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Introduction: Drone delivery technology provides innovative alternatives for the transportation of medical supplies. Due to their quick reaction, effectiveness, and adaptability, drones can drastically reduce the time it takes to deliver medications, vaccines, and emergency supplies as compared to standard logistics models. However, the real marketing of drone delivery technology has been hampered by medical professionals’ concerns about its stability, safety, and dependability. Medical professionals are the primary users of medical delivery drones, hence, their opinions are crucial for the spread of the technology. To encourage the optimization and real-world use of this technology, it is crucial to methodically investigate the elements influencing medical staff’s approval of drone delivery.

Methods: Using a sample of medical personnel from the emergency department of a large hospital in Chengdu City (N=289), this study conducted regression analyses using a binary logistic model for each of the four categories of medical supplies to identify key factors that can influence medical personnel’s willingness to use drones. We then continued to explore the hierarchical structure and dynamic dependency relationships among the deeper factors of these causes using a Fuzzy-ISM model.

Results: The study concluded that, in the initial stage, priority should be given to creating a favorable development environment for the project rather than pursuing substantive construction; in the trial operation period, the focus of construction should be on strengthening infrastructure and improving professional staffing; in the scale-up stage, the focus of attention should be on cost reduction, improving distribution efficiency, improving project safety, and optimizing the way of managing and operating the project.

Discussion: These improvements will be more conducive to increasing the willingness of medical workers to use drones to distribute medical materials and more conducive also to the early realization of regular distribution of medical materials by drones.
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1 Introduction

The sensitivity of medical institutions to the delivery time of medical supplies is extremely high, especially in public health emergencies, natural disasters, or emergency medical rescue scenarios. The traditional logistics system is difficult to respond to efficiently due to geographic restrictions, transportation obstacles, and insufficient resource allocation (1). In urban areas, the “last-kilometer” distribution is limited by traffic congestion, inefficient distribution, and rising costs, which significantly affect the timely delivery of medical supplies (2). Meanwhile, the issue of lagging medical supplies in remote areas is still prevalent, and high-cost, inefficient distribution further exacerbates the imbalance in the distribution of medical resources (3, 4). Especially during the pandemic and other emergencies, the demand for medical supplies distribution is highly concentrated and unpredictable, which puts forward higher requirements for the existing logistics system (5). However, the technological complexity of cold chain logistics requirements and the safety and integrity that must be ensured during drug distribution make management and implementation much more challenging (6, 7). The lack of synergy between the logistics network and the industrial layout can also constrain the ability to supply medical devices efficiently (8, 9). Taken together, the shortcomings of medical material distribution in terms of efficiency, safety, cost control, and coverage have become an important bottleneck affecting the improvement of medical services. In this context, the development of efficient, flexible, and economical medical supplies distribution solutions has become one of the core problems to be solved by academia and industry.

Equipped with high mobility, rapid deployment, and precise operation capability, Unmanned Aerial Vehicle (UAV) technology has been widely used in agriculture, environmental monitoring, disaster rescue, and other fields (10–13). In agricultural production, UAVs improve operational efficiency and optimize resource utilization through precise spraying and seeding (14); in environmental monitoring and disaster assessment, UAVs’ real-time data acquisition capability provides technical support for rapid response to complex terrain and emergencies (15). In addition, with the deep integration of artificial intelligence and the Internet of Things, the level of intelligence of UAVs continues to improve, and the boundaries of their application in automation tasks continue to be expanded. In the field of logistics, drones break through traditional transportation limitations, providing efficient solutions for the transportation of goods in complex terrain and remote areas. As an innovative tool for “last-mile” delivery, drones meet diversified logistics needs with higher efficiency (16). From commercial courier trials to emergency material transportation, UAVs have demonstrated outstanding flexibility and reliability, and their application scenarios are continuously expanding with the continuous strengthening of technology and policy support, providing a brand new path for the optimization and improvement of the traditional logistics model. According to studies, UAVs are quite beneficial when it comes to distributing medical supplies, and their adaptability and quick reaction times can be extremely helpful in remote locations and during public health situations (17). UAVs can transport vital items precisely by circumventing ground traffic limits; their quick deployment can significantly cut down on delivery time, saving vital time for medical rescue (18).

This technology is still in the experimental stage, though, and there are numerous obstacles to its widespread use in the medical industry. There is a risk of a “feasibility-approval” disconnect in the implementation of this technology because existing research focuses more on optimizing technology performance (e.g., UAV range, path planning, etc.) than it does on examining the technology’s actual effectiveness and feasibility in medical scenarios. Additionally, there is a dearth of systematic research on the acceptance of medical personnel, who are the primary decision-makers in medical scenarios. This study identifies the key factors affecting medical personnel’s willingness to use drone delivery through a mixed-method approach. This study further explores the hierarchical dependencies between the deep factors characterized by these influencing factors, framing a phased construction framework to provide theoretical support and scientific guidance for the promotion of the cause of drone delivery of medical materials, as well as the optimization of related technological solutions in the future.



2 Literature review

As an important part of the medical system, the distribution of medical supplies directly affects the treatment effect of patients and the operational efficiency of hospitals (18). An efficient medical material distribution system can ensure the timely supply and rational allocation of resources, alleviate the problem of uneven distribution of medical resources among regions (19), and at the same time, improve the quality of medical services and effectively reduce the waste of resources and operating costs (20). From the existing research, Wang and other scholars believe that optimizing the stockpiling and distribution mechanism of medical supplies can significantly improve the response efficiency of public health events (21), Yani et al. (22) believe that optimizing the supply chain management of medical supplies can effectively reduce the waste of resources and improve the efficiency of the work, and Aggarwal et al. (23) also realized that the distribution of medical materials is directly related to the rational utilization of resources and cost control and that an effective distribution strategy can significantly reduce inventory costs and resource wastage and improve the utilization of materials. In the case of Lucchese and other scholars, the dual reduction of transport and warehousing costs by a hub network was verified in the case of healthcare distribution in Apulia, Italy, by integrating a facility siting algorithm with a path planning model (24).

