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How do policy tool combinations
drive the construction of public
health technology R&D alliances?

Yangchun Cao, Jing Zhang* and Ling Ning

School of Management, Guangdong Ocean University, Zhanjiang, China

To effectively respond to public health emergencies, establishing an efficient
technology R&D alliance is critically important. This study develops a tripartite
evolutionary game model involving the government, pharmaceutical enterprises,
and academic and research institutions to examine how a combination of
supply-side, demand-side, and environmental-side policy tools drives the
formation of such alliances. The findings reveal that demand-side government
procurement exerts the strongest incentive effect on enterprise and institutional
participation, outperforming supply-side and environmental-side measures.
Furthermore, policy intensity exhibits a scientifically discernible threshold:
excessive intervention may not only increase fiscal pressure on the government
but also paradoxically reduce willingness to participate due to diminishing
marginal returns. Consequently, optimizing the mix of policy tools and
implementing differentiated, targeted incentives are essential for fostering
high-efficiency public health technology R&D alliances. This study offers a
dynamic analytical framework and evidence-based guidance for policymakers
in designing effective collaborative innovation strategies.
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1 Introduction

Innovating the management of public health technology R&D is a key measure to
strengthen the national emergency response system and, more fundamentally, a critical
foundation for building a robust national health system (1). During the fight against
the COVID-19 pandemic, China leveraged an integrated public health technology R&D
alliance and fully capitalized on institutional advantages to achieve globally recognized
outcomes. In the face of complex and rapidly evolving health threats, establishing
sustained, strategically coordinated R&D alliances has become imperative; enhancing their
operational efficiency, collaborative capacity, and governance of scientific resources now
constitutes a core priority (2). In major public health emergencies, it is crucial to explore the
rapid response mechanism of R&D alliances to achieve a ‘race against time’. This requires
the swift identification and accurate understanding of unknown causes behind public
health emergencies, as well as the initiation of R&D projects within a short period. It also
involves accelerating the R&D process while adhering to scientific principles and ensuring
safety, followed by proposing reasonable and effective countermeasures (3). For instance,
conventional vaccine development typically takes 8 to 10 years from concept to clinical
use (4). However, in response to the COVID-19 pandemic in 2020, R&D organizations
in multiple countries compressed this cycle to just 12 months. Unfortunately, many other
public health emergencies that have occurred in recent years—such as major outbreaks
caused by the Zika virus and Ebola virus—did not see efficient R&D alliances promoting
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timely vaccine or drug development. Therefore, establishing high-
quality public health R&D alliances promptly remains a persistent
global challenge (5, 6).

The public health technology R&D alliance shares
characteristics of general R&D alliances, such as a focus on
innovation in biotechnology, life sciences, and other related fields,
but also exhibits traits like long R&D cycles, high uncertainty, and
a strong demand for new knowledge (7). In problem-oriented,
application-driven contexts, these alliances are often expected
to generate actionable results within days or months, with
contingency plans sometimes needed within hours (8). This
necessitates a departure from conventional research pathways
while maintaining scientific rigor under extreme time constraints
and high costs of trial and error (9). Therefore, optimizing
multi-party collaboration is essential, that is, tactically harnessing
the innovative strengths and initiatives of individual participants
(10), while strategically leveraging national institutional capacities
and policy tools to integrate research capabilities effectively
(11). Maximizing the catalytic role of policy tools is crucial
for responding to public health crises and fostering resilient
technological R&D alliances.

Building on this foundation, this study seeks to address a
central research question: how can the government integrate and
leverage multidimensional policy tools to effectively incentivize
pharmaceutical enterprises and academic and research institutions
to actively participate, thereby promoting the formation of robust
public health technology R&D alliances? By developing a tripartite
evolutionary game model involving the government, enterprises,
and academic and research institutions, this paper systematically
examines the dynamic effects of supply-side, demand-side, and
environmental-side policy tools on the strategic decisions of each
stakeholder and the evolution of system equilibrium. The primary
contributions of this study are threefold. First, it systematically
applies the classic three-category framework of policy tools—
supply, demand, and environment—to the context of collaborative
innovation during public health emergencies, thereby refining
the theoretical analytical framework in this domain. Second,
through the evolutionary game model, it reveals the behavioral
adjustment mechanisms of alliance participants under the influence
of multiple policy dimensions, offering insights into the dynamics
of cooperation and coordination. Third, numerical simulations
demonstrate that demand-side policies, particularly government
procurement, exert a significantly stronger incentive effect, and
further indicate that each type of policy tool exhibits an optimal
intervention range. These findings provide actionable guidance for
policymakers in designing precise and effective incentive packages.

2 Literature review

Policy tools serve as concrete mechanisms for achieving
policy objectives, and their selection and combination directly
influence governance effectiveness. The classic tripartite framework
introduced by Rothwell and Zegveld (12)—comprising supply-side,
demand-side, and environmental-side tools—offers a structured
and analytically valuable approach to policy analysis. Rather than
simply cataloging policy tools, this framework highlights how

different tools exert systemic effects by intervening at distinct stages
of the innovation process. Subsequent research has emphasized that
individual tools often have limited impact; instead, the strategic
combination of tools and their synergistic interactions are critical
to policy success (13, 14). These interactions may manifest as
complementarity or synergy, but they can also lead to conflict
or crowding-out effects, underscoring the importance of assessing
the combined impacts of policy mixes (15). While this framework
has been extensively applied in industrial and environmental
policy domains (16), its systematic application in the context of
collaborative innovation during public health emergencies remains
underdeveloped. Although existing studies on public health crisis
responses recognize the significance of policy support (17), they
often fail to systematically analyze interventions through the lens
of the tripartite framework. As a result, the relative effectiveness
and interaction dynamics of various policy tools in facilitating rapid
R&D alliances remain poorly understood. This theoretical gap
contributes to policy design that is frequently based on experiential
judgment rather than rigorous, evidence-based scholarship.

As a distinctive form of cooperative organization designed
to address extreme uncertainty and time pressure, public
health technology R&D alliances encounter unique governance
challenges. Existing research has acknowledged their necessity
(18), and scholarly consensus holds that the success of such
alliances hinges on the effective integration of resources and
capabilities across heterogeneous actors—including governments,
enterprises, and academic and research institutions (19). Although
contemporary studies have moved beyond static analyses of
alliance structures, such as organizational models, participant
configurations, institutional arrangements, or ex-post performance
assessments, and have increasingly focused on how these
alliances dynamically evolve from loosely connected networks to
tightly coordinated systems under exogenous policy shocks (20),
systematic and in-depth inquiry remains limited. Specifically, while
we understand the characteristics of high-performing alliances and
recognize the importance of policy support, there is still a dearth
of robust theoretical frameworks that elucidate the mechanisms
through which policy tools influence the strategic decisions
of key stakeholders and ultimately catalyze alliance formation.
This absence of a process-oriented analytical lens constrains our
capacity to predict and optimize the timing and modes of policy
intervention. Therefore, this gap constitutes a critical entry point
for the present study. The evolutionary game model developed in
this paper seeks to bridge this void by mapping the full causal chain:
policy tool combination; micro-level strategic interactions among
actors; macro-level alliance evolution.

Evolutionary game theory relaxes the stringent assumption
of “perfect rationality” found in classical game theory, offering a
robust analytical framework for examining the long-term dynamic
processes through which boundedly rational agents adapt their
strategies via mechanisms such as imitation, trial and error, and
learning (21). This approach has been widely applied across various
domains of public governance, including studies on vaccination
strategies, public health responses to natural disasters, and the
sustainable use of public resources (22–24). These applications
demonstrate that evolutionary game models effectively capture the
evolutionary trajectories and stable equilibria of collective behavior

Frontiers in Public Health 02 frontiersin.org

https://doi.org/10.3389/fpubh.2026.1759788
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Cao et al. 10.3389/fpubh.2026.1759788

under policy interventions. Nevertheless, opportunities remain to
advance this body of research by applying evolutionary games
to a specific yet underexplored context: public health technology
R&D alliances. On the one hand, although tri-party or even
multi-party game models exist in the literature (23, 25), few
studies focus explicitly on the core “government–pharmaceutical
enterprise–academic and research institution” triadic structure
or provide a thorough analysis of its inherent goal conflicts
and synergy dynamics during public health emergencies. On
the other hand, many existing models treat policy intervention
at a relatively macro level, failing to systematically disaggregate
policy tools along key dimensions—such as supply, demand, and
environment—into quantifiable and comparable parameters within
the modeling framework. Therefore, there is a need for an extended
evolutionary game model that not only centers on the strategic
interactions among government, enterprises, and academic and
research institutions but also explicitly incorporates the combined
effects of multidimensional policy tools, thereby enhancing our
understanding of how differentiated policy levers influence alliance
formation processes.

