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Abstract

This study ground in the Innovation Diffusion Theory (IDT), explores the value of digital
twin technology in cross-border logistics risk management. Using structural equation
modeling, it examines how five innovation characteristics of digital twins—relative advan-
tage, compatibility, complexity, trialability, and observability—influence risk management
capabilities, specifically robustness and resilience, within cross-border logistics systems.
The findings reveal that relative advantage, compatibility, trialability, and observability
significantly enhance both robustness and resilience, while complexity does not show a
significant negative impact. Furthermore, the study confirms that improvements in risk
management capabilities contribute positively to competitive performance. This research
not only enriches the theoretical understanding of digital twin applications in cross-border
logistics but also offers valuable insights for practical implementation by enterprises.

Keywords: digital twins; cross-border logistics systems; risk management; innovation
diffusion; competitive performance

1. Introduction
In the context of economic globalization, cross-border logistics has become a crucial

bridge for facilitating international trade, and its risk management is gaining increasing
attention [1]. It faces numerous challenges arising from complex geographical, political,
economic, and cultural differences, as well as uncertainties such as natural disasters,
policy changes, and market volatility [2]. Effectively managing these risks and ensuring
the smooth and efficient operation of logistics chains is essential not only for enhancing
firms’ international competitiveness but also for maintaining the stability of global supply
chains [3]. Digital twins have been increasingly recognized as a promising technological
tool for improving risk management in cross-border logistics [4].

Digital twins are digital replicas of physical entities that simulate, analyze, and opti-
mize the performance of real-world systems [5]. They leverage physical models, sensor
updates, and operational histories, integrating multidisciplinary, multiphysics, multiscale,
and probabilistic simulations to map and represent the full lifecycle of physical assets in a
virtual environment [6,7]. A defining feature of digital twins is their ability to dynamically
replicate the behavior of physical objects [8].
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Digital twins are widely applied across various fields such as manufacturing, smart
cities, and healthcare, and are playing an increasingly important role in cross-border lo-
gistics [9]. In logistics, digital twins can create virtual representations of logistics systems,
enabling real-time monitoring and analysis of key processes including transportation, ware-
housing, and distribution [10]. By simulating and predicting potential risks during logistics
operations, firms can proactively design response strategies, thereby reducing the likeli-
hood of disruptions [4,11]. digital twins also help optimize logistics workflows, improve
efficiency, and reduce operational costs [6,12]. For example, in transport packaging design
and management, digital twins can be used to predict the performance of new materials,
simulate their resistance to temperature, humidity, vibration, and impact, and thus facili-
tate the development of lighter, more protective, and environmentally friendly packaging
solutions [13]. In this study, the target firms met the criterion of having implemented digital
twin technology in at least one phase of their cross-border logistics operations, such as
transportation tracking, warehousing and inventory management, dynamic simulation, or
intelligent forecasting.

In recent years, particularly after the global supply chain disruptions caused by
COVID-19, researchers have increasingly focused on how to enhance the robustness and re-
silience of cross-border logistics risk management [1,14]). Studies have explored macro and
micro-level factors, including the rise of cross-border e-commerce [15], firms’ innovation
orientation [16], and the role of information sharing [17] and supply chain innovation [1] in
fostering robustness. Although digital twins are being increasingly applied across various
logistics stages [18], there is still a notable lack of empirical studies examining how the spe-
cific technological attributes of digital twins influence risk management capabilities within
cross-border logistics systems. This study addresses this research gap by investigating
how key innovation attributes of digital twins relate to two critical dimensions of logistics
risk management capability (i.e., robustness and resilience), and how these capabilities
contribute to improving firms’ competitive performance.

The Innovation Diffusion Theory (IDT) [19] offers a valuable lens for this inquiry. IDT
posits that the adoption of innovations depends on specific attributes, namely relative ad-
vantage, complexity, trialability, compatibility, and observability [19]. These characteristics
determine the rate of adoption, its diffusion within social systems, and ultimately the inno-
vation’s social and economic impact [20]. By applying IDT to conceptualize digital twins,
this study seeks to explore in greater depth how the attributes of digital twins influence
logistics risk management, with a particular focus on robustness and resilience.