Despite the growing importance of medical supplies distribution, the existing work system still faces many challenges. Yani et al. (22) believe that if the supply chain is not managed properly, it may lead to delays in surgery, interruptions in patient care, and an increased risk of medical errors. Meanwhile, currently, most hospitals have insufficient cross-sectoral and cross-regional collaboration in medical supplies, which may lead to inefficient resource allocation and reduced healthcare efficiency (25). In their study of the quantity and value of unused medical supplies in the emergency department, Muldoon et al. (26) revealed that there is a large amount of waste of medical supplies used in the emergency department, and that feasible recycling and redistribution strategies must be employed to minimize the waste of the items in question. In general, medical supplies encompass various pharmaceuticals, medical consumables, blood samples, organs, and other biological materials. Storage conditions and inventory levels vary significantly across different types of materials. For instance, traditional pharmaceuticals can be stored in bulk, whereas organ transplants require cold-chain transportation. Therefore, specialized storage facilities and distribution protocols must be designed for distinct medical supplies, which substantially increases the complexity of logistics management (27).

With the continuous development of drone technology, the use of drones for inspection, security, and delivery is becoming more and more common (28). The use of drones for distribution has the advantages of shortening delivery time, reducing costs, and improving flexibility and sustainability (29), and from the existing data, it has a significant effect on improving the efficiency of the “last-kilometer” distribution and customer satisfaction (30). Hospitals are adopting drones to transport medical materials due to their agility and efficiency in overcoming urban traffic limitations, particularly for high-frequency, low-volume on-demand deliveries (31, 32). Additionally, drones demonstrate significant time and efficiency advantages when delivering medical equipment and medications in emergency situations (33). The study by Bhatt et al. (34) confirms the ability of drones to rapidly deliver blood to remote areas, organs, and emergency medical supplies. Furthermore, an empirical study by Nisingizwe et al. (35) for sub-Saharan Africa showed that based on the analysis of data from 12,733 shipments, products were delivered by drones 79–98 min earlier than by road (p < 0.001) and that blood and blood product expiry rates were reduced by 67% (95% CI −11.8 to −2.4), moreover demonstrating the value of the technology in geographically complex areas. In contrast, Sumit Aggarwal and Sumit et al. investigated the potential of drone distribution of medical supplies under restricted and controlled environmental conditions and found that the use of drones to transport medical supplies in remote areas could significantly reduce turnaround times for viral load testing. However, the cost of implementing a UAV-based system is significantly higher than traditional transport methods (36). As for the integrity of biological samples transported by drones, controlled experiments at Nagasaki University, Japan, demonstrated that cold ischemia time and key biochemical indicators of rat liver transported by drones were not significantly different from conventional transport, and further studies including large animal experiments may lead to future clinical applications (37).

Preliminary evidence has been obtained for cost-effectiveness analyses of UAVs. For example, Johannessen presented a new conceptual approach to assess the time savings and cost power competition of drones when transporting biological samples; while he argued that drone solutions provide marginal benefits in short-distance transport, the time savings of drones are even more encouraging in a long-distance transport model with proper scheduling and sufficiently high drone speeds (38). Röper, Johann WA, et al. (39) developed formulas for calculating the costs of fixed and aerial delivery AED networks using the example of a rural area in Vorpommern-Greifswald, Germany, and his study showed that the cost of drone-based AED delivery is always lower than that of fixed sites for the same response time. Zailani’s team, on the other hand, compared the cost of transporting blood by drone and ambulance, showing that the cost of drone deployment was higher than that of ambulance in emergencies between a district hospital and the nearest tertiary hospital. However, the costs were offset by significantly reduced travel time as an indicator of the final outcome (40).

Despite the many advantages in terms of efficiency and cost, the scaled application of drone technology in medical scenarios still faces multidimensional challenges. On the technical level, Aggarwal et al. (23) believe that UAVs have limited load capacity, insufficient endurance, and insufficient ability to adapt to complex terrain, and they analyzed the case of UAVs used for the delivery of vaccines and medicines in northeastern India, and concluded that different terrains and types of materials will have an impact on the selection of UAV models and delivery modes. Lim et al. (41) believe that, when UAVs face inclement weather or complex environments, the delivery efficiency will be significantly reduced. Aggarwal and Sumit in their study also found that UAV operations are significantly affected by weather conditions, especially rainfall and high-speed winds (42). In terms of regulation, Rejeb et al. (29) argue that the complexity of laws and regulations governing airspace management and drone use in countries around the world may hinder the widespread use of drones, and Nyaaba et al. (43) argue that drone operations in urban areas may pose a challenge to personal privacy and data protection. In terms of operation, the initial investment and operation cost of drone delivery is high (28), and the related operations are in the experimental or trial operation stage, and there is a lack of mature research on the cost–benefit analysis of this type of activity. Grote et al. (44) also believe that most of the current drone delivery activities are in the experimental stage, and there is a lack of an effective management mechanism for the normalized operation, which needs to be further explored in future work. In the future, reasonable solutions to these problems caused by technology and operations can help the promotion of drones in the field of distribution of medical supplies to a greater extent.

The successful promotion of drone technology not only relies on technological progress and operational maturity but also needs to be understood and accepted by the majority of medical workers. Therefore, it is still very important to conduct in-depth research on the views of medical workers on the distribution of medical supplies by drones. Exploring the adoption behavior of health information systems, Luo et al. (45) found that both perceived ease of use and perceived usefulness significantly influenced medical staff’s willingness to adopt technology, and that hospital size and financial status played a moderating role. Sham’s study showed that most medical personnel have a positive attitude toward drone delivery of general medical supplies, believing that drones can increase the speed of access to supplies in emergency situations (46). While drone technology offers time-saving advantages, other studies have further highlighted medical personnel’s concerns, including reliability gaps, regulatory uncertainties, privacy challenges, and safety risks. Additionally, despite its efficiency, the high operational costs may hinder widespread adoption (43, 47). Some medical personnel have expressed doubts about the stability and temperature-control technology of drone transport when transporting some medical materials with high storage requirements (e.g., vaccines, organs, blood, and other materials that require cold-chain preservation) (46). In Sham’s study, it was also argued that the ‘impersonal’ characteristics may lead patients to question the humane care of medical services (46). This may result in a decrease in the acceptance of medical personnel for drone delivery of medical supplies.

