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Abstract

:

In order to effectively curb the rapid growth trend in Spartina alterniflora in coastal cities of China, this study proposes an innovative mechanical equipment design scheme for eradicating Spartina alterniflora. Based on literature analysis and field research, the AHP (analytic hierarchy process) model is constructed to quantify and prioritize the diverse needs of users for control equipment. Subsequently, the House of Quality (HOQ) in QFD (Quality Function Deployment) is used to analyze the key components and structure of the equipment to ensure its performance and feasibility in practical applications. Finally, combined with the Theory of Inventive Problem Solving (TRIZ), the potential problems encountered in the structural design of the equipment are analyzed, and the corresponding creative principles are applied to solve the contradictions and complete the optimal scheme design. This study, via the acquisition of user needs and further analysis of the machinery’s structure, proposes a scheme that can address many problems related to Spartina alterniflora in China and provide new technical ideas for the field of wetland environmental protection.
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1. Introduction


Invasive species are one of the most pressing global challenges for biodiversity and agriculture [1]. Spartina alterniflora is a main invasive and highly distributed species of saltmarsh in China [2]. Spartina alterniflora was initially introduced to China for environmental improvement, wave dissipation, and dike protection [3]. Spartina alterniflora is a perennial herb, and its reproductive modes include sexual reproduction via seeds and asexual reproduction via rhizomes or plant fragments [4]. Its strong sediment accumulation capability forms a natural dike, leading to changes in the intertidal zone’s topography and blocking tidal water from entering Suaeda salsa and reed marshes. This affects the normal functioning of the wetland ecosystem, tidal flow, and nutrient distribution. Its strong reproductive capacity squeezes the living space of native species, causing a survival crisis for migratory birds and benthic organisms that rely on coastal wetlands for habitat and food [5,6,7]. Spartina alterniflora seeds can be dispersed by ocean currents, and the plant’s underground rhizome system is complex, exhibiting high tolerance to salinity and submersion. Its invasion displaces native species and disrupts the habitats of benthic organisms, fish, and birds, leading to the degradation of coastal wetland ecosystems and a reduction in biodiversity [8,9]. Additionally, it impedes the normal flow of tides, diminishes the flood discharge capacity of river estuaries, and contributes to the siltation of navigation channels. The invasive success of Spartina alterniflora is primarily due to its strong ecological and physiological characteristics, including superior photosynthetic rates, high root growth, and low internal nitrogen content. Remarkably, its growth in China surpasses that in the United States, with heights typically reaching 1.0–2.7 m and roots extending up to 1.5 m deep into the soil [10,11,12]. Spartina alterniflora is mainly found in Zhejiang, Jiangsu, Fujian, and Shanghai provinces, accounting for more than 90% of China’s total Spartina alterniflora area [13]. Controlling the expansion of Spartina alterniflora and mitigating the ecological damage caused by its invasion has become an important issue for the protection of coastal wetlands in China. The control methods of Spartina alterniflora mainly include physical removal treatments [14,15], chemical control [16,17,18], and interspecific competition [19]. To maintain the balance of wetland ecosystems, the Chinese government attaches great importance to the control of Spartina alterniflora in various regions. Among many control strategies, herbicides have not been widely used in field applications due to their potential impacts on native species [20]. Physical removal treatments are widely used in cities across China due to their environmental friendliness and effectiveness [21,22].



At present, a large number of scholars have conducted systematic research on methods for eradicating Spartina alterniflora. However, there is no research on the mechanical design for the control of Spartina alterniflora in Chinese literature. In our research on control machinery, we need to fully consider the particularity and complexity of the design, as well as the diversification of user needs and design parameters. Devanathan et al. addressed the challenge of weeds impacting crop yield and quality. To tackle agricultural weed problems, the research successfully developed a low-cost agricultural weeding machine, equipped with dual blades to enhance weeding efficiency [23]. Saha et al. designed and tested a two-wheel power-tiller multi-row weeder for weed control in wheat and other narrow-row crops. The weeder demonstrated high weeding efficiency and field operation capability, with a lower cost compared to other weeding technologies [24]. It is necessary to strengthen the design process and prioritize the product characteristics so that the user needs are correctly weighted and the impact of each need on overall satisfaction can be estimated [25]. In development and research, it is necessary to consider the specific needs of users and the rationality of component structures. Therefore, we use AHP, QFD, and TRIZ theories to construct a design process to develop mechanical equipment for the control of Spartina alterniflora, achieving a combination of function, structure, and cost. Jing et al. [26] used a combination of AHP and QFD for demand analysis to systematically establish an index system for emergency rescue engineering machinery. By constructing the House of Quality, they provided an important theoretical basis and practical guidance for the system design of rescue engineering machinery. Li et al. [27] applied AHP to collect and analyze customer needs, constructed HOQ to evaluate the importance and satisfaction of each need, and ultimately provided solutions for the renovation and protection of traditional buildings in Yunnan Province, China. Li et al. [28] combined AHP with QFD and KE theories to translate user needs into design directions, meeting the health management needs of the elderly. The combination of AHP and QFD has shown significant results in identifying and addressing user needs, but various technical contradictions still need to be resolved. TRIZ theory can be introduced to specifically address these engineering and technical challenges. Taehoon et al. [29] combined QFD and TRIZ to propose a conceptual design for an automatic layout robot for building structures based on a systematic design process, which provided strong theoretical support for the practical application of the automatic layout robot for building structures. Lee et al. [30]. used TRIZ principles to propose an innovation roadmap for the smart glasses industry, including the use of unconventional energy sources, modular design, and intuitive interaction technologies. Rong [31] applied Kano, AD, and TRIZ theories to self-balancing two-wheeled vehicles. Based on TRIZ engineering parameters and inventive principles, the development and creation were completed.