One of the core contributions of this study lies in its examination of the connec-
tion between digital twins and cross-border logistics risk management, addressing
a clear gap in the existing literature. Previous studies on logistics risk management
have primarily focused on perspectives such as innovation orientation and information
sharing [1,15–17], while the role of advanced digital technologies has been relatively
overlooked. This study systematically analyzes how the technical attributes of digital
twins influence risk management, revealing their role in enhancing logistics robustness
and resilience, and examining whether these improvements lead to greater competitive
performance. Another important contribution is the use of IDT to conceptualize digital
twins. IDT provides a theoretical framework to understand how new technologies are
adopted in social systems. Applying this theory to digital twins in the context of cross-
border logistics offers deeper insights into their diffusion process, influencing factors,
and potential barriers to adoption.
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2. Literature Review and Hypotheses Development
2.1. Innovation Diffusion Theory (IDT)

IDT is a classic sociological theory that explains how innovations—such as new ideas,
products, or technologies—spread among members of a social system [19]. The theory
posits that innovations do not diffuse randomly; rather, they are gradually accepted and
adopted through a structured process, eventually becoming integrated into the social
fabric [21]. At its core, IDT seeks to understand the various factors that influence the
rate and extent of innovation diffusion, including innovation attributes, communication
channels, characteristics of the social system, and the traits of individual adopters [20,22].
Together, these elements determine the pathway and impact of innovation diffusion within
a society [23].

Rogers et al. [19] identifies five key attributes that affect the diffusion of innovations:
relative advantage, compatibility, complexity, trialability, and observability [24]. Relative
advantage refers to the degree to which an innovation is perceived as better than existing
solutions. Compatibility denotes the extent to which the innovation aligns with potential
adopters’ existing values, experiences, and needs. Complexity reflects how easy or difficult
the innovation is to understand and use. Trialability refers to the possibility for potential
users to experiment with the innovation before making a commitment. Observability
pertains to how visible the outcomes of the innovation are to others [19,21]. These attributes
jointly shape individuals’ willingness and speed to adopt an innovation, thus influencing
its overall diffusion [23,25].

This study uses the five innovation attributes identified in IDT to conceptualize the
characteristics of digital twin technology.

First, digital twins technology offers clear relative advantages over traditional methods.
It enables highly accurate digital representations of physical entities and supports real-time
data analytics for predictive and optimization purposes [9]. These capabilities deliver
multiple benefits across logistics, including improved efficiency, cost reduction, and more
informed decision-making [26].

Digital twins technology also demonstrates high compatibility, as it can be integrated
with existing technical infrastructures, business processes, and workforce skills. With the
advancement of the Internet of Things (IoT), big data, and artificial intelligence (AI), digital
twins have evolved to seamlessly incorporate these technologies [27]. Moreover, digital
twins solutions can be customized to meet the specific needs of different industries and
enterprises [28].

Despite its advantages, digital twins technology also exhibits a degree of complexity.
Building and maintaining digital twins requires knowledge from multiple technical do-
mains, including data collection, processing, modeling, and analytics. Additionally, digital
twins must interact with physical entities in real time, which further adds to the system’s
complexity [29].

Trialability is another critical factor that influences the adoption of digital twins.
Technology providers often offer trial versions or case studies that allow enterprises to
experience digital twins functionalities firsthand. This exposure helps reduce uncertainty
and build confidence among potential adopters, thereby encouraging adoption [30].

Lastly, the observability of digital twins technology is evident in its ability to produce
visible and measurable outcomes. Through advanced visualization, organizations can
monitor and analyze the status and performance of physical systems in real time, enabling
more informed decision-making [31]. These tangible outcomes foster trust in digital twins
and facilitate their wider diffusion.
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2.2. Cross-Border Logistics Systems Risk Management Capability

As a vital link in global economic integration, cross-border logistics plays a key role in
ensuring logistics efficiency, cost control, and supply chain security. Its risk management
capability is thus of critical importance [2]. In the literature, robustness and resilience are
widely recognized as the core components of logistics risk management capability [1].

Robustness refers to the ability of a logistics system to maintain stable operations in
the face of both routine and unexpected risks [32]. It ensures the continuous and reliable
flow of goods, even under challenging conditions. Achieving robustness depends on
comprehensive risk management mechanisms, efficient information systems, and flexible
logistics strategies [33].

Resilience, on the other hand, emphasizes the capacity of a logistics system to recover
from major disruptions such as natural disasters, political unrest, or pandemics [34]. En-
hancing resilience requires rapid response mechanisms, backup logistics channels, and
strong supply chain collaboration [35].

In practice, robustness and resilience are mutually reinforcing in cross-border logistics
risk management. Robustness provides a stable foundation that helps logistics systems
withstand risks, while resilience enhances their ability to adapt and recover from disrup-
tions, enabling systems to resume operations swiftly and effectively [1,33].

2.3. Digital Twins and Cross-Border Logistics Risk Management Capability

This study proposes that robustness and resilience—two core dimensions of cross-
border logistics risk management capability—are closely linked to the five innovation
attributes of digital twins.