In general, the use of drones to deliver medical supplies can improve the efficiency of medical supply delivery and play a positive role in improving the healthcare supply chain, but some medical workers have a negative evaluation of this work due to current technological and regulatory limitations. The existing literature has identified which elements make medical personnel concerned about the activity of drone delivery of medical supplies. However, to the best of our knowledge, there is still a lack of analysis from a systems perspective of how these elements interact to influence the judgments made by medical personnel. Therefore, in subsequent work, strengthening this aspect of research from a systems analysis perspective could be more effective in enhancing user acceptance on the one hand and maybe more conducive to the wider dissemination of this activity on the other.



3 Theoretical foundation

Selecting a suitable theoretical basis is essential to building an analytical framework in order to comprehend medical personnel’s desire to use medical drones to transport medical supplies and the elements influencing it. In order to provide theoretical support for the subsequent factor identification and mechanism analysis, this study builds an explanatory pathway for medical staff’s technology adoption behavior using the Technology Acceptance Model (TAM) and the Diffusion of Innovations (DOI) theory.


3.1 Technology acceptance model (TAM)

TAM, proposed by Davis in 1986, is a classic model for studying user behavior when adopting information technology (48). According to the model, user willingness to adopt technology is mainly affected by two core variables: Perceived Usefulness and Perceived Ease of Use. Together, these affect user attitudes and behavioral intentions, ultimately influencing actual use behavior.

In the context of medical drone delivery, Perceived Usefulness can be seen in whether medical personnel believe that drones can improve delivery efficiency, ensure timeliness, and meet urgent medical needs. Perceived Ease of Use reflects their opinions on the ease of operation, learning costs, and compatibility with existing workflows. Perceived Ease of Use reflects the perceived ease of operation, learning costs, and compatibility with existing workflows. It has been pointed out that people often weigh the convenience of their work and risk-taking based on subjective judgment when faced with a new delivery system (49, 50).

In addition, subsequent development versions of the TAM model (e.g., TAM2, UTAUT, etc.) further introduced variables such as social influence, facilitating conditions, and self-efficacy to enhance the explanatory power of the mode (51, 52). In the questionnaire design and data analysis of this study, several variables (e.g., risk perception, policy support, etc.) have a high degree of fit with the core structure of the TAM, which can provide structural support for analyzing the adoption behaviors of medical professionals.



3.2 Diffusion of innovation (DOI) theory

The diffusion of innovations (DOIs) theory was proposed by Rogers in 1962 to explain how innovations gradually spread through social systems through specific channels (53). The theory proposes that the process of adoption of new technology by an individual or organization can be divided into five stages: knowledge, persuasion, decision-making, implementation, and confirmation. Their adoption behavior is influenced by five key attributes: Relative Advantage, Compatibility, Complexity, Trialability, and Observability (54).

The theory of diffusion of innovations is highly applicable in the diffusion of medical drone delivery systems. Whether the technology can demonstrate obvious efficiency advantages (relative advantages) over traditional delivery methods is an important factor affecting the adoption of medical staff; at the same time, its degree of compatibility with the hospital’s existing management processes and technology systems directly affects the difficulty of the actual promotion; furthermore, the complexity of the system’s operation (complexity) determines the medical staff’s learning and adaptation costs; and the establishment of a pilot project provides an opportunity for experimentation and observation. The establishment of a pilot project provides experimentation and observability and provides a reference point for those who have not yet adopted it. This theory also provides theoretical support for the construction of a stage-by-stage evolution model in this study, which clarifies the dynamic path from introduction to acceptance of UAS.



3.3 Theoretical integration and applicability to this study

Although TAM and DOI have different theoretical starting points, they are highly complementary in explaining the logical paths of individuals’ behavior toward technology adoption. TAM emphasizes the formation mechanisms of subjective perception and behavioral intentions, while DOI focuses on the external push paths of innovation attributes and organisational diffusion. By combining the two, the logic of medical personnel’s acceptance of the medical drone delivery system can be more comprehensively portrayed, taking into account their subjective judgment at the individual level, as well as incorporating the institutional environment and organisational diffusion mechanism.

Based on the above theoretical support, this paper further introduces the stage evolution theory as a methodological framework and divides the adoption process of the medical drone delivery project into three stages, namely, the “environment construction period,” the “technology optimization period,” and the “operation enhancement period,” which correspond to the three stages of “environment construction period,” “technology optimization period,” and “operation enhancement period” (55–57). The three phases correspond to the different stages of technology diffusion in DOI and the trajectory of perception and willingness to use in TAM, respectively. Through a combination of theory-driven and empirical analyses, this paper seeks to reveal the dynamic evolution of medical personnel’s willingness to adopt and its key influencing factors from a mechanistic perspective.




4 Method


4.1 Research steps

Existing studies have shown that some medical personnel have concerns about delivering medical items by drone. To investigate the causes behind this, this study will focus on the willingness of medical personnel to use drones to deliver medical items and adopt a quantitative research design that combines binary logistic regression and fuzzy interpreted structural modeling (Fuzzy-ISM). Based on the literature analysis and research interviews, questionnaires were designed and administered to the target group to collect valid data. After identifying the key factors affecting the willingness to use binary logic, Fuzzy-ISM was further used to systematically identify the reasons why medical personnel have concerns about the delivery of medical supplies by drones, and finally, a set of improvement plans was designed at the theoretical level by analyzing the logical relationships between these reasons.



4.2 Analysis of surface causes

The reasons for the different attitudes of medical personnel toward the use of drones for the delivery of medical supplies are varied. However, their behavioral decisions ultimately manifest as two distinct endpoints: “willingness to use (1)” or “unwillingness to use (0).” Specifically, the medical personnel’s assessment of the outcome of evaluating multiple influencing factors will directly determine the binary tendency of their willingness to use, which is a typical {0,1} binary decision problem (58). For binary decision-making problems, methods such as Markov chains, algebraic models, or ordered binary decision-making can usually be used for analysis (59). The use of binary logistic regression in this study is mainly based on the following considerations: first, logistic regression does not require pre-set data distribution characteristics, which can better capture the nonlinear effects of variables on the binary results, which is highly consistent with the exploratory research needs of this paper; second, considering the questionnaire design and sample size of the subsequent study, if a very complex method is used for the analysis, the problem of overfitting may occur and reduce the computational efficiency; third, after obtaining a reasonable amount of data, regression analyses can be carried out using binary logistic models (60), which can quantify more intuitively the effects of various reasons on the attitudes of medical personnel toward use, and thus provide data support for subsequent scientific decision-making.


