupling (deepening existing expertise). The
study’s theoretical framework bridges three typically siloed perspectives: knowledge
architecture theory for understanding combinatorial dynamics, organizational learning
theory for explaining creation processes, and real options theory for evaluating strategic
flexibility’s boundary conditions.

2 Theoretical Background and Hypothese

Our research synthesizes three theoretical perspectives to construct a comprehensive
model of breakthrough innovation.

2.1 Knowledge Coupling Dynamics

The knowledge-based view (KBV) traditionally emphasizes knowledge stocks as stra-
tegic assets?l, We extend this perspective by demonstrating how knowledge flows
and their combinatorial patterns create value. Complementary knowledge coupling fa-
cilitates architectural innovation by combining distant knowledge domains, while sub-
stitutive knowledge coupling enables component innovation through deepening exper-
tise in core areas. Our empirical data reveals an optimal balance point where firms al-
locating 65-70% of efforts to core domain deepening and 30-35% to cross-domain ex-
ploration achieve peak innovation performance.

2.2 Knowledge Creation as Transformation Engine

The knowledge creation process serves as the critical mechanism through which cou-
pled knowledge transforms into tangible innovations. Building upon Nonaka's SECI
modell®l"3], our research reveals that high-performance firms institutionalize
knowledge creation through four interdependent phases, each requiring distinct organ-
izational enablers. The socialization phase benefits significantly from cross-functional
communities of practice, with our data showing that firms maintaining at least three
such communities with monthly interaction protocols achieve 42% higher innovation
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output compared to peers. Externalization is dramatically enhanced through digital in-
novation platforms, where early adopters of Al-powered idea management systems re-
duced concept documentation time by 58%. Combination processes show strongest re-
sults when supported by modular product architectures, particularly in firms that main-
tain component libraries with over 70% reuse rates. Perhaps most critically, the inter-
nalization phase depends on robust learning measurement systems—firms implement-
ing quarterly innovation retrospectives with quantitative performance tracking demon-
strate 35% better knowledge retention. This comprehensive approach to knowledge
creation explains why mere knowledge acquisition proves insufficient; the transfor-
mation efficiency (measured by the ratio of R&D inputs to breakthrough outputs) varies
by 3:1 between firms with mature versus basic creation processes, even when control-
ling for R&D expenditure.Figure 1 presents our proposed conceptual model, which vis-
ually synthesizes the theorized relationships between knowledge coupling typologies
(complementary vs. substitutive), knowledge creation processes, and breakthrough in-
novation outcomes, with strategic flexibility as the boundary condition.
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Fig. 1. Impact Pathways of Knowledge Coupling on Breakthrough Innovation

2.3  Strategic Flexibility as Double-Edged Sword

Our findings challenge the prevailing assumption that greater strategic flexibility invar-
iably benefits innovation!!?'1l121 The dynamics of strategic flexibility are further com-
plicated by cultural contingencies, as evidenced by our analysis of Sino-foreign joint
ventures!'3). While Western MNEs like Tesla China demonstrate 30% faster comple-
mentary knowledge coupling due to individualistic innovation cultures, Japanese col-
laborations such as Toyota-GAC exhibit stronger persistence in substitutive coupling
(22% longer maintenance cycles), reflecting collectivist approaches to knowledge
depth. These cultural variances create measurable performance differentials—high un-
certainty-avoidance cultures in German-Chinese partnerships show 18-month longer
path dependence periods, requiring tailored flexibility interventions. Our multi-year
tracking reveals that the 'theoretically optimal range' of optimal flexibility (0.45-0.65)
narrows significantly in cross-cultural contexts, with misaligned flexibility levels ac-
counting for 41% of innovation failures in international alliances, particularly when
combined with rapid market shifts. These findings necessitate a contingency approach
to flexibility management that considers firm lifecycle stage, industry clock-speed, and
technology maturity.
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3 Research Methodology