3 Construction of a game model for
the public health technology R&D
alliance

3.1 The operational mechanism of a game
subject driven by policy tools

The public health technology R&D alliance is an innovative
platform focused on public health events, driven by the imperative
to safeguard people’s lives and wellbeing. It is led by the
government, with participation from pharmaceutical enterprises,
and coordination from academic and research institutes (26).
The government guides the establishment and operation of the
public health technology R&D alliance through policy tools. By
organizing interdisciplinary teams for scientific and technological
cooperation and coordinating science and technology with clinical
prevention and control efforts, as well as closely aligning the science
and technology governance system with government, industry,
academia, research, and application sectors, this aims to promote
project research and development, technology transformation,
and application of achievements. Therefore, the public health
technology R&D alliance embodies typical characteristics of being
government-driven. The interaction mechanism among public
health subjects can be deconstructed from three dimensions:
subject structure, policy mechanism, and factor input and effect (as
shown in Figure 1).

In terms of the subject structure, the main body of the public
health technology R&D alliance includes the government,
pharmaceutical enterprises, and academic and research
institutions. This reflects an innovative relationship where
the government leads, pharmaceutical enterprises participate, and
academic and research institutions cooperate. In response to major
public health emergencies, the state quickly mobilizes superior
scientific and technological resources from various sectors such as
pharmaceutical enterprises and academic and research institutions.

This forms a public health technology R&D alliance that swiftly
invests in emergency research projects. The organization of the
technology R&D alliance reflects typical characteristics of the
government’s use of a policy mix to drive collaboration among
multiple public health stakeholders (27).

In terms of policy mechanisms, the government builds and
guides the operation and evolution of public health technology
R&D alliances through a multi-level and systematic combination
of policy tools. According to the policy classification model of
Rothwell and Zegved (12), policy tools in the field of public
health can be divided into three categories: supply side, demand
side, and environmental side. They work in synergy to form
the core mechanism that drives alliance construction, resource
integration, and efficiency output. Supply-side policy tools focus on
financial support, technological support, and talent development.
The government directly addresses key element gaps in the
R&D cycle of the alliance by setting up special research funds,
building public experimental platforms, sharing data resources,
and organizing cross-disciplinary research teams, thereby reducing
innovation risks and accelerating technological breakthroughs.
Demand-side policy tools, centered on government procurement,
provide clear market access and technology transfer pathways for
alliance members through centralized procurement of medical
supplies, testing equipment, and scientific and technological
research services, directly encouraging enterprises and academic
research institutions to engage in emergency R&D and production.
Meanwhile, as a key user, the government guides the R&D direction
to closely align with actual demands by establishing technical
standards and performance requirements. Environmental-side
policy tools focus on institutional incentives and ecological
development. By implementing preferential policies such as
additional deductions for R&D expenses, tax reductions and
exemptions, and expedited approval processes for pharmaceutical
enterprises and academic institutions, a policy environment
conducive to long-term collaboration and continuous innovation
is created (28). These three types of policy tools, driven by the
government, jointly shape the evolution of the alliance from
emergency response to long-term development, promoting the
continuous optimization of the science and technology governance
system featuring the deep integration of “government, industry,
academia, research, and application”.

In terms of factor input, government policy support is the
key resource input for the public health technology R&D alliance.
The government has played a leading role in the rapid response
mechanism for emergency science and technology research,
including capital investment in infrastructure construction,
coordinated deployment of project personnel, and platform
development for information resource collection. Academic and
research institutions provide intellectual support such as talent,
technology, patents, and essential experimental instruments and
equipment for drug vaccine research and development. They
also offer technical solutions for sudden public health events.
Pharmaceutical enterprises leverage the supply capacity of the
industrial chain to quickly bring drug vaccine products to market
based on technological R&D results from academic and research
institutions. Hospitals and related clinical rescue institutions use
these drug vaccines to promptly treat patients during public health
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FIGURE 1

Operation mechanism of public health technology R&D alliance driven by policy tools.

emergencies (29). In terms of revenue effect, rapid response and
timely processing of public health emergencies can ensure regional
social stability while improving social welfare and governance
performance. By participating in the public health technology
R&D alliance, academic and research institutions can enhance the
quality of personnel training as well as the efficiency of scientific
and technological achievement transformation. Pharmaceutical
enterprises are able to convert scientific and technological
innovation into products while enhancing overall value through
improvements in the industrial chain (30).

3.2 Fundamental assumption

Based on the analysis of the operational mechanism of
the public health technology R&D alliance, it is evident that
the successful operation of the public health technology R&D
alliance requires active participation from various stakeholders,
including the government, pharmaceutical enterprises, academic
and research institutions, and other relevant entities. Each
stakeholder has its own intrinsic motivations and resistance toward
promoting the establishment of a technology R&D alliance due
to their resource dependence on one another. Motivations are
primarily driven by anticipated benefits, while resistance stems
from expected costs. The decision to promote the construction
of a public health technology R&D alliance should be based
on a comprehensive consideration of both benefits and costs.
Therefore, this paper focuses on analyzing the government,
pharmaceutical enterprises, and academic and research institutions
to construct an evolutionary game model for the public health
technology R&D alliance. Based on this analysis, we propose the
following hypothesis.

Hypothesis 1: The public health technology R&D alliance involves
participation from the government, pharmaceutical enterprises,
and academic and research institutions. The core interest of
the game subjects in this alliance is the limited rationality
of these entities. Throughout their involvement in the public
health technology R&D alliance, the government, pharmaceutical
enterprises, and academic and research institutions dynamically
adjust their strategic choices through mutual learning due to
information acquisition constraints and resource limitations. This
allows them to maximize their own utility while participating in
the alliance.
Hypothesis 2: Within the technology R&D alliance, the
government, pharmaceutical enterprises, and academic and
research institutions will dynamically adjust their strategies
in response to changes in the actual situation until system
equilibrium is achieved. Each participant has two selection
strategies: the strategy set for government departments is (positive
incentive, negative incentive); the strategy set for pharmaceutical
enterprises is (active participation, negative participation); and
the strategy set for academic and research institutions is (active
participation, negative participation). The initial income of
the government, pharmaceutical enterprises, and academic and
research institutions is denoted as g, e, and s, respectively. The
probability that the three parties choose to actively participate in
the technology R&D alliance is represented by x, y, z, where x, y, z
ε [0, 1].
Hypothesis 3: Government. The public health technology R&D
system has undergone a historical change from initial government
“unified” management to social “diversified” coordination. With
the participation of multiple stakeholders in the public health
technology R&D alliance, the role of government departments has
shifted from leader to guide (31). When the government utilizes
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policy tools to provide positive incentives, on the supply side,
direct investment in funds is made for enterprises and research
institutions that have joined emergency science and technology
research; on the demand side, the government purchases
developed pharmaceutical products; on the environmental side,
tax incentives are provided to enterprises and research institutions
actively participating in emergency science and technology
research based on their income. It is assumed that under positive
incentives, the total cost of manpower and material resources
invested by the government is cb1 (the sum of supply, demand,
and environmental policy costs), while enhancing credibility
through health prevention and control results in benefits W1
for the government. In contrast, if the government does not
actively implement incentives for public health emergency science
and technology research, only market mechanisms will sustain
the public health technology R&D alliance. Without policy tool
incentives, this approach will lead to a loss of credibility for B1,
threating the prevention and control risks faced by governments.
Hypothesis 4: Pharmaceutical enterprises play a crucial role in
the public health technology R&D alliance, participating in public
health emergency technology services through market-oriented
means. The products provided by pharmaceutical enterprises
include drug research and production, medical equipment and
industry platform supply, and the construction of public health
service facilities, from which they derive economic benefits for
their operation and development. Assuming that pharmaceutical
enterprises actively participate in the public health technology
R&D alliance, the production costs incurred for communication,
equipment, personnel, etc., are represented as cb2, while the
economic benefits obtained through market transformation are
denoted as W2. On the supply side, pharmaceutical enterprises
receive financial support from the government, denoted as k1;
on the demand side, the government procures market-based
products for an amount of p. The corresponding income received
by pharmaceutical enterprises is λp (where λ represents the
market profit ratio of pharmaceutical enterprises in government
procurement). From an environmental perspective, based on
the sales volume of pharmaceutical enterprise products, tax
incentives are provided by the government. Assuming that r is
the government’s tax incentive coefficient, the amount of tax
incentive enjoyed by pharmaceutical enterprises is rW2. On the
other hand, when pharmaceutical enterprises passively participate
in the public health technology R&D alliance, they do not generate
additional income and incur losses B2 due to reputational damage
and opportunity costs.
Hypothesis 5: Academic and research institutions leverage their
technological R&D advantages to actively participate in the
technological breakthroughs of public health technology, playing
a crucial role in the research and development of drugs and
vaccines. It is assumed that when actively participating in the
public health technology R&D alliance, the R&D cost of personnel
and equipment invested is represented as cb3, with the economic
benefits obtained through market transformation denoted as
W3. On the supply side, academic and research institutions
also receive financial support from the government, with a
funding scale of k2. On the demand side, academic and research
institutions share policy benefits of government procurement
with pharmaceutical enterprises; thus, the corresponding income