4.2.1 Binary logistic model construction

According to the characteristics of the binary logistic model (61), when analyzing and studying the current willingness of medical workers to use drones to deliver medical consumables, the indicator of the willingness of medical workers to use drones to deliver was set as the dependent variable with the score S. From preliminary team research and existing studies (43, 46, 47), medical workers may have different willingness and views due to the different value and scarcity of medical materials, and the analysis results obtained by categorizing all medical items into one class for research may not be accurate. Therefore, this study will analyze the medical materials independently by dividing them into four classes according to value and scarcity, which are specifically categorized as follows:

1. Low-value non-rare medical materials (e.g., common drugs, serum samples, common vaccines, etc., No. S1)

2. Low-value scarce medical materials (e.g., snake venom serums, epidemic prevention materials during the period of epidemic prevention, etc., No. S2)

3. High-value non-rare medical materials (e.g., special drugs for some common diseases, special drugs for anticancer, etc., No. S3).

4. High-value scarce medical materials (e.g., organs, special drugs for rare diseases, etc., No. S4).

When the value of the dependent variable is 1, it means that medical workers are willing to use drones, and when it takes the value of 0, it means that they are not willing to use drones, which leads to the binary logistic regression equation of this paper:

[image: image]

P in Equation 1 represents the likelihood that the dependent variable value will equal 1. β0 represents the regression coefficient of the independent variable; if βn is positive, it indicates that the nth factor influences willingness positively; if βn is negative, it indicates that the nth factor influences willingness negatively. With ε representing the random error, a represents the nth independent variable that influences willingness. Using the dependent variable’s characteristics and the equation that was created, the following fundamental hypotheses are put forth for the model:


H1: The willingness of different medical personnel to use drones to deliver medical materials varies. Individual characteristics (e.g., gender, age, etc.), the frequency of urgently needed medical items in their work, and the level of construction of hospitals may affect their willingness to use drones.

H2: Medical personnel demonstrate different willingness to use drones when delivering medical items of different value and scarcity.
 

Consequently, the survey variables and questionnaire design content of this study were established as indicated in Table 1 based on the earlier analysis and exploratory research.



TABLE 1 Design of variables in the survey of medical personnel’s willingness to use drones to deliver medical supplies/questionnaire design table.
[image: Table1]



4.2.2 Data sources

At present, some large cities in China have already carried out experiments on the distribution of medical supplies by drones, and some of these experiments have already entered the trial operation stage. From the viewpoint of the supporting conditions required for the distribution of medical supplies by drones in the city, the large cities with a higher degree of development and larger populations may have a better chance of regularizing the distribution of supplies in this way earlier (50). Considering that Chengdu City, Sichuan Province, has taken the low-altitude economy industry as a leading development industry in the past 5 years, has recently constructed a civil aviation medical center, and that several hospitals have conducted experiments on the delivery of medical supplies by drones, medical personnel in large hospitals in Chengdu City were selected as the research subjects in this study.

From the relevant literature (62–65) and the preliminary research, the current need to deploy medical supplies from outside the hospital are mostly from emergency department medical personnel, and questionnaires were therefore distributed to medical personnel in the emergency department of several hospitals in Chengdu City, and the effectively recovered data were used as the tabular data for this study in the analysis of the causes. This survey is based on the experience of traditional binary logic to determine the sample size, after determining the sample size (sample size in the number of independent variables about 10 times) (23) in order to obtain the number of dependent variables more than 10 times the number of valid questionnaires while ensuring that the recovery rate is more than 80%: the distribution of questionnaires to the test area was 300, the recovery of valid questionnaires totaled 289 (validity rate of 96.33%), and this was used to analyze the willingness of medical personnel to use drones to carry out medical material distribution.




4.3 Analysis of deeper factors

To delve deeper into the logical relationships that exist between the independent variables, and thus to better formulate high-quality strategies, it is necessary to analyze the independent variables must be examined more thoroughly, taking into account the deeper factors that are equally present in each of the variables as well as any potential logical relationships that may exist between these factors as a whole. Through binary logistic analysis, we can intuitively identify which key independent variables significantly impact the dependent variable. However, this model cannot reveal potential interactions between these variables. The Fuzzy-ISM model’s hierarchical deconstruction capability is more appropriate for the development of multi-stage medical technology promotion strategies than DEMATEL’s single quantification of causal strength (66, 67). Additionally, its Delphi-Fuzzy integration mechanism can effectively capture experts’ perceptions of the “moderate influence” and other gray areas of cognitive differences more effectively than ANP’s rigid reliance on weight assignment. Finally, compared to SEM’s large-sample data requirement (68), fuzzy-ISM is still able to extract robust structural insights from small-scale expert data, which precisely matches the status quo of less data in the field of medical UAV delivery. In order to further analyze the interaction between deep elements, this study will employ the fuzzy-ISM approach (69, 70).


4.3.1 Fuzzy-ISM model construction

In essence, the traditional ISM is a structural modeling technique that uses the conceptual system of scientific topological operations to represent the mathematical logic of the object of study. This results in a streamlined and highly hierarchical directed topological map that allows analysts to assess the order of the problem of dealing with the object of study and the overall focus of the work and seek an optimal solution to the problem from a global perspective through the final topological map. However, it may contain errors due to the competent judgment of the modeler (71, 72). To address this shortcoming, this study will use the Delphi method to synthesize the research and judgment of the influence conditions, forming the Fuzzy-ISM approach. The general procedure steps of this method are depicted in Figure 1, which aims to minimize the results of personal subjective judgment errors caused by mistakes.