2.3.1. Relative Advantage and Cross-Border Logistics Risk Management Capability

We draw on the IDT to suggest that the perceived relative advantage of digital twins
may play a key role in enhancing risk management capabilities in cross-border logistics
systems. Relative advantage refers to the extent to which an innovation is perceived as
offering superior benefits compared to existing solutions. When firms perceive digital twins
as offering clear benefits such as enhanced visibility, predictive analytics, and real-time
optimization, they are more likely to leverage these technologies to improve operational
stability and responsiveness. Prior research suggests that digital twins can simulate and
analyze logistics processes, helping firms anticipate potential disruptions and adjust their
operations accordingly [26]. For example, by forecasting congestion along transportation
routes, firms may proactively reroute shipments to avoid delays, thus strengthening the
robustness of logistics operations [36,37]. Moreover, digital twins allow logistics systems to
respond swiftly to unforeseen events such as geopolitical shocks or supply chain interrup-
tions, thereby enhancing resilience [6]. However, the extent to which the perceived benefits
of digital twins translate into enhanced robustness and resilience remains underexplored,
particularly in the cross-border logistics context. Based on this reasoning, we propose the
following hypotheses:

Hypothesis 1 (H1). The relative advantage of digital twins is significantly positively related to the
robustness of cross-border logistics.

Hypothesis 2 (H2). The relative advantage of digital twins is significantly positively related to the
resilience of cross-border logistics.
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2.3.2. Compatibility and Cross-Border Logistics Risk Management Capability

According to the Innovation Diffusion Theory (IDT), compatibility refers to the extent
to which an innovation is consistent with an organization’s existing values, practices, and
infrastructure. In the context of cross-border logistics, digital twins perceived as highly
compatible are more likely to be smoothly integrated into existing logistics systems and
operational workflows. This integration may help reduce risks associated with technolog-
ical disruption or organizational misalignment [27]. A high degree of compatibility can
contribute to the development of cohesive and responsive logistics operations by improving
system efficiency and supporting operational continuity during external disturbances [4]. In
addition, compatibility enables digital twins to work in conjunction with other technologies
such as the Internet of Things and big data analytics, creating more intelligent and adapt-
able logistics systems [27]. These systems may respond more effectively to unexpected
disruptions by reallocating resources and maintaining service performance in uncertain
environments, which are essential attributes of resilience [38]. Although prior studies have
recognized the value of technological alignment, there is still a lack of empirical research
on how compatibility specifically influences risk management capabilities in cross-border
logistics settings. To address this gap, we propose the following hypotheses:

Hypothesis 3 (H3). The compatibility of digital twins is significantly positively related to the
robustness of cross-border logistics.

Hypothesis 4 (H4). The compatibility of digital twins is significantly positively related to the
resilience of cross-border logistics.

2.3.3. Complexity and Cross-Border Logistics Risk Management Capability

According to the IDT, perceived complexity refers to the degree to which a new tech-
nology is viewed as difficult to understand or implement. In the context of cross-border
logistics, digital twins perceived as highly complex may pose challenges to system inte-
gration, increase maintenance burdens, and require substantial investments in technical
expertise and staff training [29,39]. These demands may place strain on organizational
resources, potentially undermining a firm’s ability to maintain stable logistics operations
under stress, thereby affecting robustness. Moreover, complex systems may reduce the
adaptability of logistics networks. In emergency situations, systems that require elaborate
coordination or rely on highly specialized components may respond less quickly, limiting
the organization’s ability to recover from disruptions [40]. While complexity can sometimes
be associated with advanced functionality, its perceived burden may outweigh these bene-
fits in certain contexts. Given these considerations, we explore the following hypotheses:

Hypothesis 5 (H5). Higher complexity of digital twins is negatively related to the robustness of
cross-border logistics.

Hypothesis 6 (H6). Higher complexity of digital twins is negatively related to the resilience of
cross-border logistics.

2.3.4. Trialability and Cross-Border Logistics Risk Management Capability

In the framework of IDT, trialability refers to the degree to which an innovation can be
tested or experimented with on a limited basis before full-scale adoption. This attribute may
play a particularly important role in the context of digital twin implementation within cross-
border logistics. When firms have the opportunity to engage with digital twins through
pilot projects or trial versions, they can evaluate the technology’s feasibility, operational fit,
and potential risks in advance [7]. This preliminary exposure may reduce uncertainty in
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decision-making and enable organizations to better prepare for integration. Furthermore,
trialability allows for iterative refinement during implementation, which may increase
alignment with specific logistics scenarios and operational requirements [41,42]. This
adaptability could potentially strengthen the system’s ability to maintain continuity during
disturbances and to recover swiftly from unforeseen disruptions. Despite these theoretical
implications, there is limited empirical research examining how the perceived trialability of
digital twins influences firms’ logistics risk management capabilities. To investigate this
relationship, we propose the following hypotheses:

Hypothesis 7 (H7). The trialability of digital twins is significantly positively related to the
robustness of cross-border logistics.

Hypothesis 8 (H8). The trialability of digital twins is significantly positively related to the
resilience of cross-border logistics.