obtained by academic and research institutions is (1 – λ)p.
From an environmental perspective, based on the economic
benefits generated by academic and research institutions, the
government provides tax incentives; consequently, the amount
of tax incentive enjoyed by academic and research institutions
is rW3. Conversely, when academic and research institutions
are not actively involved in the public health technology R&D
alliance, they do not generate additional benefits but incur
losses represented as B3 due to reputational damage and
opportunity costs.

3.3 Model construction

According to the hypothesis, it is concluded that the
evolutionary game income matrix of the three parties under
the strategy set of (positive incentive, negative incentive), (active
participation, negative participation), and (active participation,
negative participation) is shown in Table 1. Analysis of the
evolutionary stability strategy of public health subjects.

4 Analysis of evolutionary stability
strategy of public health subject

Based on the evolutionary game matrix, the expected
revenue and average expected revenue of the three parties—
government, pharmaceutical enterprises, and academic and
research institutions—are calculated, and then the replication
dynamic equation for each subject is constructed.

4.1 Analysis of government evolutionary
stability strategy

According to the evolutionary game matrix and evolutionary
game tree regarding whether the government actively promotes
the formation of technology R&D alliances, the expected returns
corresponding to different government strategic choices are
calculated. Subsequently, the replication dynamic equation of the
government’s evolutionary game is constructed. The expected
return and average expected return are as follows: U11, U12
obtained by the government’s active promotion or negative and
non-active promotion of the technology R&D alliance formation
strategy, and the average expected returns U1.

U11 = yz(g + W1 − k1 − k2 − p − rW2 − rW3) + y(1 − z)(g

+ W1 − k1 − p − rW2) + (1 − y)z(g + W1 − k2 − p − rW3)

+ (1 − y)(1 − z)(g + W1) (1)

U12 = yz(g − B1) + y(1 − z)(g − B1) + (1 − y)z(g − B1)

+ (1 − y)(1 − z)(g − B1) (2)

U1 = xU11 + (1 − x)U12 (3)

According to evolutionary game theory, the replication
dynamic equation and the first-order partial derivative of the
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TABLE 1 Game payoff matrix.

Strategy selection Academic and research institution

Government Pharmaceutical enterprise Active participation (z) Passive participation (1 – z)

Positive motivation (x) Active participation
(y)

g +W1 − k1 − k2 − p− rW2 − rW3
e + W2 + k1 + λp + rW2 − cb2;
s+W3 + k2 + (1− λ)p+ rW3 − cb3

g + W1 − k1 − p − rW2;
e + W2 + k1 + p + rW2 − cb2; s − B3

Passive participation
(1 – y)

g + W1 − k2 − p − rW3; e − B2;
s + W3 + k2 + p + rW3 − cb3

g + W1; e − B2; s − B3

Negative motivation (1 – x) Active participation
(y)

g − B1; e + W2 − cb2; s + W3 − cb3 g − B1; e + W2 − cb2; s − B3

Passive participation
(1 – y)

g − B1; e − B2; s + W3 − cb3 g − B1; e − B2; s − B3

government’s promotion of technology R&D alliance behavior can
be expressed as follows:

F(x) = dx
dt

= x(U11 − U1) = x(x − 1)(k1y − W1 − B1 + zk2

+ py + pz + ryW2 + ryW3 − yzp) (4)

F′(x) = (2x − 1)(k1y − W1 − B1 + zk2 + py + pz + ryW2

+ ryW3 − yzp) (5)

Suppose μ(y) = k1y − W1 − B1 + zk2 + py + pz + ryW2 +
ryW3 − yzp. According to the stability theorem of differential
equations, the probability that the government actively promotes
emergency science and technology research should be satisfied in
a stable state: F(x) = 0 and F′(x) < 0 due to ∂μ(y)

∂y > 0. That
is, μ(y) is an increasing function with respect to y. Therefore,
wheny = y∗ = W1+B1−zk2−pz−λzW3

k1+p+λW2−zP , μ(y) = 0. The government’s
stability strategy cannot be determined. When y < y∗, μ(y) < 0, so
dF(x)

dx

∣∣∣
x=1

< 0. At this time, x = 1 is the stable strategy point. To
further analyze the important factors that affect the government’s
incentive strategy, the first-order partial derivatives of each variable
y∗ are obtained, respectively, ∂y∗

∂W1
> 0, ∂y∗

∂B1
> 0, ∂y∗

∂W3
< 0, ∂y∗

∂k2
< 0,

∂y∗
∂p < 0, ∂y∗

∂k1
< 0, ∂y∗

∂W2
< 0. Therefore, the smaller the values of

k1, k2, p, W2, W3, or the larger the values of B1, W1, the greater the
y∗, making it easier to meet the conditions. The government tends
to actively use policies to promote public health entities to conduct
scientific and technological research. Based on the above analysis,
the following inference can be made.

Corollary 1: The likelihood of the government promoting
active participation in public health technology R&D alliances is
inversely related to the government’s input costs and procurement
from pharmaceutical enterprises and academic and research
institutions for economic gains through collaborative R&D. It is
also negatively associated with the loss of credibility in adverse
situations, the opportunity cost of prevention and control, and
positively linked to enhancing government credibility.

4.2 Analysis of enterprise evolutionary
stable strategy

According to the evolutionary game matrix and evolutionary
game tree regarding whether enterprises actively participate

in public health technology R&D alliances, the expected
returns corresponding to different strategic choices of
enterprises are calculated, and then the replication dynamic
equation of the enterprise evolutionary game is constructed.
Therefore, the expected returnsU21 and U22 obtained
by enterprises actively or passively participating in the
technology R&D alliance, and the average expected returns
U2 are

U21 = xz(e + W2 + k1 + λp + rW2 − cb2) + x(1 − z)(e + W2

+ k1 + p + rW2 − cb2) + (1 − x)z(e + W2 − cb2)

+ (1 − x)(1 − z)(e + W2 − cb2) (6)

U22 = xz(e − B2) + x(1 − z)(e − B2) + (1 − x)z(e − B2 )

+ (1 − x)(1 − z)(e − B2) (7)

U2 = yU21 + (1 − y)U22 (8)

According to evolutionary game theory, the replication
dynamic equation and the first derivative of the behavior
of enterprises promoting the public health technology R&D
alliance are

F(y) = dy
dt

= y(y − 1)(cb2 − B2 − W2 − xk1 − px − rW2x

+ xzp − λpxz) (9)