[image: Figure 1]

FIGURE 1
 Fuzzy ISM general procedure.


After the process of data collection, processing, adjacency matrix, and reachability matrix solving, the final ISM is formed, at which point the final logical relationship that exists between the factors has been obtained and will be the further basis for the results of this study.



4.3.2 Data sources

After identifying the deep factors, we distributed an expert consultation survey to 35 professors specializing in logistics and healthcare research from universities in Chengdu. The survey aimed to assess interrelationships between these factors. Each participant received detailed guidelines explaining the factors’ definitions and survey completion requirements. All responses were successfully collected. Following standardized ISM procedures, we analyzed the data and derived the final interpretive structural model.





5 Results


5.1 Binary logistic analysis


5.1.1 Data characterization

A summary of the effectively recovered data from this study is shown in Table 2. From the preliminary survey data, there are large differences in the willingness of medical personnel to use drone delivery when facing four different types of medical supplies. Specifically, the percentage of those willing to use drone distribution when facing low-value non-rare medical supplies is 74.05%, while the percentage of those willing to use drone distribution when facing low-value scarce medical supplies is 33.22%. For high-value items, the agreement rate decreased further. 46.71% agreed with the use of drones to deliver high-value non-rare medical supplies, while only 12.80% supported the use of drones to deliver high-value scarce supplies. The Technology Acceptance Model (TAM) indicated that the perceived usefulness (PU) and perceived ease of use (PEOU) of drone delivery by medical professionals directly influenced their willingness to adopt the technology. For high-value, scarce supplies, medical personnel’s concerns about the safety and reliability of drones significantly weakened their PU. Meanwhile, based on the DOI theory, the relative advantages of drone delivery (e.g., improved timeliness) were limited in complex scenarios, and their enhanced perception of operational complexity (e.g., airspace coordination, emergency response, and other requirements) further reduced the likelihood of technology adoption. This phenomenon is consistent with the findings of established studies (36, 37). To further explore these decision-making patterns, subsequent in-depth analyses of medical personnel’s willingness to deliver medical supplies for each of the four categories will be done separately.



TABLE 2 Statistical results of the preliminary data of the questionnaire.
[image: Table2]



5.1.2 Conclusion of regression analysis of dependent variables

This study employed the Enter method in SPSS software, constructing four independent binary logistic regression models to evaluate determinants of S1-S4, respectively, with key statistical outputs presented in Tables 3–6.



TABLE 3 S1 regression results.
[image: Table3]



TABLE 4 S2 regression results.
[image: Table4]



TABLE 5 S3 regression results.
[image: Table5]



TABLE 6 S4 regression results.
[image: Table6]

Where Table 3 corresponds to the S1 regression model, the Hosmer-Lemeshaw significance coefficient is 0.956 (greater than 0.05), the model chi-square value is 2.609, Omnibus significance is less than 0.05, the model Cox-Snell R-square value is 0.263, the Negarko Koko R-square is 0.385, and the value of the −2 log likelihood is 242.807.

The regression model in Table 4 corresponding to S2 has a Hosmer-Lemeshaw significance coefficient of 0.057 (greater than 0.05), a model chi-square value of 15.136, an Omnibus significance of less than 0.05, a modeled Cox-Snell R-square value of 0.259, a Negolkolko R-square of 0.359, and a − 2 log likelihood value of 280.984.

Table 5 corresponds to the regression model for S3 with a Hosmer-Lemeshaw significance coefficient of 0.473 (greater than 0.05), a model chi-square value of 7.609, an Omnibus significance of less than 0.05, a modeled Cox-Snell R-square value of 0.322, a Negolkolko R-square of 0.430, and a − 2 log likelihood value of 287.062.

Table 6 corresponds to the regression model for S4 with a Hosmer-Lemeshaw significance coefficient of 0.166 (greater than 0.05), where the model cardinality value is 11.690, the Omnibus significance is less than 0.05, the model Cox-Snell R-squared value is 0.211, the Negolkolko R-squared value is 0.394, and the −2 log likelihood value is 152.809.

From the results of the analysis, the four models were in a good state of fit and can be used for subsequent analysis.

The regression analysis in Table 3 demonstrates that six independent variables significantly influenced S1 (Sig. < 0.05). These variables include the following: V4 (does your hospital have/experiment with drone delivery), V6 (how fast your hospital is currently dispatching medical supplies urgently), V10 (what do you think about the cost of drone delivery), V11 (whether you think it is safe to deliver medicines by drone), V14 (whether there is more policy support for drone delivery in your region), and V17 (what do you emphasize the most when you need to dispatch medical supplies urgently).

Interpreted from the TAM and DOI perspectives, the availability of pilot experience demonstrates “Trialability,” whereby hospitals have pilot experiences that make medical staff more familiar with drone operations, thereby increasing perceived ease of use (PEOU). The speed of current scheduling is closely related to the relative advantage of drones. When traditional scheduling is inefficient, drones have a clear advantage in terms of timeliness, which improves their perceived usefulness (PU). Cost reduction and safety enhancement positively influence decision-making by optimizing technology utility perceptions. Policy support, in turn, builds system trust through enhanced technology-environment compatibility.

From the regression results in Table 4, the independent variables with Sig. values less than 0.05 had a significant effect on S2. These independent variables include: V3 (how often do you have sudden and urgent need for medical supplies at your current job), V4 (does your hospital have/experiment with drone delivery), V5 (how often does your hospital urgently dispatch medical supplies from other places), V10 (what do you think about the cost of drone delivery), V11 (whether you think it is safe to deliver medicines by drone), V14(whether there is more policy support for drone delivery in your region), and V15 (do you think the current drone delivery technology is mature).

In particular, the frequency of demand for emergency supplies at work was positively associated with the degree of performance improvement in drone delivery. The higher the frequency of demand, the more medical staff perceive the advantage of improved delivery efficiency by drones, the greater the perceived usefulness (PU). Hospital pilot experience, cost, safety, and policy factors were consistent with the explanations in the S1 model and still corresponded to the concepts of testability, relative advantage, complexity, and compatibility. Overall, the perceived advantage of drone delivery increases in contexts of high demand frequency and technological maturity, driving adoption; the opposite weakens its relative advantage.