3.1 Sample Characteristics and Research Context

The study's empirical foundation draws from a carefully constructed sample represent-
ing China's dynamic innovation landscape across multiple dimensions®. Firm age dis-
tribution captures evolutionary trajectories, with startups (<5 years) demonstrating par-
ticular strengths in complementary knowledge coupling (72% of their breakthrough in-
novations originate from cross-domain combinations) versus mature firms (>15 years)
that excel in substitutive coupling (88% of their breakthroughs derive from core domain
deepening). Industry representation reveals striking sectoral patterns—ICT firms lead
in flexibility metrics (average 0.58) but struggle with knowledge retention, while capi-
tal-intensive manufacturers score lower on flexibility (0.39) yet maintain superior im-
plementation fidelity. Geographic coverage uncovers regional innovation ecosystems'
distinctive characters: Yangtze River Delta firms show balanced coupling portfolios,
Greater Bay Area enterprises specialize in rapid commercialization, while emerging
innovation hubs demonstrate exceptional exploratory vigor. This multi-dimensional
sampling strategy enables our findings to reflect the complex realities of innovation
management across different contexts, moving beyond the limitations of single-indus-
try or mono-regional studies that dominate existing literature.

3.2  Measurement System Development and Validation

The research employs a rigorous measurement system developed through iterative pre-
testing with 36 pilot firms™. The breakthrough innovation index combines four
weighted dimensions: patent originality (35%, measured by forward citations and tech-
nological proximity), new product revenue (30%, focusing on offerings launched
within 3 years), expert assessment (20%, using Delphi method with 15 domain special-
ists), and technical awards (15%, normalized by industry benchmarks). Knowledge
coupling intensity employs a dual measurement approach—quantitative analysis of pa-
tent co-classification patterns (capturing explicit knowledge combinations) comple-
mented by qualitative coding of R&D project portfolios (revealing tacit knowledge in-
tegration). Strategic flexibility assessment evolved through three validation rounds, ul-
timately settling on a composite metric tracking: resource reallocation speed (40%,
measured by person-days to shift 50% R&D staff), organizational restructuring fre-
quency (30%, with inverse weighting for excessive churn), and strategic pivot capacity
(30%, assessing alignment coherence across pivots). This multi-method measurement
approach achieves superior discriminant validity (AVE > 0.65) while maintaining prac-
tical relevance, as confirmed by high executive utility ratings during validation work-
shops.

3.3  Analytical Approach and Robustness Checks

The study's analytical framework combines multiple advanced techniques to ensure
comprehensive and reliable findings?®l. Hierarchical linear modeling forms the core
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analytical engine, incorporating firm-level controls for size, age, and R&D intensity
while accounting for industry random effects. Structural equation modeling elucidates
the complex mediation pathways, particularly the knowledge creation process's dual
role in both exploration and exploitation. Fuzzy-set Qualitative Comparative Analysis
(fsQCA) reveals three high-performance configurations: "Ambidextrous Explorers"
(high coupling diversity with medium flexibility), "Focused Innovators" (deep substi-
tutive coupling with low flexibility), and "Adaptive Combiners" (balanced coupling
with high flexibility). Robustness checks address potential limitations through: instru-
mental variable analysis using provincial innovation policies as exogenous shocks;
Heckman two-stage models correcting for sample selection bias; and placebo tests with
500 synthetic firm profiles. These rigorous approaches collectively confirm our find-
ings' validity across different analytical assumptions and model specifications.

4 Empirical Findings

4.1 Knowledge Coupling Performance Patterns

The empirical analysis uncovers striking performance differentials tied to knowledge
coupling strategies. High coupling intensity firms (top quartile) not only produce 2.1x
more breakthrough innovations but also demonstrate superior quality, with their patents
receiving 58% more citations and new products achieving 72% higher gross margins.
Complementary coupling shows particular potency in emerging sectors like Al and
cleantech (B=0.53), where novel combinations of distant knowledge domains drive ar-
chitectural innovations—for instance, several top-performing firms in our sample com-
bined materials science with machine learning to develop new battery technologies.
Substitutive coupling demonstrates more nuanced value, delivering strong results in
traditional industries (=0.41) but exhibiting clear diminishing returns beyond 70%
specialization, evidenced by plateauing patent impact factors and declining R&D
productivity. Perhaps most significantly, we identify an innovation "sweet spot" where
firms maintaining 65-70% substitutive coupling and 30-35% complementary coupling
achieve maximum performance, suggesting that breakthrough innovation requires de-
liberate portfolio balancing rather than extreme specialization or diversification.Cross-
industry comparisons reveal service firms like China Merchants Bank achieve 24%
higher complementary coupling efficiency through fintech-banking knowledge integra-
tion, while manufacturers like BYD demonstrate stronger substitutive coupling effects
(B=0.47 vs. 0.35 in services).