F′(y) = (2y − 1)(cb2 − B2 − W2 − xk1 − px − rW2x + xzp

− λpxz) (10)

Suppose ϕ(z) = cb2 − B2 − W2 − xk1 − px − rW2x +
xzp − λpxz. According to the stability theorem of differential
equation, the probability of pharmaceutical enterprises actively
participating in collaborative emergency science and technology
research must be satisfied in a stable state. F(y) = 0 and F′(y) <

0. Since ϕ(z)
∂z > 0, that is, ϕ(z)is an increasing function with

respect to z. When z = z∗ = B2−cb2+W2+xk1+px+rW2x
px(1−λ) , ϕ(z) =

0. The stability strategy of pharmaceutical enterprises cannot be
determined. When z < z∗, dF(y)

dy

∣∣∣
y=0

< 0, y = 0 is the

stable strategy point. To further explore the influencing factors that
may affect the probability of pharmaceutical enterprises actively
participating in public health technology R&D alliance, the first-
order partial derivatives of each variable in z∗ are calculated and

Frontiers in Public Health 06 frontiersin.org

https://doi.org/10.3389/fpubh.2026.1759788
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Cao et al. 10.3389/fpubh.2026.1759788

can be obtained as ∂z∗
∂cb2

< 0, ∂z∗
∂B2

> 0, ∂z∗
∂W2

> 0, ∂z∗
∂p >

0, ∂z∗
∂k1

> 0, and ∂z∗
∂λ

> 0. Therefore, when B2, W2, k1, p, and
λ are larger, cb2 is smaller, z∗ is larger, the condition of z <

z∗ is easier to be established, and pharmaceutical enterprises are
more inclined to actively participate in scientific and technological
research alliance.

Corollary 2: The probability of pharmaceutical enterprises
actively participating in public health technology R&D
alliances is positively correlated with economic benefits,
financial support funds, additional benefits provided by the
government, and the proportion of reputation, opportunity
cost loss, and market income under negative participation.
It is negatively correlated with production costs such as
communication, equipment, and personnel expenses incurred
under active participation.

4.3 Analysis of enterprise evolutionary
stable strategy

According to the evolutionary game matrix and evolutionary
game tree regarding whether academic and research institutions
are actively involved in public health technology R&D alliances,
the expected benefits corresponding to different strategic choices
of these institutions are calculated, and the replication dynamic
equation of the evolutionary game for academic and research
institutions is constructed.

The expected benefits obtained from the active or negative
participation of research institutions in the public health
technology R&D alliance are U31, U32, and the average expected
returns U3:

U31 = xy(s + W3 + k2 + (1 − λ)p + rW3 − cb3) + x(1 − y)(s

+ W3 + k2 + p + rW3 − cb3) + (1 − x)y(s

+ W3 − cb3) + (1 − x)(1 − y)(s + W3 − cb3) (11)

U32 = xy(s − B3) + x(1 − y)(s − B3) + (1

− x)y(s − B3) + (1 − x)(1 − y)(s − B3) (12)

U3 = zU31 + (1 − z)U32 (13)

According to evolutionary game theory, the replication
dynamic equation and the first-order partial derivative of the
behavior of research institutions promoting the public health
technology R&D alliance are formulated.

F(z) = dz
dt

= z(U31 − U3) = z(z − 1)(cb3 − B3 − W3 − xk2

− px − rxW3 + λpxy) (14)

F′(z) = (2z − 1)(cb3 − B3 − W3 − xk2 − px − rxW3

+ λpxy) (15)

Suppose M(y) = cb3 − B3 − W3 − xk2 − px − rW3x +
λpxy. According to the stability theorem of differential equation,
the probability that the research institution chooses to actively

participate in the public health technology R&D alliance must
be satisfied in a stable state: F(z) = 0 and F′(z) < 0. Since
∂M(y)

∂y > 0, M(y) is an increasing function with respect to y.

At that time, y = y∗∗ = B3−cb3+W3+xk2+px+rxW3
λpx ,M(y) = 0 It

is impossible to determine the stability strategy of academic and
research institutions. When y > y∗∗, M(y) > 0, dF(z)

dz

∣∣∣
z=0

< 0,
z = 0is the stable strategy point. Wheny < y∗∗, M(y) < 0,
dF(z)

dz

∣∣∣
z=1

< 0, z = 1 is the stable strategy point. To further
explore the influencing factors that may affect the probability of
academic and research institutions actively participating in public
health technology R&D alliance, the first-order partial derivatives
of each variable are obtained ∂y∗∗

∂B3
> 0, ∂y∗∗

∂cb3
< 0, ∂y∗∗

∂W3
> 0,

∂y∗∗
∂k2

> 0, ∂y∗∗
∂p > 0, ∂y∗∗

∂λ
< 0. Therefore, when B3, W3, k2, and

p are larger, cb3 and λ are smaller, y∗ is smaller, the condition of
y < y∗∗ is easier to be established, and the research institutions are
more inclined to actively participate in the public health technology
R&D alliance.

Corollary 3: The probability of academic and research
institutions actively participating in public health technology
R&D alliances is positively correlated with economic benefits,
financial support funds, additional benefits from government
purchases, reputation, and opportunity cost losses from
negative participation. It is negatively correlated with the
production costs incurred during active participation and
the market income ratio of pharmaceutical enterprises in
government procurement.

4.4 Local stability analysis of the public
health technology R&D system

Based on the above analysis, it is found that there is an
interactive relationship among the probability of the government
actively guiding and purchasing public health products x, the
probability of pharmaceutical enterprises actively participating in
the public health technology R&D alliance and providing technical
support y, and the probability of academic and research institutions
actively participating in the public health technology R&D alliance
and providing intellectual support z. Let F(x) = 0, F(y) =
0, F(z) = 0 hold at the same time, eight local equilibrium
points of system D can be obtained: H1(0, 0, 0), H2(1, 0, 0),
H3(0, 1, 0), H4(0, 0, 1), H5(1, 1, 0), H6(1, 0, 1), H7(0, 1, 1),
H8(1, 1, 1).

Referring to the evolutionary game analysis method proposed
by Friedman, the local stability analysis of the Jacobian matrix of the
replication dynamic system can further obtain the ESS of the system
(32). According to the previous analysis, the dynamic equations
for the government, pharmaceutical enterprises, and academic and
research institutions can be obtained, along with the Jacobian
matrix J of system D:

J =

⎡
⎢⎢⎣

∂F(x)
∂x

∂F(x)
∂y

∂F(x)
∂z

∂F(y)
∂x

∂F(y)
∂y

∂F(y)
∂z

∂F(z)
∂x

∂F(z)
∂y

∂F(z)
∂z

⎤
⎥⎥⎦ =

⎡
⎢⎣

A11 A12 A13
A21 A22 A23
A31 A32 A33

⎤
⎥⎦ (16)
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Of which:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A11 = (2x − 1)(k1y − W1 − B1 + k2z + py + pz + rW2y
+rW3z − pyz)
A12 = x(x − 1)(k1 + p + rW2 − pz)
A13 = x(x − 1)(k2 + p + rW3 − py)
A21 = −y(y − 1)(k1 + p + rW2 − pz + λpz)
A22 = −(2y − 1)(B2 − cb2 + W2 + k1x + px + rW2x
−pxz + λpxz)
A23 = xy(p − λp)(y − 1)
A31 = −z(z − 1)(k2 + p + rW3 − λpy)
A32 = λpxz(z − 1)
A33 = −(2z − 1)(B3 − cb3 + W3 + K2x + px + rW3x
−λpxy)

(17)

According to the Lyapunov stability criterion and Reinhard’s
point of view (38), the equilibrium point is considered an
evolutionary stable point of the system when all eigenvalues
of the Jacobian matrix are negative real numbers, while the
equilibrium point is unstable when at least one eigenvalue is a
positive real number. Therefore, the eight local equilibrium points
are substituted into the Jacobian matrix, and the eigenvalues
corresponding to each equilibrium point can be obtained. The
results are shown in Table 2.