From the regression results in Table 5, the independent variables with Sig. values less than 0.05 had a significant effect on S3. These independent variables include the following: V3 (how often do you have sudden and urgent need for medical supplies at your current job), V4 (does your hospital have/experiment with drone delivery), V5 (how often does your hospital urgently dispatch medical supplies from other places), V6 (how fast your hospital is currently dispatching medical supplies urgently), V11 (whether you think it is safe to deliver medicines by drone), V14 (whether there is more policy support for drone delivery in your region), V15 (do you think the current drone delivery technology is mature), V17 (what do you emphasize the most when you need to dispatch medical supplies urgently), and V18 (whether drone delivery of medical supplies will be popularized in the short term).

The impact of these short-term penetration expectations is consistent with the Observability property of the DOI theory. When medical professionals expect rapid diffusion of drone delivery, it indicates that they have observed or foreseen the potential benefits of the technology, which can positively influence their adoption intentions. The mechanisms of the remaining factors are consistent with the previous findings: high frequency of demand drives adoption by reinforcing perceived usefulness, while established pilot experience lowers the technological threshold by improving ease of use. The balance between dispatch efficiency and cost security reflects the relative advantages of drones and the complexity of implementation, and policy support continues to reflect the compatibility of the technology solution with the institutional environment. Additionally, the tendency to prioritize the need for efficiency or safety in emergency dispatch further validates the applicability of drones in high perceived usefulness scenarios.

From the regression results in Table 6, the independent variables with Sig. values less than 0.05 had a significant effect on S4. These independent variables include the following: V4 (does your hospital have/experiment with drone delivery), V5 (how often does your hospital urgently dispatch medical supplies from other places), V8 (the efficiency of your current hospital logistics department), V10 (What do you think about the cost of drone delivery), V11 (whether you think it is safe to deliver medicines by drone), and V14 (whether there is more policy support for drone delivery in your region). In particular, the efficiency of the hospital logistics sector, as an emerging influence, reflects the magnitude of the relative advantage of drones. If existing logistics are highly efficient, the relative improvement in efficiency provided by drones is small, with a corresponding decrease in perceived usefulness. On the other hand, if traditional methods are less efficient, drones provide more significant efficiency improvements and perceived usefulness rises. The other factors are consistent with the previous lines of analysis.

From the final analysis results of the four independent variable models, the factors that had a significant impact on the dependent variable were different, and this result was due to the different characteristics of the distribution materials themselves. In general, there was a trend that the lower the value and scarcity of materials, the fewer independent variables could cause a significant impact. Based on the properties of the binary logistic model (40), if a method could be found in the future to improve medical personnel’s evaluations of the above independent variables (which could cause significant impacts), it would theoretically lead to an increase in their willingness to adopt drone delivery. Considering that it was impractical to differentiate vehicle models, management methods, or delivery routes in real-world drone medical supply delivery scenarios, future studies would integrate all significant independent variables across the four dependent variable models to derive comprehensive conclusions.




5.2 Fuzzy-ISM analysis


5.2.1 Identifying deep influencing factors

Using the binary logistic model analysis, we identified the reasons that can directly affect the willingness of medical workers to use drones, and theoretically only need to make the medical workers’ evaluation of these reasons to be changed, can directly improve the medical workers’ existing concerns. This is to deeply analyze whether there are deeper logical connections between these reasons and to use scientific means to determine the priorities and focuses of future drone delivery of medical supplies activities. Based on the previous descriptive analysis, the team’s previous research experience and literature references (27–37), the representative deeper factors inherent in these causes were identified, and the results are shown in Figure 2, and the deeper factors are numbered and briefly described for the convenience of subsequent research (Table 7).

[image: Figure 2]

FIGURE 2
 Correspondence map between causes and deep-rooted factors.




TABLE 7 Deep factor numbering and short description table.
[image: Table7]



5.2.2 Data processing

As there may be a relationship of some direct or indirect influence between the above deep factors, the interrelationship between these factors can be effectively determined by utilizing the Fuzzy-ISM described in Part III. The Fuzzy-ISM established through multi-expert scoring can largely avoid the problems of overly subjective analysis that exist in personal evaluation. The use of certain mathematical methods in the synthesis of multi-expert scoring makes the constructed model highly accurate and logical and does not require repeated adjustments to the final model, as in the case of the traditional ISM method (46).

Five options made up the rating scale given to the experts, each of which represented the level of evaluation of a factor on the comparison factor. Following the collection of the rating scale, the evaluation text was transformed into numerical scoring values. Table 8 displays the criteria. Table 9 displays the primary matrix table created with MATLAB based on the data characteristics for the weighted average of the collected data. The values show the weighted average of the degree to which the corresponding vertical factors have an impact on the horizontal factors. After obtaining the primary matrix, the ISM model characteristics and the principles of fuzzy mathematics are combined to find the strength of association matrix, and the transformation formula Equation (2) is as follows:

[image: image]



TABLE 8 Criteria for evaluating the degree of influence of deep-seated factors.
[image: Table8]



TABLE 9 Primary matrix data table for deep factors ISM analysis (C).
[image: Table9]

Where Gij is the factor in the j-th column of the i-th row in the association strength matrix, C-ij is the factor in the j-th column of the i-th row in the initial matrix, Ci. is the sum of the values of the factors in the ith row in the initial matrix, and C.j is the sum of the values of the factors in the j-th column in the initial matrix. The data for generating the strength of association matrix using MATLAB is shown in Table 10.