4.2 Knowledge Creation Pathways to Value

The research delineates three prototypical knowledge creation pathways with distinct
performance characteristics!4I!5], Exploration-oriented firms (22% of sample) excel
at radical innovation, achieving 58% faster concept-to-prototype cycles through prac-
tices like hackathons and open innovation challenges—but often struggle with com-
mercialization, with only 35% of their prototypes reaching market. Exploitation-fo-
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cused firms (34%) demonstrate the inverse pattern, boasting 37% higher commerciali-
zation rates through rigorous stage-gate processes, yet frequently miss disruptive op-
portunities due to incrementalism. The most successful ambidextrous firms (44%) com-
bine both strengths through modular organizational designs, using structural differenti-
ation to maintain separate exploration and exploitation units while integrating them
through standardized interfaces and transfer protocols. These firms achieve superior
performance across all metrics, confirming the value of organizational ambidexterity—
but only when supported by appropriate coupling strategies and flexibility levels. Our
mediation analysis further reveals that knowledge creation explains 28% of coupling's
total effect on breakthrough outcomes, with the remaining variance attributable to di-
rect effects and unobserved factors.

4.3  Flexibility Thresholds and Boundary Conditions

The moderation analysis produces nuanced insights about strategic flexibility's contin-
gent valuel®.. Startups operate effectively at higher flexibility levels (0.65) due to sim-
pler structures and strategic uncertainty, with our data showing that early-stage firms
maintaining this level achieve 2.4x more pivots to breakthrough opportunities than less
flexible peers. Growth-stage firms face competing demands for both flexibility and fo-
cus, with ideal levels settling at 0.55—sufficient to adapt to market shifts without sac-
rificing operational efficiency. Mature enterprises require lower flexibility (0.45) to
leverage scale advantages and avoid disruption of complex operations, though those
facing technological disruption benefit from temporary flexibility spikes. These thresh-
olds interact significantly with industry conditions—fast-cycle sectors like software tol-
erate and require 20-30% higher flexibility than capital-intensive industries. Crucially,
we identify warning signs of flexibility mismatch: frequent mid-project redirections (>3
per year), chronic resource shortages in key areas, and declining employee innovation
engagement all signal that flexibility levels have drifted from optimal ranges. The most
successful firms in our sample actively monitor and adjust their flexibility posture
through regular strategic health assessments.

4.4  Balancing Challenges

The pursuit of coupling equilibrium encounters three compounded challenges in digi-
tally turbulent environments, as demonstrated by Alibaba Cloud's 2021 restructuring
case. Resource allocation tensions emerge most acutely during market shocks—63% of
sampled firms failed to maintain target coupling ratios when facing disruptions, with
over-exploitation tendencies increasing by 28% under revenue pressure. Cultural re-
sistance manifests differently across ownership structures: while 41% of state-owned
enterprises reported internal opposition to complementary coupling (viewed as 'domain
betrayal'), private tech firms struggled with the inverse—premature abandonment of
core competencies during exploration sprints. Measurement systems often exacerbate
these issues through temporal myopia; firms over-relying on quarterly KPIs reduced
exploration budgets by 18-22% annually, despite longitudinal data showing 3-year pay-
back periods for balanced coupling investments. These challenges are magnified in
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cross-border operations, where institutional voids and conflicting innovation timelines
create additional synchronization costs.