2.3.5. Observability and Cross-Border Logistics Risk Management Capability

The observability of digital twins allows the effects of their adoption to be displayed in
real time [43]. By monitoring and analyzing the status and performance of logistics systems
and identifying and addressing potential issues in a timely manner, management confi-
dence can be strengthened. This capability supports the stability and reliability of logistics
operations, enhancing robustness in cross-border logistics [44]. In addition, by observing
and analyzing data and trends within digital twin models, enterprises can proactively
predict and respond to potential risks. For example, monitoring congestion on transporta-
tion routes and adjusting strategies in advance can improve logistics system resilience
in the face of sudden events [45]. Furthermore, sharing successful cases and showcasing
technological outcomes can improve the visibility and influence of digital twins within the
industry, promoting broader diffusion and further technological upgrades. Such upgrades
can further enhance the risk management capability of cross-border logistics systems.

Hypothesis 9 (H9). The observability of digital twins is significantly positively related to the
robustness of cross-border logistics.

Hypothesis 10 (H10). The observability of digital twins is significantly positively related to the
resilience of cross-border logistics.

2.4. Risk Management Capability and Competitive Performance

Cross-border logistics risk management capability, which includes robustness and
resilience, is increasingly viewed as a strategic asset in navigating today’s volatile global
environment. Robustness may help firms maintain operational continuity amid external
shocks, while resilience allows for rapid recovery and adaptation to changing conditions.
These capabilities have the potential to reduce the frequency and severity of logistics
disruptions, which could translate into improved service reliability and greater customer
satisfaction [18,46].

Moreover, effective risk management may enhance operational efficiency by enabling
firms to better anticipate disruptions, optimize resource allocation, and adjust transporta-
tion and inventory strategies in real time [47]. Such improvements could lead to cost
savings and ultimately support financial performance [48]. From a strategic perspective,
robust and resilient logistics operations may also reflect a firm’s managerial capability and
technological readiness, which could enhance its reputation and attractiveness to business
partners and customers [49,50].
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Despite these theoretical linkages, empirical evidence on the performance implications
of logistics risk management capability remains limited, particularly in the cross-border
context. To examine these potential relationships, we propose the following hypotheses:

Hypothesis 11 (H11). The robustness of cross-border logistics is significantly positively related to
competitive performance.

Hypothesis 12 (H12). The resilience of cross-border logistics is significantly positively related to
competitive performance.

In summary, the theoretical model of this study is shown in Figure 1. The model illus-
trates how five innovation attributes of digital twins (i.e., relative advantage, compatibility,
complexity, trialability, and observability), influence two key dimensions of cross-border
logistics risk management capability, namely robustness and resilience. In turn, both
robustness and resilience are hypothesized to positively impact competitive performance.

Innovation diffusion theory

Robustness

Risk management 

capabilities

H7

H1

Trialability

Complexity

H3

H5

H12

H11

Compatibility

Relative advantage

Observability

Resilience

Competitive 

performance

H9

H2

H4

H6

H8

H10

 

Figure 1. Research Model.

3. Methodology
3.1. Sample

This study targets senior managers in cross-border logistics firms in mainland China.
Demographic and firm-level information was also collected, including respondents’ job
positions, years of experience, company age, company size, and total revenue. A summary
of these characteristics is provided in Table 1 to offer a clearer overview of the sample
profile. Notably, over 80% of the respondents reported having more than five years of
work experience.

An anonymous cross-sectional survey was designed in collaboration with Credamo,
a leading market research platform in China, to support data collection. Specifically, a
random sampling strategy was adopted nationwide. The sampling criteria required that
participating firms had implemented digital twin technology in at least one phase of
their cross-border logistics operations. The most commonly modelled processes included
transportation tracking, warehousing and inventory management, dynamic simulation,
and intelligent forecasting. In many cases, third-party vendors provided modular digital
twin solutions tailored to the specific needs of logistics operations.
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Table 1. Respondent profile.

Item Category Frequency Percentage (%)

Job position

Director and above 34 16.5

Manager 146 70.9

Non-management
or specialist 26 12.6

Work experience (years)

>15 48 23.3

10–15 63 30.6

5–10 64 31.1

<5 31 15.0

Company age

>20 68 33.0

5–20 108 52.4

<5 30 14.6

Company size (number
of employees)

≥300 117 56.8

<300 89 43.2

Total revenue (10,000 yuan)

>10,000 63 30.6

1000–10,000 86 41.7

<1000 57 27.7
Note(s): N = 206; Source(s): Authors’ own work.