In the studies conducted by the aforementioned scholars, it can be observed that the AHP-QFD theory can analyze the relative importance of various user factors. By establishing a mapping relationship between user needs and design elements through HOQ, the extent to which the realization of design requirements affects the fulfillment of user needs can be determined. Finally, TRIZ theory can analyze the contradictions and conflicts that arise in the process of realizing design elements and provide viable solutions. The application of these three methods in the control equipment for Spartina alterniflora can achieve the transformation of user needs into design requirements, ultimately completing the development and design of the machinery. The innovation of this study lies in addressing the significant financial challenges associated with Spartina alterniflora control in China by proposing an innovative solution. Unlike the commonly adopted combination of manual and mechanical harvesting methods, this research focuses on exploring and implementing a fully mechanized strategy for controlling Spartina alterniflora in wetlands. This strategy aims to significantly reduce management costs while enhancing efficiency and effectiveness through mechanization, offering a more efficient and economical solution for wetland ecological protection and promoting sustainable development in the field. The research team conducted surveys among Spartina alterniflora specialists and gathered professional opinions from experts in the field of Spartina alterniflora management. Based on the specific needs of the target stakeholders, the design team selected similar mechanical equipment and sought innovative advancements within the existing technological framework to guide the design and development process, ensuring that the final solution closely aligns with practical requirements. Furthermore, in applying the House of Quality (HOQ) method, we carefully considered the insights of industrial design experts. This approach not only effectively meets the professional needs of Spartina alterniflora researchers but also ensures the mechanical equipment’s functionality, efficiency, and operational ease.




2. Materials and Methods


During the field visits and related literature research, our team conducted a comprehensive summary. The study area is located in the Yancheng wetland in China, known for its rich ecological biodiversity. We noticed that the excessive growth of Spartina alterniflora in this area has posed a serious threat to the ecological environment of rare wildlife. Although chemical methods have shown significant speed in dealing with Spartina alterniflora, considering their potential side effects on the wetland ecosystem, we decided to prudently avoid this method in our mechanical development. To ensure ecological safety while effectively managing and controlling the spread of Spartina alterniflora, our team prioritized physical methods as the main control approach in mechanical development. Physical methods can minimize the disturbance to species and ecological environment [32,33,34,35]. To achieve this goal, we decided to integrate AHP (analytic hierarchy process), QFD (Quality Function Deployment), and TRIZ (Theory of Inventive Problem Solving) into our experimental process to guide the design and development of the final control machinery. The flowchart of the experimental design is shown in Figure 1.



2.1. Analysis of User Demand Hierarchy


The analytic hierarchy process (AHP) is a systematic and hierarchical analysis method proposed by Saaty, and it can combine quantitative indicators with qualitative analysis [36]. The hierarchical structure can usually be divided into a target layer, an element layer, and an indicator layer [37]. During the preliminary preparation process, team members conducted a field survey of the Yancheng National Rare Bird Nature Reserve in Jiangsu Province. The Yancheng Nature Reserve (32°20′~34°37′ N, 119°29′~121°16′ E) was established in 1983, with the primary protection targets being rare wild animals such as the red-crowned crane and the tidal flat wetland ecosystem on which they depend. It is one of the important wetlands under the Ramsar Convention. In recent years, the vegetation community in the core area has become increasingly homogeneous, and both biodiversity and ecological value have been declining [38,39]. Our team, together with researchers from the nature reserve, analyzed the growth environment and characteristics of Spartina alterniflora and had in-depth discussions on user needs for the control plan. Based on this, we further constructed an analytic hierarchy model in Figure 2, to guide the implementation of this control work more scientifically and systematically, ensuring the effective protection of the ecological balance and biodiversity of the nature reserve.