TABLE 10 Data table for matrix of strength of association of deep factors (G).
[image: Table10]



5.2.3 Determination of model adjacency matrix

To facilitate the subsequent data analysis and ISM modeling work, after obtaining the correlation strength matrix by judging the correlation strength matrix value, the set threshold relationship can be converted to the traditional ISM, as shown in the basic multi-order matrix model. Through exchanges with experts and experience judgment, that the threshold value of 0.045 (considering the analysis process there is a small error or cause the existence of some of the factors have a certain impact on the misjudgment of the degree of existence of the factors, it is chosen to be slightly lower than the theoretical median value of the value), and is converted into an adjacency matrix using Equation (3):

[image: image]

Where Aij is the value of the factors in row i and column j of the adjacency matrix. At this point, MATLAB was used to calculate the adjacency matrix for this study, which can be directly used for subsequent ISM modeling:



5.2.4 Establish the model reachable matrix

This is based on the nature of Boolean matrix operations on the adjacency matrix A and the unit matrix I (this study for the 20th order) for a number of power operations, for example, when to meet the B = (A + I)n = (A + I)n + 1 ≠ (A + I)n-1 to stop calculating, this time to find the reachable matrix B. In the numerical significance of the reachable matrix, the element 1 indicated that there is a stronger logical relationship between the factors to own the reachable path; the element 0 indicated that between the two factors element 0 indicated that there is no strong logical connection between the two factors. It is necessary to use MATLAB programming to help with the computation of the power of four operations in order to study the reachable matrix because of the intricacy of the arithmetic process and the volume of data.



5.2.5 Hierarchical decomposition and determination of multilevel structural diagrams

By hierarchical processing of the reachability matrix, we can achieve a more systematic and intuitive understanding of the existence of the logical relationship between the factors. In the reachable matrix, the set of factors influenced by Fi forms the reachable set P = (Fi), and the set of factors influencing Ii forms the prior set Q = (Fi); the intersection operation between the reachable set and the prior set is carried out, and in the case of P = (Fi) = P(Fi)∩Q(Fi), the uppermost factor is Fi; and after that, a new reachable matrix can be formed by crossing out the rows and columns in which it is located; Repeat the above hierarchical decomposition steps several times to divide the layers of the final model and their corresponding factors. The results of the hierarchical decomposition (from top to bottom) are shown in Table 11.



TABLE 11 Hierarchical decomposition results.
[image: Table11]

According to the mutual influence relationship between the factors at each level and other factors, the ISM multilevel structure diagram is made, see Figure 3. In addition, in order to deepen the systematic research, the number of factors influencing and being influenced in the reachability matrix is used to perform the driving dependence analysis, and the coordinate distribution diagram of the factor cross-influence matrix multiplication method (MICMAC) is made, as shown in Figure 4.

[image: Figure 3]

FIGURE 3
 ISM multi-level conclusion structure diagram.


[image: Figure 4]

FIGURE 4
 Distribution of MICMAC coordinates.




5.2.6 Model interpretation

According to the principle of the ISM method (46), combining the factors’ characteristics with the ISM multilevel conclusion structure diagram and MICMAC coordinate diagram, the factors located in the 7th to 11th layers had high drive and low dependence. They were located in the bottom layer of ISM, which indicated that these factors are the basis for constructing the evaluation of the use of drones by medical workers in the delivery of medical supplies. From the Technology Acceptance Model (TAM) perspective, these factors critically support the perceived ease of use (PEOU) by addressing systemic usability barriers. Simultaneously, the (DOI) framework highlights their dual function in ensuring compatibility with existing institutional protocols and enabling trialability through pilot validations—key prerequisites for scalable technology adoption. The construction of these factors was indispensable, but a single increase in the overall activity of this part will not effectively alleviate medical workers’ concerns. In terms of the nature of these factors, apart from the frequency of emergencies, flight environment, and the characteristics of medical supplies, which were objective factors, the remaining elements including technical level, financial support, hospital support, policy support, law and regulation, and publicity and education all belonged to the developmental environment in the construction of drone delivery of medical supplies. The construction of these factors must be carried out throughout all the periods of the activity to create a good developmental environment for the subsequent and better evaluation of medical supplies. A good development environment was conducive to the subsequent promotion of the drone delivery of medical supplies program.

The factors located in layers 3 to 6—with the exception of the demand for medical supplies, which was an objective factor—had low driving force and high dependence. These remaining elements, encompassing drone maintenance level, professional staffing, drone quantity, airborne equipment performance, and drone performance characteristics, were all categorized as infrastructure components in the operation of drone medical delivery systems based on their functional attributes. These factors determine the feasibility and difficulty of running the system and have a direct impact on perceived ease of use (PEOU). The better the infrastructure, the easier the system is to use and the higher the PEOU; when the infrastructure is inadequate, the complexity of the project increases and so does the resistance to use. At the same time, the optimization of these mid-level factors enhances the testability and reduces the complexity of the technology, creating conditions for subsequent pilot roll-outs. From the MICMAC chart, these factors had a high dependence, which indicated that strengthening the construction of the relevant content of these factors could effectively improve the willingness of medical personnel to use drones to distribute medical materials. According to the questionnaire data, medical personnel in hospitals with prior experience in drone delivery—including those familiar with drone operation principles, having conducted trial programs, or maintaining active drone services—showed a higher propensity to utilize drones for various medical material deliveries compared to their counterparts in non-practicing institutions.

This discrepancy indicated that improving the construction of this part of the project can effectively change the concepts of medical personnel.

Factors in layers 1 and 2 are as follows: dispensing efficiency, distribution cost, distribution safety, emergency handling capability, and operation and management level. These all had extremely high dependency and low driving force, indicating that the willingness of medical workers to use drones could be greatly improved by handling these factors well. According to TAM, these factors significantly influence the perceived usefulness (PU) of a system. For example, efficiency or security gains enhance the user’s perception of usefulness. From a DOI perspective, they reflect the relative advantage of the innovation and are key indicators that determine the eventual adoption of the technology. Based on the development status of drone delivery for medical supplies at the time of the study, no region or organization had achieved regular operation, and most initiatives were in the experimental stage. It was recommended that the optimization of this part of the factors be actively considered in the experimental stage so as to ensure that a set of more mature operational solutions could be used in future large-scale applications. Regarding current progress in drone delivery development, although most countries or regions maintain an encouraging attitude, from the overall construction progress, the realization of normalized operation might still need to wait a very long time. Through the improvement of these factors related to the realization of the overall level of willingness of medical workers to use, this enhancement might also need to be validated only after many years. From existing research (23), the use of drones to distribute materials on the technical level was no longer prominent. How to effectively solve the related management problems in the future might become the focus of the next stage of research.