According to the analysis of the eigenvalues of the Jacobian
matrix in Table 2, the possible equilibrium state of the game system
composed of the government, pharmaceutical enterprises, and
academic and research institutions is analyzed in depth, as follows:

Case 1: When k2 + B3 + p + W3 + rW3 − λp < cb3, the
cost of active participation of research institutions in the alliance
is greater than the benefits obtained, H5 (1,1,0) is the evolutionary

TABLE 2 Stability analysis of equilibrium point.

Point of
equilibrium

Eigenvalues of Jacobian matrix

λ1, λ2, λ3 Real symbol

H1(0, 0, 0) B1 + W1, B2 − cb2 + W2,
B3 − cb3 + W3

(+, +, +)

H2 (1, 0, 0) −B1 − W1,
k1 − cb2 + B2 + p + W2 + rW2,
k2 − cb3 + B3 + P + W3 + rW3

(–, +, +)

H3 (0, 1, 0) B1 − k1 − p + W1 − rW2,
C2 − L2 − R2, L3 − C3 + R3

(–, –,+)

H4 (0, 0, 1) B1 − k2 − p + W1 − rW3,
B2 − cb2 + W2, cb3 − B3 − W3

(–, +, –)

H5 (1, 1, 0) k1 − B1 + P − W1 + rW2,
cb2 − k1 − B2 − p − W2 − rW2,
k2 − cb3 + B3 + p + W3 + rW3 − λp

(–,–, N)

H6 (1, 0, 1) k2 − B1 + p − W1 + rW3,
k1 − cb2 + B2 + W2 + λp + rW2,
cb3 − k2 − B3 − p − rW3

(–, +, –)

H7 (0, 1, 1) B1 −k2 −k1 −p+W1 − rW2 − rW3,
cb2 − B2 − W2, cb3 − B3 − W3

(N, –, –)

H8 (1, 1, 1) k1 +k2 −B1 +p−W1 + rW2 + rW3,
cb2 − k1 − B2 − W2 − λp − rW2,
cb3 − k2 − B3 − P − W3 − rW3 + λp

(N, –, –)

“+” indicates that the symbol is positive, “–” indicates that the symbol is negative, and “N”
indicates that the symbol is uncertain.

stable point. At this time, the government actively uses policy tools,
pharmaceutical enterprises actively participate, and academic and
research institutions participate negatively.

Case 2: When W1 + B1 < k2 + k1 + p + rW2 + rW3,
the cost of the government’s active promotion of public health
technology R&D alliance exceeds the sum of the benefits in its
positive state and the losses in its negative state, H7 (0, 1, 1) is the
evolutionary stable point. At this point, the government passively
promotes the public health technology R&D alliance, while
pharmaceutical enterprises and academic and research institutions
actively participate. Due to the complexity, variability, and
diffusivity of sudden public health events, substantial funding and
resource inputs are necessary. As the institution and implementer
of public policy, the government must assume a leading role.
In addition, while the government’s policy tools can effectively
encourage the active participation of pharmaceutical enterprises
and academic and research institutions, it is crucial to remain
vigilant against the risks of excessive government involvement,
which can impose a financial burden that negatively impacts the
continuity and stability of policy implementation.

Case 3: When k1 + k2 − B1 + p + rW2 + rW3 < W1, the cost
of the government’s policy tools for actively promoting the public
health technology R&D alliance is lower than its total revenue, H8
(1,1,1) is the stable point. At this time, the government actively
uses policy tools to promote and guide stakeholders in carrying
out technology R&D. Academic and research institutions actively
engage in drug and vaccine research and development projects,
while pharmaceutical enterprises focus on producing vaccines,
drugs, and incubating scientific research initiatives. The active
participation of multiple public health entities in technology R&D
is the most effective measure for addressing sudden public health
events and represents the ideal state. In this system, the “two-wheel
drive” of the government and the market positively influences the
active involvement of pharmaceutical enterprises and academic
and research institutions in the construction of the public health
technology R&D alliance, while the government also benefits from
reasonable public return income.

5 Numerical analysis

Numerical simulation was carried out using MATLAB 2018a
to comprehensively analyze the influence trajectory of factors
such as policy tools on the evolutionary behavior of the game
subjects from the supply-side, demand-side, and environment-side,
respectively, and to obtain the stable strategy of the three-party
game evolution of the public health technology R&D alliance.
Considering the current situation and the difficulty in precisely
quantifying the cost-to-benefit ratio of sudden public health events,
as well as the challenges in obtaining objective data with a unified
dimension, this paper, based on the context of the “COVID-19
pandemic”, combines the practical experience accumulated by the
team in researching innovation alliances and solicits the opinions
of industry experts. Referring to the parameter-setting principles of
previous studies, the relevant parameters were set. Compared with
academic and research institutions, the proportion of investment
by enterprises in technology R&D is more prominent. Referring
to the investment costs of the two entities in the alliance as noted
by Hua and Wang (33), set cb2 = 30 and cb3 = 20. The value
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of cb1, as the total cost of the government’s application of supply,
demand, and environmental policies when actively participating in
alliances, that is k1 + k2 + p + rW2 + rW3. Opportunity loss is
an important factor that urges multiple entities to participate in the
alliance. Referring to the proportion of opportunity cost set by Xu
et al. (34) and the emergency R&D budget from 2020 to 2025 in the
report of the Ministry of Finance of China, B1 = 10, B2 = 8, and B3
= 6 are set. The active participation of all entities in the alliance will
lead to high returns in terms of income. Referring to the setting of
the income ratio of different entities and the government purchase
mechanism in the study by Shen et al. (35), and combining with
the actual data of the emergency R&D budget of the Ministry of
Finance of China from 2020 to 2025, set W1 = 70, W2 = 60,
W3 = 40, and p = 18. Referring to Chen’s setting of government
subsidies (36), set k1 = 24 and k2 = 18. Referring to the setting
of the revenue coefficient by Wang et al. (37), the market revenue
ratio λ of pharmaceutical enterprises in government purchases is
set to be 0.7. Furthermore, since China does not have a unified
tax subsidy policy, referring to the approximate median value of
the current tax incentive coefficients for some enterprises, the tax
incentive coefficient r is set as 0.1. The specific parameter settings
are as follows: cb2 = 30, B1 = 10, B2 = 8, B3 = 6, cb3 = 20, W1 = 70,
W2 = 60, W3 = 40, p = 18, r = 0.1, λ=0.7, k1 = 24, and k2 = 18.

5.1 Benchmark evolution path simulation
analysis

Based on the stability analysis of the aforementioned
equilibrium point, the ideal evolutionary stable equilibrium should
be one where all the entities actively participate, that is, H8 (1, 1,
1), which condition k1 + k2 − B1 + p + rW2 + rW3 < W1 is met,
the system evolution path is shown in Figure 2. The final strategies
of the government, pharmaceutical enterprises, and academic and
research institutions converge to (1,1,1); that is, the government
chooses active incentives, pharmaceutical enterprises choose active
participation, and academic and research institutions choose active
R&D. This result also verifies the derivation result of situation 3.

FIGURE 2

Benchmark evolution path simulation analysis.

It can be observed from Figure 2 that pharmaceutical enterprises
tend to participate actively at the fastest speed, indicating that these
enterprises have the best feedback effect on the market. Next is the
government, indicating that it is an important driver of the public
health technology R&D alliance. Following this, academic and
research institutions indicate that policy-driven approaches are an
important direction for optimizing their participation.