To ensure data quality, several control measures were implemented, including an
“anonymous commitment for scientific research only,” “predefined screening criteria,”
and “statements assessing respondents’ familiarity with their company and confidence in
their responses.” Such practices have been widely applied in supply chain management
research [10,20]. Prior to the formal survey, a pilot test was conducted with 24 partic-
ipants, and adjustments to the questionnaire were made based on their feedback. The
original questionnaire was developed in English, and we employed a translation and back-
translation procedure using a double-blind method to refine the instrument by comparing
and resolving discrepancies.

To reduce common method bias, the survey was conducted in two stages. In the first
stage, only perceptions related to the five innovation attributes (i.e., relative advantage,
compatibility, complexity, trialability, and observability) were collected. In the second stage,
data on cross-border logistics risk management capability and competitive performance
were gathered. The data collection took place between November 2024 and March 2025,
yielding a total of 255 responses. After removing low-quality responses, 206 valid responses
were retained for the final analysis, representing an effective response rate of 80.78%.
Following the recommendations of Brown [51], who suggests a minimum sample size of
100 to 200 for SEM and CFA, our sample meets this threshold, thereby supporting the
reliability and validity of the analytical results.

3.2. Measurement

The questionnaire consists of three parts. The first part outlines the purpose, signifi-
cance, and ethical standards of the research. The second part collects basic demographic
and company information of the respondents. The third part contains items designed to as-
sess respondents’ perceptions of various latent constructs. Multiple items were developed
for each variable and measured using a seven-point Likert scale. All measurement items
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were adapted from established studies (see Table 2) and were revised based on practitioner
feedback during the pilot test.

Table 2. Survey Instrument.

Construct Items Source

Relative advantage (RAD)

Strongly disagree (1)/Strongly agree (7)

Pang et al. [52]
Su et al. [23]

RAD1. Digital twins solve the problem of information asynchrony in
cross-border logistics.

RAD2. Digital twins reduce the time required for me to make cross-border
logistics decisions.

RAD3. Digital twins are more efficient than traditional approaches to cross-border
logistics management.

RAD4. Digital twins offer greater advantages in cross-border logistics than
other technologies.

RAD5. Digital twins enhance our ability to manage overall cross-border
logistics operations.

Compatibility (CPA)

Strongly disagree (1)/Strongly agree (7)

CPA1. The application of digital twins in cross-border logistics aligns with our
business philosophy.

CPA2. The use of digital twins in cross-border logistics is consistent with our
existing operational practices.

CPA3. Digital twins meet our needs in cross-border business activities.

CPA4. Digital twins can be well integrated into our business processes in
cross-border logistics.

Complexity (COM)

Strongly disagree (1)/Strongly agree (7)

COM1. It is complicated to learn and operate digital twins in cross-border logistics.

COM2. The initial implementation process of digital twins in cross-border logistics
is highly complex.

COM3. The supporting procedures required to implement digital twins in
cross-border logistics are cumbersome.

COM4. Completing specific processes in cross-border logistics with the support of
digital twins requires substantial effort.

Trialability (TRI)

Strongly disagree (1)/Strongly agree (7)

TRI1. We can easily engage in the application of digital twins in
cross-border logistics.

TRI2. I know where to access digital twin technology.

TRI3. If needed, we are capable of trying digital twin technology to handle
cross-border logistics tasks.

TRI4. Digital twins in cross-border logistics allow us to conduct necessary trials
and explorations.

Observability (OBI)

Strongly disagree (1)/Strongly agree (7)

OBI1. We can learn and understand the requirements for participating in digital
twin applications in cross-border logistics.

OBI2. We can easily explain to our partners how to use digital twin technology.

OBI3. I believe our company can benefit from the use of digital twin technology.

OBI4. I am able to clearly communicate the benefits of using digital twin technology
to others.

Robustness (RB)

Strongly disagree (1)/Strongly agree (7)

Kwak et al. [1]
Iftikhar et al. [53]

RB1. Our logistics system continues to operate despite internal and
external disruptions.

RB2. Our logistics system can anticipate and avoid risks.

RB3. We have sufficient time to consider the most strategic ways to avoid risks.

RB4. We are able to learn from past risk experiences.

Resilience (RL)

Strongly disagree (1)/Strongly agree (7)

RL1. Our logistics system can quickly reorganize processes to address current issues.

RL2. Our logistics system responds adequately and promptly to supply
chain disruptions.

RL3. Our logistics system can recover quickly after a disruption.

RL4. Our logistics system can minimize negative impacts through rapid response.
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Table 2. Cont.

Construct Items Source

Competitive Performance (CP)

Strongly disagree (1)/Strongly agree (7)

Waheed and Zhang [54]
Mikalef et al. [55]

CP1. Reduce operational costs.

CP2. Respond quickly to market demands.

CP3. Provide higher-quality products and services.

CP4. Increase market share.

CP5. Improve profit margins.

Source(s): Authors’ own work.