[image: image]

[image: image]





6 Discussion

The three-stage model of “infrastructure construction-technology performance optimization-operational efficiency enhancement” constructed in this study echoes the theory of increasing marginal benefits proposed by Johannessen (38) in terms of methodology but breaks away from its analytical framework, focusing on a single economic dimension. Compared to the research paths of Bhatt et al. (34) and Nisingizwe et al. (35), which focus on the validation of efficiency in specific scenarios, the present model integrates the human element constraints on technology adoption, which is theoretically complementary to the cognitive characteristics of medical personnel found by Sham (46). This study also explains the current dilemma of medical drone diffusion: most of the projects are stagnant in the transitional stage of institutional safeguard and technology validation (corresponding to the “knowledge-persuasion” period of innovation diffusion) and have not yet formed a complete value creation chain.

In this study, the key factors affecting medical personnel’s willingness to use drones to deliver medical supplies and their inherent logical relationships are clearly analyzed. Referring to the results of the previous analyses, from a systemic point of view, it is necessary to prioritize the construction of high-driven factors to ensure that the normal operation of the project can be met, and then strengthen the construction of high-dependency factors as much as possible, in order to increase the willingness of medical personnel to use drones to deliver medical supplies more effectively. Based on this, this study concludes that the following.

For projects that are still in the early stages of construction, it is inappropriate to rush to promote the rapid acceptance of the emerging model of drone delivery by medical personnel. Instead, the focus at this stage should be on preliminary preparatory work to create a favorable development environment for the project. Specific recommendations include optimizing the existing flight environment, strengthening policy support, improving the legal monitoring mechanism, increasing publicity and financial investment, introducing advanced technologies, and raising the importance of hospitals to relevant technologies. The construction focus of this stage covers factors F5, F6, F7, F10, F11, and F17 (due to the special nature of medical materials and the frequency of emergencies, objective factors such as F12 and F19 are not included in the optimization scope of this study). Ensuring the long-term stability of the relevant work will lay a solid foundation for the sustainable development of the UAV medical delivery program. In contrast to existing literature that analyses cost-effectiveness (38, 39), this study deepens the cost–time substitution theory proposed by Zailani et al. (40) through the cost factor (F10) transmission mechanism revealed by the multifactor interaction model. Especially in the emergency response scenario, the study validates the principle of time value priority emphasized by Nisingizwe et al. (35) and provides a theoretical fulcrum for establishing a multidimensional evaluation system for medical UAVs.

For medical UAV delivery projects that have entered the trial operation stage, the focus should be shifted to improving the performance of the aircraft, increasing the number of aircraft, optimizing the efficacy of the on-board equipment, ensuring professional staffing, and strengthening the routine maintenance of the aircraft, i.e., focusing on the enhancement of Factors F9, F14, F15, F16, and F18 (since the demand for medical supplies is an objective factor in the present study, F18 was not included in the optimization). Policy support (F14) corroborates Aggarwal’s (23) assertion on the specialized adaptation of medical drones, which shares both commonalities with traditional logistics research (28) that emphasizes the principle of infrastructure prioritization and essential differences due to the biosecurity nature of medical transport. Such findings provide a footnote to the specificity of the medical scenario to the theory of dynamic adaptation of regulatory frameworks proposed by Röper et al. (39). Although these construction measures fall under the category of infrastructure by nature, they have a significant positive impact on the willingness of medical personnel to use drones for medical material delivery. The previous analyses indicate that hospital doctors who have been involved in experimental or pilot activities of drone delivery are overall more inclined to accept this mode of delivery as compared to those who have no relevant exposure experience. Therefore, strengthening such infrastructure work will not only help to expand the coverage and task frequency of delivery operations in the future but also significantly enhance the trust and support of medical personnel for drone delivery of medical materials, thereby promoting the promotion and normalized application of this technology.

Based on previous research, the implementation of medical drone technology in urban settings must prioritize the acceptance levels among both the general public and healthcare professionals (73). Currently, globally, no hospitals or organizations have been able to achieve large-scale, regular use of drones for the delivery of medical supplies. This is mainly attributed to the late start of the field internationally, and the construction related to high drivers is still in progress. Combined with the model analysis in this paper, it is recommended that after better completion of the first two construction phases, the focus should be on optimizing the following aspects: improving the efficiency of drone deployment (F2), lowering the cost of distribution (F3), strengthening the safety of distribution (F4), improving the level of operation and management (F13), and enhancing the ability of emergency response (F8). These optimization measures have a significant contributing effect on increasing the willingness of medical personnel to use drones to deliver medical supplies in the future. Especially in scenarios where drones deliver high-value or scarce medical supplies, how to effectively address the above key issues will play a crucial role in promoting the widespread application and normalized operation of drone delivery technology.



7 Conclusion

The main obstacle to encouraging the normalized use of the technology is improving the medical staff’s acceptance of UAV medical delivery. This study’s ISM hierarchical analysis reveals that the fundamental environment for technology promotion is made up of bottom-level drivers like legal regulation and policy support, middle-level dependency factors like equipment performance and maintenance systems that have a direct impact on how well technology is implemented, and top-level high-dependency factors like cost control and delivery efficiency that determine whether normalized application is feasible. Compared with existing studies focusing on UAV hardware improvement and path optimization, this paper reveals the non-physical barriers hindering the implementation of the technology from the user’s perspective and provides differentiated strategies for different construction phases: in the early stage of the construction phase, it is necessary to build a good development environment; in the trial period, the infrastructure should be upgraded; and in the promotion phase, it is necessary to optimize the deployment efficiency, control the distribution cost, strengthen the safety performance, and improve the operation and management capability.

It should be noted that although this study has clarified the structural relationship of the key influencing factors through hierarchical analysis, it has not yet quantified the specific intensity of the effect of each factor on willingness to use, which requires the development of a special assessment tool in subsequent studies. Second, because the current activities of drone delivery of medical supplies are in their infancy all over the world, some of the findings need to be validated in long-term follow-up studies. Finally, this paper only analyzes from a macro perspective, and in future practical work, it is necessary to strengthen the micro part of the research, which can more efficiently contribute to the gradual promotion of this activity.
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