5.2 Simulation analysis of the influence of
key factors

5.2.1 The influence of government financial
support on the evolution of technology R&D
alliance relationship

With other parameters remaining unchanged, the government’s
financial incentives for pharmaceutical enterprises and academic
and research institutions are adjusted. The values are (k1 = 20, k2 =
14), (k1 = 24, k2 = 18), (k1 = 28, k2 =22). The simulation results are
presented in Figure 3, whick (a) represents the value (k1 = 20, k2 =
14), (b) represents the value (k1 = 24, k2 = 18), and (c) represents
the value (k1 = 28, k2 = 22). It can be seen that the government’s
stability strategy will eventually tend to adopt positive financial
support. However, as the value of financial incentives increases,
the government’s convergence speed to positive strategy will slow
down. This is because of the public nature and importance of public
health technology R&D; the government will actively promote
the construction of technology R&D alliances through financial
support. Still, as financial incentives increase, it places certain
pressure on government finances, resulting in a relatively slow pace
of actively promoting the technology R&D alliance. Second, with
the increase of government incentives, pharmaceutical enterprises
and academic and research institutions choose to participate
actively in the technology R&D alliance more quickly, gradually
evolving into positive strategies. This indicates that under the
government’s financial incentives, the initiative of enterprises and
academic and research institutions to participate in the technology
R&D alliance is fully mobilized. The higher the financial incentive,
the faster the two join the technology R&D alliance. Finally,
under the influence of government funding, the strategies of
the game subjects tend to favor active participation strategies.
However, because pharmaceutical enterprises are market-oriented
subjects, they are more sensitive to the incentive effect of funds
than academic and research institutions and tend to adopt active
strategies the fastest. This shows that when the government guides
pharmaceutical enterprises and academic and research institutions
to actively cooperate in public health science and technology
research, it is necessary to control the range of financial incentives
within a reasonable limit and adopt differentiated incentives
according to the feedback effects of pharmaceutical enterprises and
academic and research institutions.

5.2.2 The influence of government purchase on
the evolution of technology R&D alliance
relationship

To observe the simulation of the impact of the government’s
purchase of public health products p on the participation
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 (a) 

 (b) 

 (c) 

FIGURE 3

The impact of government funding incentives on the evolution of
the tripartite subject strategy.

of government, pharmaceutical enterprises, and academic and
research institutions in emergency science and technology research,
while ensuring that other parameters remain unchanged, the values
assigned are p = 6, p = 12, p = 18, and p = 30. The evolution
process of the strategies of the three parties is shown in Figure 4.
It can be seen that there are differences in the evolution of
the tripartite subject’s strategies with respect to the government’s

FIGURE 4

The influence of government purchase on the strategy of the three
parties.

purchase intensity. When p is 6, 12, and 18, the convergence
of x, y, and z tends to 1. When p is 30, x converges to 0,
while y and z converge to 1. As government purchases increase,
the speed of convergence of pharmaceutical enterprises and
academic research’s willingness to actively participate in emergency
science and technology research accelerates. However, when the
government purchase intensity exceeds the critical point (such as
p = 30), the government’s own strategic choice changes. Due to
the pressure of cost burden, it is no longer inclined to adopt a
positive incentive strategy. Therefore, the government’s purchase
policy should remain within a reasonable boundary to stimulate
pharmaceutical enterprises and academic and research institutions
to actively participate in the scientific and technological research
alliance, without becoming an economic burden that affects the
government’s own operation.

5.2.3 The influence of government tax incentive
coefficient on the evolution of technology R&D
alliance relationship

Under the condition that other parameters remain unchanged,
this paper analyzes the influence of changes in government tax
incentives on the strategies of pharmaceutical enterprises and
academic and research institutions, assigning them values of r =
0.1, r = 0.3, r = 0.5, and r = 0.7, respectively. The evolution
path of the three-party game subjects is shown in Figure 5. It
can be observed that when the tax incentive intensity is 0.1 and
0.3, the three-party strategies gradually evolve toward cooperation,
ultimately stabilizing the three-party subject in a positive state.
However, when the tax incentives are 0.5 and 0.7, although
the stabilization strategy of enterprises and research institutions
still tends to cooperate, the government’s stabilization strategy
shifts toward passive participation. The simulation results indicate
that while the intensity of government tax incentives encourages
multiple entities to engage in public health technology R&D
alliances, excessive tax incentives can become a burden for the
government’s participation in these alliances, leading to a shift in
the government’s strategy from positive to negative. Therefore, in
the management mechanism of the public alliance for public health
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FIGURE 5

The impact of tax incentives on the three-party subject strategy.

science and technology, it is essential to leverage the government’s
tax incentives while also controlling the intensity to avoid ‘too
much’ effects of excessive government involvement.

5.2.4 The impact of opportunity cost loss on the
evolution of different agents ‘ strategies

Figure 6a presents a simulation diagram illustrating the impact
of opportunity cost loss B such as reputation, on government
strategy selection when other parameters remain unchanged and
public health subjects are not actively involved. It can be observed
that as the value of B1 increases, the government’s willingness
to actively participate strengthens, indicating that internal factors
such as the loss of government credibility and rising prevention
and control costs will drive the government to adopt a series
of policy tool combinations to promote the development of
technology R&D alliances. Figures 6b, c shows the evolution results
obtained by adjusting the values of B2 and B3 while keeping other
parameters constant. It can be noted that as the value increases,
the curve becomes steeper, and the speed of convergence to 1
accelerates; that is, the greater the loss of opportunity cost, the more
pharmaceutical enterprises and research institutions will actively
engage in emergency science and technology research strategies.
Additionally, it should be noted that there are differences in the
sensitivity of the three agents to the cost of opportunity loss. Among
them, the evolution trajectory of pharmaceutical enterprises under
different opportunity loss costs shows greater variation, indicating
that pharmaceutical enterprises are more sensitive to the cost of
opportunity loss.

6 Research conclusion and policy
implication

6.1 Research conclusion

The public health technology R&D alliance is focused on
sudden public health events. Its key characteristics of short
research and development time and high trial and error costs

(a)

(b) 

(c)  

FIGURE 6

(a) The impact of opportunity cost changes on government
strategies. (b) The impact of opportunity cost changes on
pharmaceutical enterprise strategies. (c) The impact of opportunity
cost changes on the strategies of academic and research
institutions.

impose greater requirements for the effectiveness of government
policy tool combinations. Therefore, from the perspective of
government policy tool integration, and based on evolutionary
game theory, this paper considers the government, pharmaceutical
enterprises, and academic and research institutions as the main
players in the game. It constructs an evolutionary game model
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of the public health technology R&D alliance, analyzes the
evolutionary game under different policy incentives, and verifies
the findings through numerical simulation. The results show that
first, there is a balanced and stable strategy that aligns with
the interests of the government, pharmaceutical enterprises, and
academic and research institutions. The combination of effective
policy tools can promote the establishment of a stable state
of emergency science and technology research that is actively
supported by the government and enthusiastically participated
in by pharmaceutical enterprises and academic and research
institutions. Second, different policy tools have varying stimulating
effects on the game players. The demand-side product purchase
policy can enhance the willingness of multiple players to engage
in the public health technology R&D alliance, followed by supply-
side financial incentives and environmental-side tax incentives,
with enterprises being more sensitive to the feedback from policy
tools. Third, the strength of policy tools must be controlled within
the scope of science. While the public health technology R&D
alliance should leverage the core guidance of the government, it
should also activate the contributions of social entities such as
pharmaceutical enterprises and academic and research institutions.
On the one hand, it should maximize the collaborative efforts of
multiple stakeholders, and on the other hand, it should avoid the
‘too little’ effect caused by overburdening the government.

6.2 Policy implication

Establish a symbiotic and coordinated technology R&D
alliance. The formation of a technology R&D alliance is a crucial
means to effectively address sudden public health events. It requires
the government to actively encourage collaboration, engage in top-
level design, and integrate public health resources to build an
emergency science and technology research platform. Additionally,
developing a normalized public health technology R&D system is
essential for gradually improving the efficiency and systematization
of emergency science and technology research. Policy tools such as
financial incentives, product purchases, and tax incentives should
be used to guide emergency management departments, leading
pharmaceutical enterprises, key research laboratories, and other
related entities to form a public health technology R&D alliance. In
the event of a sudden public health crisis, this alliance can quickly
mobilize to conduct emergency science and technology research
and achieve a rapid response mechanism.

Improve the scientific and efficient interest coordination
mechanism. In the face of sudden public health incidents,
exploring the common interests of the government, pharmaceutical
enterprises, and academic and research institutions is important
for the rapid response to emergency science and technology.
First, the government should establish reasonable intervals and
values according to the specific conditions of each public health
issue, combined with quantitative simulation tools. It should
adopt appropriate incentive models and safeguard policies for
public health entities to improve their initiative to participate in
emergency science and technology research. Second, to address the
difficulties and interest demands encountered during public health

technology R&D, as well as the additional costs associated with
major science and technology projects, a corresponding interest
compensation mechanism should be implemented to improve the
efficiency of technological innovation and the transformation of
achievements among public health entities. In addition, further
consideration should be given to the impact of opportunity costs
on the strategic choices of stakeholders. It is necessary to adjust
subsidy measures appropriately to promote the enthusiasm and
sense of responsibility of pharmaceutical enterprises and academic
and research institutions in drug research and development and key
technology research through reputation incentives.