Specifically, the five innovation attributes from the Innovation Diffusion Theory were
measured using the approaches of Pang et al. [52] and Su et al. [23]. Robustness and
resilience as components of risk management capability were measured based on the work
of Kwak et al. [1] and Iftikhar et al. [53]. For competitive performance, items were adapted
from Waheed and Zhang [54] and Mikalef et al. [55].

3.3. Bias Testing

We employed multiple methods to test for potential biases and ensure the robustness
of our data and results. First, we conducted Harman’s one-factor test and found that the
total variance explained by a single factor did not exceed 50% (29.202%), which meets the
recommended threshold proposed by Podsakoff et al. [56]. In addition, we performed a
t-test comparing early and late responses, and no significant differences were observed
between the two groups. Furthermore, all variance inflation factor (VIF) values were below
10, indicating that multicollinearity is not a concern in our model. Lastly, we included a
marker variable in the questionnaire—participants’ attitudes toward “smoking”—to test
for common method bias. The results show that the marker variable is not significantly
correlated with any of the main constructs, further suggesting that common method bias is
not a serious issue in this study.

4. Results
4.1. Exploratory Factor Analysis

We evaluated the reliability and validity of the measurement constructs using SPSS 24.
To examine construct validity, an exploratory factor analysis (EFA) was conducted. The
Kaiser–Meyer–Olkin (KMO) value was 0.868, which is well above the acceptable thresh-
old of 0.6 recommended by Kaiser [57], indicating sampling adequacy. Bartlett’s Test of
Sphericity yielded statistically significant results (p < 0.001), confirming that the correla-
tions among variables were appropriate for factor extraction. The total variance explained
reached 75.68%, surpassing the 50% benchmark commonly used in the literature [58]. These
findings indicate that the scales employed in this study exhibit satisfactory reliability and
construct validity.

4.2. Confirmatory Factor Analysis

Confirmatory factor analysis (CFA) was conducted to assess the reliability and validity
of the measurement model. As shown in Table 3, the model demonstrates a good fit,
meeting the threshold values recommended by Hu and Bentler [59] (χ2/df = 1.757, p < 0.05,
df = 499, CFI = 0.940; TLI = 0.932; IFI = 0.940; RMSEA = 0.061). In addition, all standardized
factor loadings (λ) exceed 0.70, average variance extracted (AVE) values are above 0.50, and
Cronbach’s alpha values are greater than 0.80. These results indicate that the measurement
model has satisfactory reliability and validity, and is suitable for further analysis [58].
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Table 3. Confirmatory Factor Analysis.

Construct Item λ α AVE CR

Relative advantage (RAD)

RAD1 0.890

0.948 0.787 0.949

RAD2 0.856

RAD3 0.854

RAD4 0.877

RAD5 0.955

Compatibility (CPA)

CPA1 0.853

0.923 0.752 0.924
CPA2 0.833

CPA3 0.863

CPA4 0.918

Complexity (COM)

COM1 0.885

0.941 0.802 0.942
COM2 0.858

COM3 0.895

COM4 0.942

Trialability (TRI)

TRI1 0.810

0.905 0.704 0.905
TRI2 0.857

TRI3 0.852

TRI4 0.836

Observability (OBI)

OBI1 0.871

0.926 0.758 0.926
OBI2 0.859

OBI3 0.874

OBI4 0.879

Robustness (RB)

RB1 0.882

0.909 0.716 0.910
RB2 0.855

RB3 0.822

RB4 0.823

Resilience (RL)

RL1 0.806

0.881 0.653 0.882
RL2 0.835

RL3 0.777

RL4 0.812

Competitive Performance (CP)

CP1 0.888

0.958 0.823 0.959

CP2 0.905

CP3 0.891

CP4 0.907

CP5 0.943

Note(s): Model fit indices: χ2/df = 1.757 (p < 0.05, df = 499); CFI = 0.940; TLI = 0.932; IFI = 0.940; RMSEA = 0.061;
Source(s): Authors’ own work.

As shown in Table 4, we assessed discriminant validity by comparing the square
root of the average variance extracted (AVE) for each construct with the inter-construct
correlation coefficients [58]. The results indicate that, for each construct, the AVE is greater
than the squared correlations with other constructs. This suggests that each construct
shares more variance with its own measurement items than with other constructs, thereby
confirming adequate discriminant validity and supporting the suitability of the model for
further analysis.

Table 4. The Square of Correlations and Average Variance Extracted (AVE) Value of Each Construct.

1 2 3 4 5 6 7 8

RAD 0.787

CPA 0.088 0.752

COM 0.001 0.001 0.802
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Table 4. Cont.

1 2 3 4 5 6 7 8

TRI 0.017 0.028 0.000 0.704

OBI 0.018 0.011 0.002 0.013 0.758

RB 0.118 0.187 0.002 0.178 0.055 0.716

RL 0.069 0.093 0.001 0.125 0.068 0.075 0.653

CP 0.132 0.138 0.003 0.158 0.072 0.327 0.359 0.823
Note(s): The bold values represent the AVE values for each construct. Source(s): Authors’ own work.