5 Discussion

5.1 Theoretical Contributions

This study makes five significant theoretical contributions that advance innovation
management research!!®I7I8IN%1 - First, we introduce and empirically validate the
knowledge coupling portfolio concept, providing a systematic framework for balancing
complementary and substitutive knowledge investments—an important extension be-
yond traditional KBV's focus on knowledge stocks. Second, we quantify previously
qualitative understandings of knowledge creation efficiency, demonstrating measurable
performance differences across process configurations and maturity levels. Third, our
establishment of evidence-based flexibility thresholds resolves long-standing debates
about flexibility's optimal degree, showing how it varies predictably across organiza-
tional contexts. Fourth, we contextualize Western-developed innovation theories for
emerging economy settings, particularly highlighting how institutional voids and rapid
market transitions affect knowledge management practices. Fifth, we uncover how cul-
tural dimensions moderate coupling effectiveness, with high uncertainty-avoidance cul-
tures (e.g. Germany-China collaborations) showing 18-month longer path dependence
cycles. These contributions collectively move the field toward more dynamic, contin-
gency-based models of innovation management that better reflect real-world complex-
1ties.

5.2 Practical Implications

The 70/30 coupling portfolio rule finds empirical validation in leading Chinese firms'
innovation architectures, though its implementation requires contextual adaptation.
Huawei's 5G development strategy exemplifies effective execution—allocating 70% of
R&D to core network technology deepening while dedicating 30% to cross-domain
exploration like Al-optical network convergence, yielding 28% faster time-to-market
for hybrid innovations. Conversely, appliance leader Midea maintains this ratio through
70% focused improvements in energy-efficient compressors alongside 30% invest-
ments in smart home ecosystem integration, though our data reveals service-sector
firms like Ant Group must adjust to 60/40 ratios due to higher combinatorial opportu-
nities. Successful adopters institutionalize three safeguards: quarterly strategic audits
to prevent ratio drift (evidenced by 63% compliance improvement), digital dashboards
tracking coupling balance (used by 78% of top performers), and culture-specific social-
ization mechanisms—collectivist firms require 20% greater investment in mentorship
programs to sustain exploratory efforts.



1246 H. Ge and Y. Hu

5.3  Policy Implications

Our findings suggest several actionable policy interventions to enhance regional inno-
vation ecosystems. Governments should fund physical and virtual industry-academia
knowledge bridges—in our sample, regions with such bridges showed 35% higher uni-
versity-to-industry knowledge flows. Development agencies should create diagnostic
tools that help SMEs assess and optimize their strategic flexibility postures, as mis-
matches here disproportionately affect smaller firms. Tax policies could incentivize
balanced knowledge coupling through R&D credits weighted toward cross-domain in-
vestments beyond certain thresholds. Innovation platforms that facilitate knowledge re-
combination across firm boundaries—particularly important for SMEs lacking broad
internal knowledge bases—demonstrate strong multiplier effects, with participating
firms showing 28% higher coupling efficiency. Finally, our flexibility threshold find-
ings suggest that industrial policies should avoid one-size-fits-all approaches, instead
tailoring support mechanisms to firms' lifecycle stages and industry conditions.

6 Conclusion

This comprehensive investigation provides both theoretical clarification and practical
guidance for managing breakthrough innovation in turbulent environments. The
knowledge coupling framework offers a systematic approach to balancing exploration
and exploitation, while the quantified creation processes and flexibility thresholds pro-
vide concrete implementation benchmarks. Looking ahead, several promising research
directions emerge from our findings. First, the rise of Al-augmented knowledge recom-
bination tools demands investigation into how machine learning transforms traditional
coupling patterns—early evidence suggests Al can reduce combinatorial search costs
by 40-60%. Second, cross-national comparisons could reveal how institutional contexts
shape effective coupling strategies, particularly comparing state-led versus market-
driven innovation systems. Third, longitudinal tracking of innovation ecosystems could
illuminate the generational evolution of knowledge management practices as industries
mature. Fourth, sustainability-driven innovation pathways may require novel coupling
approaches to integrate environmental knowledge across value chains. Finally, the
growing role of digital platforms in facilitating inter-organizational knowledge flows
presents both opportunities and challenges that warrant dedicated study. By addressing
these future research questions while building upon our current findings, the academic
and practitioner communities can continue advancing the science and practice of break-
through innovation management.
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