Leverage the combined synergy of policy tools. Due to the
differences in the characteristics of multi-alliance subjects and
the effects of different policy tools, the combined effects of these
tools should be explored in practice. First, the government should
exercise reasonable control over the implementation of policy tools,
enhance the guiding and stimulating functions of social capital,
and avoid the cost burden and crowding-out effect caused by
excessive participation. Second, for pharmaceutical enterprises and
research institutions, the initial focus should be on strengthening
the stimulating effects of policy tools on economic outcomes,
while later efforts should shift toward utilizing tax incentives to
promote the formation of a positive ecosystem in which multiple
stakeholders actively engage in the public health technology
R&D alliance.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

YC: Funding acquisition, Writing – review & editing, Writing
– original draft. JZ: Methodology, Conceptualization, Writing –
original draft. LN: Conceptualization, Writing – review & editing.

Funding

The author(s) declared that financial support was received
for this work and/or its publication. This work was supported by
National Natural Science Foundation of China General Program:
Research on the Driving Factors, Evolution Mechanism and Policy
Intervention of Digital Technology Standards Alliance Network
(72374051); National Natural Science Foundation of China for
Young Scientists: Research on the Value Creation Mechanism
and Governance of Disruptive Innovation Ecosystems Driven
by Digital Intelligence (72404061); Guangdong Provincial Basic
and Applied Basic Research Fund: Structural Characteristics,
Behavioral Evolution and Performance Impact of Digital
Technology Research and Development Alliances from the
Perspective of Governance (2024A1515110051); Guangdong
Provincial Philosophy and Social Sciences Planning Project:

Frontiers in Public Health 12 frontiersin.org

https://doi.org/10.3389/fpubh.2026.1759788
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Cao et al. 10.3389/fpubh.2026.1759788

Research on the Conceptual Framework, Operational Mechanism
and Governance Mechanism of Ecological Support for Public
Health Security Science and Technology (GD23XGL033);
Guangdong Province Ordinary Colleges and Universities Young
Innovative Talent Project: Research on the Impact of R&D Alliance
Relationship on the Disruptive Innovation Performance of
Enterprises (2023WQNCX021); Guangdong Provincial Education
Science Planning Project: Research on the Construction of
Evaluation Index System for Modernization of Higher Education
in Guangdong Province (2024GXJK610); Funded by the Research
Start-up Fund of Guangdong Ocean University; Research on the
Diversified Investment Mechanism of Disruptive Technologies
from a Multi-level Perspective (060302092301).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Reilly JB. Kim, JG, Cooney R, DeWaters AL, Holmboe ES, Mazotti L, Gonzalo
JD. Breaking down silos between medical education and health systems: creating an
integrated multilevel data model to advance the systems-based practice competency.
Acad Med. (2024) 99:146–52. doi: 10.1097/ACM.0000000000005294

2. Toczyski P. The local awareness-raising of public mental health in the capital city
of poland through launch of local alliance against depression. Int J Environ Res Public
Health. (2023) 20:3892. doi: 10.3390/ijerph20053892

3. Bascolo E, Houghton N, Riego AD, Fitzgerald J, Jarboe R. Contributions of the
new framework for essential public health functions to addressing the COVID-19
pandemic. Am J Public Health. (2022) 112:615–20. doi: 10.2105/AJPH.2022.306750

4. Andreadakis Z, Kumar A, Román RG, Tollefsen S, Saville M, Mayhew S. The
COVID-19 vaccine development landscape. Nat Rev Drug Discov. (2020) 19:305–6.
doi: 10.1038/d41573-020-00073-5

5. Walker RJ, Eisenhauer E, Thompson EL, Butler R, Metheny N, Barroso CS, et al.
COVID-19 information, trust, and risk perception across diverse communities in
the United States: initial findings from a multistate community engagement alliance
(CEAL). Am J Public Health. (2024) 114:112–23. doi: 10.2105/AJPH.2023.307504

6. Wigginton NS, Cunningham RM, Katz RH, Lidstrom ME, Moler KA, Wirtz D,
et al. Moving academic research forward during COVID-19. Science. (2020) 368:1190–
2. doi: 10.1126/science.abc5599

7. Hadden K, Boagni M, Parham J, Patterson C, Gardner S. Design and
impact of a novel rural hospital alliance. South Med J. (2024) 117:67–71.
doi: 10.14423/SMJ.0000000000001648

8. Spitale G, Germani F, Biller-Andorno N. The PHERCC matrix. An ethical
framework for planning, governing, and evaluating risk and crisis communication
in the context of public health emergencies. Am J Bioethics. (2024) 24:67–82.
doi: 10.1080/15265161.2023.2201191

9. Benítez MA, Velasco C, Sequeira AR, Henríquez J, Menezes FM, Paolucci F.
Responses to COVID-19 in five Latin American countries. Health Policy Technol.
(2020) 9:525–59. doi: 10.1016/j.hlpt.2020.08.014

10. Sen R, Das SB. Did economic cooperation encourage trade in essential medical
goods? Empirical evidence from the Asia–Pacific during COVID-19. Asian Econ J.
(2024) 38:35–60. doi: 10.1111/asej.12317

11. ScHüKLENK UD. Public health, public health ethics principlism, and good
governance during the Covid-19 pandemic. Soc Philos Policy. (2023) 40:306–28.
doi: 10.1017/S0265052524000086

12. Rothwell RO, Zegveld W. An assessment of government innovation policies. Rev
Policy Res. (1984) 3:436–44. doi: 10.1111/j.1541-1338.1984.tb00138.x

13. Howlett M, Ramesh M. Policy subsystem configurations and policy change:
Operationalizing the postpositivist analysis of the politics of the policy process. Policy
Stud J. (1998) 26:466–81. doi: 10.1111/j.1541-0072.1998.tb01913.x

14. Alt M, Bruns H, DellaValle N, Murauskaite-Bull I. Synergies of interventions
to promote pro-environmental behaviors—A meta-analysis of experimental studies.
Global Environ Change. (2024) 84:102776. doi: 10.1016/j.gloenvcha.2023.102776

15. Roth AT, Kleemann J, Spyra M. Policy-making for peri-urban landscapes
as arenas of human-wildlife interactions. Urban Ecosyst. (2024) 27:1707–21.
doi: 10.1007/s11252-024-01548-8

16. Wang Q, Zhou Z, Huang L. Improvement of China’s healthy city construction
policies from the perspective of policy instruments. BMC Public Health. (2025) 25:1958.
doi: 10.1186/s12889-025-23111-6

17. Lee J S, Tyler AR, Veinot TC, Yakel E. Now is the time to strengthen government-
academic data infrastructures to jump-start future public health crisis response. JMIR
Public Health Surveill. (2024) 10:e51880. doi: 10.2196/51880

18. Hoyer C, Ebert A, Szabo K. Platten, M, Meyer-Lindenberg A, Kranaster
L. Decreased utilization of mental health emergency service during the
COVID-19 pandemic. Eur Arch Psychiat Clin Neurosci. (2021) 271:377–9.
doi: 10.1007/s00406-020-01151-w

19. Mao W, Zimmerman A, Hodges EU, Ortiz E, Dods G, Taylor A, et al. Comparing
research and development, launch, and scale up timelines of 18 vaccines: lessons learnt
from COVID-19 and implications for other infectious diseases. BMJ Global Health.
(2023) 8:12855. doi: 10.1136/bmjgh-2023-012855

20. Raftery P, Hossain M, Palmer J, A. conceptual framework for analysing
partnership and synergy in a global health alliance: case of the UK Public Health Rapid
Support Team. Health Policy Plan. (2022) 3:322–36. doi: 10.1093/heapol/czab150