4.3. Hypotheses Testing Results

The results of the hypothesis testing are visually presented to facilitate a straightfor-
ward interpretation of path significance. The structural equation model (SEM) shows a
good model fit (χ2/df = 1.747, p < 0.05, df = 505; CFI = 0.940; TLI = 0.933; IFI = 0.940;
RMSEA = 0.060). As shown in Figure 2, relative advantage is significantly positively as-
sociated with both robustness and resilience of cross-border logistics risk management
capability (βRAD–RB = 0.196 **, βRAD–RL = 0.151 *), supporting H1 and H2. Compatibility also
exhibits significant positive effects on both robustness and resilience (βCPA–RB = 0.308 ***,
βCPA–RL = 0.197 **), supporting H3 and H4.

 

Figure 2. Hypotheses test results. Note(s): Model fit indices: χ2/df = 1.747 (p < 0.05, df = 505);
CFI = 0.940; TLI = 0.933; IFI = 0.94; RMSEA = 0.060, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. p > 0.05.

However, the complexity of digital twins does not show a significant relationship with
either robustness or resilience, despite the negative signs of the standardized coefficients
(βCOM–RB = −0.046 n.s., βCOM–RL = −0.027 n.s.). Thus, H5 and H6 are not supported. Re-
garding the trialability of digital twins, we find significant positive relationships with both
robustness and resilience (βTRI–RB = 0.332 ***, βTRI–RL = 0.283 ***), supporting H7 and H8.
Observability is also significantly positively related to both robustness and resilience of the
cross-border logistics system (βOBI–RB = 0.139 *, βOBI–RL = 0.191 **), confirming H9 and H10.
Finally, we find that both robustness and resilience significantly and positively influence
competitive performance (βRB–CP = 0.443 ***, βRL–CP = 0.479 ***), supporting H11 and H12.

4.4. Effects Analysis

Table 5 presents the direct, indirect, and total effects of the exogenous variables on the
endogenous variables. Based on the model’s hypothesized structure, the five innovation
attributes of digital twins—relative advantage, compatibility, complexity, trialability, and
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observability—exert direct effects on the robustness and resilience of cross-border logistics
risk management. In turn, both robustness and resilience have direct effects on firms’
competitive performance.

Table 5. Direct, indirect, and total effects.

Exogenous (i) Endogenous (j)

RB (1) RL (2) CP (3)

Direct effects (aij) –

RAD (1) 0.196 0.151 –

CPA (2) 0.308 0.197 –

COM (3) −0.046 −0.027 –

TRI (4) 0.332 0.283 –

OBI (5) 0.139 0.191 –

RB (6) – – 0.443

RL (7) – – 0.479

Indirect effects (bij)

RAD (1) – – 0.159

CPA (2) – – 0.231

COM (3) – – −0.033

TRI (4) – – 0.283

OBI (5) – – 0.153

RB (6) – – –

RL (7) – – –

Total effects (cij)

RAD (1) 0.196 0.151 0.159

CPA (2) 0.308 0.197 0.231

COM (3) −0.046 −0.027 −0.033

TRI (4) 0.332 0.283 0.283

OBI (5) 0.139 0.191 0.153

RB (6) – – 0.443

RL (7) – – 0.479
Source(s): Authors’ own work.

Regarding indirect effects, the results show that relative advantage (b13 = 0.159),
compatibility (b23 = 0.231), complexity (b33 = −0.033), trialability (b43 = 0.283), and observ-
ability (b53 = 0.153) influence competitive performance indirectly through their impact on
robustness and resilience. Among these, trialability has the largest indirect effect.

In terms of total effects, relative advantage (c13 = 0.159), compatibility (c23 = 0.231),
complexity (c33 = −0.033), trialability (c43 = 0.283), observability (c53 = 0.153), robustness
(c63 = 0.443), and resilience (c73 = 0.479) all exert influence on competitive performance.
Among them, resilience demonstrates the strongest overall effect.

5. Discussion
5.1. Theoretical Contributions

First, prior research on enhancing the robustness and resilience of cross-border logis-
tics risk management has primarily focused on perspectives such as innovation orientation,
information sharing, and supply chain innovation. For example, Kwak et al. [1] examined
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how supply chain innovation affects risk management capability and competitive advan-
tage, while Dovbischuk [16] studied the role of innovation-oriented dynamic capabilities in
logistics service providers during the COVID-19 pandemic. However, these studies have
largely overlooked the potential value of specific advanced digital technologies, such as
digital twins, in cross-border logistics risk management. By systematically analyzing the
technological attributes of digital twins and their impact on logistics risk management,
this study reveals the unique role of digital twins in enhancing robustness and resilience,
thereby addressing a notable gap in the literature.

Second, this study applies IDT as a theoretical framework to explore the relationship
between digital twins and cross-border logistics risk management capability, offering a new
theoretical perspective for understanding the application of digital twins in this domain.
Through the lens of IDT’s five core dimensions—relative advantage, compatibility, com-
plexity, trialability, and observability—this study empirically validates the characteristics
of digital twins. The results show that relative advantage, compatibility, trialability, and
observability significantly enhance robustness and resilience.

Interestingly, complexity does not show a significant negative effect on risk manage-
ment capability. This unexpected finding may be related to the current level of acceptance,
implementation capacity, and technological maturity of digital twins in cross-border logis-
tics enterprises. From a theoretical perspective, complexity may have both positive and
negative influences. While high complexity can discourage adoption, it may also indicate
advanced functionalities that appeal to innovation-driven firms. These conflicting effects
might offset each other, resulting in an insignificant overall impact. In practice, as digital
twin solutions become more standardized and better supported by vendors, firms may
no longer view them as overly difficult to adopt, which weakens the anticipated negative
influence of complexity.

Finally, the study not only confirms the positive impact of digital twins on cross-
border logistics risk management capability but also demonstrates that both robustness
and resilience contribute significantly to competitive performance. By adopting the IDT
framework, the study provides deeper insights into the diffusion process, influencing
factors, and potential challenges of applying digital twins in cross-border logistics. The
findings suggest that by using digital twins to enhance risk management capabilities, firms
can more effectively respond to external uncertainties, optimize resource allocation, and
improve operational efficiency—ultimately strengthening their market competitiveness.
These results provide both empirical support and theoretical guidance for firms seeking to
leverage digital twin technology for competitive advantage.

5.2. Practical Contributions

This study provides actionable insights for cross-border logistics enterprises by exam-
ining the application of digital twin technology in risk management. The findings indicate
that the relative advantage, compatibility, trialability, and observability of digital twins
significantly enhance the robustness and resilience of logistics systems. Specifically, firms
can use digital twins to monitor logistics processes in real time and predict potential risks.
For example, by simulating congestion along transportation routes, firms can proactively
adjust plans to reduce delays and losses [60]. Additionally, the compatibility of digital
twins enables seamless integration into existing logistics systems, reducing implementation
difficulties and costs. Practical evidence shows that cross-border logistics firms using digital
twins can recover from disruptions more quickly and improve overall operational efficiency.

The study also provides specific recommendations for enhancing risk management
capability and competitive performance. First, firms should prioritize the adoption and
application of digital twins to improve the accuracy and effectiveness of logistics decision-
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making. Second, they should strengthen integration with other advanced technologies such
as the Internet of Things and big data to create smarter and more flexible logistics solutions
that can adapt to complex and dynamic market conditions. Moreover, the importance
of trialability and observability suggests that firms should provide trial versions or case
demonstrations to build trust and increase user acceptance of digital twin technology. The
observed impact of robustness and resilience on competitive performance implies that firms
adopting these strategies can significantly improve their risk management capabilities and
strengthen their competitiveness in the market.

6. Conclusions
This study applies the Innovation Diffusion Theory to examine the application of

digital twin technology in cross-border logistics risk management. First, digital twins,
through their relative advantage and compatibility, significantly enhance the robustness and
resilience of logistics systems, enabling firms to better predict and respond to potential risks,
optimize processes, and reduce operational costs. Second, the trialability and observability
of digital twins also contribute positively to their adoption and to the improvement of
logistics risk management. However, the complexity of digital twins does not show a
significant negative impact on robustness or resilience.

Finally, the study confirms that enhanced robustness and resilience in risk management
significantly improve firms’ competitive performance, offering a new source of competitive
advantage. While this research yields important insights into the relationship between
digital twins and cross-border logistics risk management capability, several limitations
should be acknowledged.

First, the sample is drawn mainly from firms operating in mainland China, which
may limit the generalizability of the findings. Differences in logistics environments, policy
frameworks, and technological readiness across countries may affect the adoption and
effectiveness of digital twins. Second, this study uses cross-sectional data, which does
not capture the dynamic effects of technology adoption over time. Future research could
incorporate longitudinal data or apply coupled coordination analysis methods to better
understand the long-term effects of digital twin implementation. Coupled coordination
analysis is a quantitative method used to assess the dynamic interactions and alignment be-
tween two or more systems over time, which can help evaluate the long-term coordination
between digital twin adoption and logistics performance [61].

Finally, this study focuses on five innovation attributes of digital twins, but other contex-
tual factors—such as industry characteristics or organizational technology acceptance—may
also play important roles and warrant further exploration in future studies.
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