21. Haq H, Schimit PH, Broom M. Predictors of fixation probability on complete
networks involving multiplayer interactions under coordinated movement systems.
Dyn Games Appl. (2025): 1-23. doi: 10.1007/s13235-025-00635-5

22. Chakraborty A, Kabir KA. Enhancing vaccination strategies for epidemic
control through effective lockdown measures. Heliyon. (2024) 10:32308.
doi: 10.1016/j.heliyon.2024.e32308

23. Wu B, Zhang T, Wang X, Liang J, Liu M, Zheng Y, et al. Natural disaster
emergency response from a public policy perspective: a four-party evolutionary
game among government, international organizations, healthcare institutions, and
enterprises. Front Public Health. (2025) 13:1595034. doi: 10.3389/fpubh.2025.15
95034

24. Wang L, Liu Y, Guo R, Zhang L, Liu L, Hua S. The paradigm of tax-
reward and tax-punishment strategies in the advancement of public resource
management dynamics. Proc Royal Soc. (2024) 291:20240182. doi: 10.1098/rspb.2024.
0182

25. Zhou Y, Rahman MM, Khanam R, Taylor BR. The impact of penalty and subsidy
mechanisms on the decisions of the government, businesses, and consumers during
COVID-19—Tripartite evolutionary game theory analysis. Oper Res Perspect. (2022)
9:100255. doi: 10.1016/j.orp.2022.100255

Frontiers in Public Health 13 frontiersin.org

https://doi.org/10.3389/fpubh.2026.1759788
https://doi.org/10.1097/ACM.0000000000005294
https://doi.org/10.3390/ijerph20053892
https://doi.org/10.2105/AJPH.2022.306750
https://doi.org/10.1038/d41573-020-00073-5
https://doi.org/10.2105/AJPH.2023.307504
https://doi.org/10.1126/science.abc5599
https://doi.org/10.14423/SMJ.0000000000001648
https://doi.org/10.1080/15265161.2023.2201191
https://doi.org/10.1016/j.hlpt.2020.08.014
https://doi.org/10.1111/asej.12317
https://doi.org/10.1017/S0265052524000086
https://doi.org/10.1111/j.1541-1338.1984.tb00138.x
https://doi.org/10.1111/j.1541-0072.1998.tb01913.x
https://doi.org/10.1016/j.gloenvcha.2023.102776
https://doi.org/10.1007/s11252-024-01548-8
https://doi.org/10.1186/s12889-025-23111-6
https://doi.org/10.2196/51880
https://doi.org/10.1007/s00406-020-01151-w
https://doi.org/10.1136/bmjgh-2023-012855
https://doi.org/10.1093/heapol/czab150
https://doi.org/10.1007/s13235-025-00635-5
https://doi.org/10.1016/j.heliyon.2024.e32308
https://doi.org/10.3389/fpubh.2025.1595034
https://doi.org/10.1098/rspb.2024.0182
https://doi.org/10.1016/j.orp.2022.100255
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Cao et al. 10.3389/fpubh.2026.1759788

26. MacGillivray BH, Richards K. Approaches to evaluating model quality across
different regime types in environmental and public health governance. Global Environ
Change. (2015) 33:23–31. doi: 10.1016/j.gloenvcha.2015.04.002

27. Jones CM, Clavier C, Potvin L. Policy processes sans frontières: interactions
in transnational governance of global health. Policy Sci. (2020) 53:161–80.
doi: 10.1007/s11077-020-09375-2

28. Lee AC, Iversen BG, Lynes S, Desenclos JC, Bezuidenhoudt JE, Flodgren GM,
et al. The state of integrated disease surveillance globally: synthesis report of a mixed
methods study. Public Health. (2024) 228:85–91. doi: 10.1016/j.puhe.2024.01.003

29. Carney R, Chyba M, Klotz T. Using hybrid automata to model mitigation of
global disease spread via travel restriction. Netw Heterog Media. (2024) 19.325:354.
doi: 10.3934/nhm.20240015

30. Jemal H, Kechaou Z, Ben Ayed M. Multi-agent based intuitionistic fuzzy
logic healthcare decision support system. J Intell Fuzzy Syst. (2019) 37:2697–712.
doi: 10.3233/JIFS-182926

31. Delis M D, Iosifidi M, Tasiou M. Efficiency of government policy
during the COVID-19 pandemic. Ann Oper Res. (2023) 328:1287–312.
doi: 10.1007/s10479-023-05364-9

32. Friedman D. Evolutionary games in economics. Econometrica: Journal of the
Econometric Society. (1991) 59:637–66. doi: 10.2307/2938222

33. Hua D, Wang YH. Construction of benefit distribution mechanism for
pharmaceutical industry technology innovation strategic alliance based on bargaining
game. Chin J New Drugs. (2024) 33:971–7. doi: 10.13286/j.1003-3734.2024.09.001

34. Xu AF, Chen Y, Li Y. Research on the failure knowledge sharing mechanism of big
data industry alliance members based on evolutionary game theory. Front Eng Manag
Technol. (2022) 41:77–83. doi: 10.3724/SP.J.1224.2022.00077

35. Shen N, Zhang J, Cao YC. How does the combination of policy tools drive the
operational evolution of the new quality productivity innovation alliance. Soft Sci.
(2024) 38:1–9. doi: 10.3969/j.issn.1001-8409.2024.01.001

36. Chen H, Yang Z, Qi K. Research on the stability of green technology
innovation alliance of government, industry, academia and research under
the scenario of multi-party game. Oper Res Manag. (2021) 30:108–14.
doi: 10.12005/j.issn.1007-3221.2021.12.014

37. Wang T, Guan ZC, Zheng HJ. Game analysis of collaborative behavior
evolution in innovation alliances under government intervention: from
the perspective of alliance classification. Technol Econ. (2023) 42:102–13.
doi: 10.3969/j.issn.1002-980X.2023.01.011

38. Huang SA, Ding ES. Improving the government procurement system: a
quadruple-player game of public opinion governance. Econ Manage Rev. (2023) 39:5–
20. doi: 10.13962/j.cnki.37-1486/f.2023.05.001

Frontiers in Public Health 14 frontiersin.org

https://doi.org/10.3389/fpubh.2026.1759788
https://doi.org/10.1016/j.gloenvcha.2015.04.002
https://doi.org/10.1007/s11077-020-09375-2
https://doi.org/10.1016/j.puhe.2024.01.003
https://doi.org/10.3934/nhm.20240015
https://doi.org/10.3233/JIFS-182926
https://doi.org/10.1007/s10479-023-05364-9
https://doi.org/10.2307/2938222
https://doi.org/10.13286/j.1003-3734.2024.09.001
https://doi.org/10.3724/SP.J.1224.2022.00077
https://doi.org/10.3969/j.issn.1001-8409.2024.01.001
https://doi.org/10.12005/j.issn.1007-3221.2021.12.014
https://doi.org/10.3969/j.issn.1002-980X.2023.01.011
https://doi.org/10.13962/j.cnki.37-1486/f.2023.05.001
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	How do policy tool combinations drive the construction of public health technology R&D alliances?
	1 Introduction
	2 Literature review
	3 Construction of a game model for the public health technology R&D alliance
	3.1 The operational mechanism of a game subject driven by policy tools
	3.2 Fundamental assumption
	3.3 Model construction

	4 Analysis of evolutionary stability strategy of public health subject
	4.1 Analysis of government evolutionary stability strategy
	4.2 Analysis of enterprise evolutionary stable strategy
	4.3 Analysis of enterprise evolutionary stable strategy
	4.4 Local stability analysis of the public health technology R&D system

	5 Numerical analysis
	5.1 Benchmark evolution path simulation analysis
	5.2 Simulation analysis of the influence of key factors
	5.2.1 The influence of government financial support on the evolution of technology R&D alliance relationship
	5.2.2 The influence of government purchase on the evolution of technology R&D alliance relationship
	5.2.3 The influence of government tax incentive coefficient on the evolution of technology R&D alliance relationship
	5.2.4 The impact of opportunity cost loss on the evolution of different agents ` strategies


	6 Research conclusion and policy implication
	6.1 Research conclusion
	6.2 Policy implication

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


	Button1: 
	Button2: 
	Button3: 