2.2. Construct a Contrast Judgment Matrix


In the process of the analytic hierarchy process (AHP), to avoid singular qualitative results, elements are typically compared in pairs to determine their relative importance [40,41]. The judgment matrix reflects the importance of each variable in the hierarchical structure and is a core component of this method. In this study, a scale of 1–9 was used to carry out the assignment, and the degree of importance between the two elements of the comparison was defined by numerical values [42]. This scaling method has the advantages of being simple and easy to use. The definitions of the 1–9 scale are shown in Table 1.



According to the ratio scale in Table 1, the parameters are compared in pairs to assess their relative importance. The judgment matrix is shown in the equation below (1):


  X =  [       b  11        b  12       … …      b  1 n          b  21        b  22       … …      b   2 n          … …     … …     … …     … …        b  n 1        b  n 2       … …      b  nn        ]   



(1)








2.3. Calculate the Weight Value of Design Elements


To ensure the objectivity and rigor of the evaluation results, this experiment invited doctoral students from the Tiaozini Field Research Institute of Fudan University and several design professors to participate in the decision-making process. They can provide critical decision-making factors for the development of Spartina alterniflora control equipment. In the decision-making process, we used the arithmetic mean method to quantify each evaluation factor. This method can avoid the influence of subjective factors on the evaluation results, making the results more objective and fair. Table 2, Table 3, Table 4 and Table 5 present the evaluation results for each scheme, and the calculation process is as follows:



	
Normalize the judgment matrix according to Formula (2):


     b  i j    ¯  =     b  i j       ∑  k = 1  n    b  k i        , i , j = 1 , 2 , … … n  



(2)







	
Calculate the average value of each row in the normalized judgment matrix according to Formula (3):


   W i  =   ∑  j = 1  n        b  i j    ¯   n    , i = 1 , 2 , … … n  



(3)











2.4. Consistency Check


To ensure the consistency of the evaluators’ judgments during the evaluation process, a consistency check of the judgment matrix is necessary. The consistency ratio is calculated based on the order n of the judgment matrix. In the consistency test, λmax is used as an important parameter to measure the consistency ratio. Saaty verified that for a positive reciprocal matrix, λmax is always greater than or equal to n. Since CR < 0.1, it meets the consistency test criterion, indicating that the judgment matrix is constructed reasonably [43]. Generally, the smaller the CR value, the better the consistency of the judgment matrix. The calculation process is as follows:


   λ max  =   ∑   i = 1  n      (  A W  )  i   n W i     



(4)








	
where λmax is the maximum eigenvalue, and n is the order of the judgment matrix.


   CI =      λ max     n    −    1      



(5)







	
where CI represents the consistency index of the judgment matrix.


   CR =     CI   RI     



(6)












RI represents the average random consistency index, and CR represents the consistency ratio.



The CR values calculated from Table 2, Table 3, Table 4, Table 5 and Table 6 were tested, and the results indicate that all judgment matrices passed the consistency test. The average random consistency metrics are shown in Table 7. The experimental results are feasible, as shown in Table 8.




2.5. Comprehensive Weight Ranking


In the criteria layer, the weight ranking is B > C > A > D. In the research on Spartina alterniflora control equipment, the core focus is significantly on the performance of the equipment. This is mainly because Spartina alterniflora has become an extremely urgent issue in China’s wetland ecosystems, so the control effectiveness of the equipment is given top priority. We still need to improve the environmental performance of the equipment on the basis of optimal control effectiveness. In Table 9, the comprehensive ranking in the sub-criteria layer, the weight ranking is B3 > B1 > A2 > C3 > B4 > D1 > C1 > A1 > B2 > C2 > B5 > D3 > D2 > C4, with physical harvesting methods occupying the most important position. This method is considered the preferred control means due to its minimal destructive impact on the wetland environment. We also need to focus on the adaptability of the equipment in wetland environments. Wetland terrains are complex and variable, and the equipment must be able to flexibly respond to various terrains to ensure the smooth progress of the control work. Additionally, in our research, we must consider the usage cost. In ensuring the effectiveness of Spartina alterniflora control while adapting to wetland environments, it is crucial to recognize that the relationship between development costs and high performance is often not directly proportional, and this pursuit tends to be more idealistic. From a practical development perspective, cost as a core consideration can be addressed by designing to reduce mechanical wear and enhance efficiency, thereby decreasing reliance on human resources. Optimizing the mechanical layout and selection of components not only ensures effective management but also considers economic benefits. However, in wetland environments, portable equipment may not be applicable, as they often cannot cope with the specific conditions of wetlands. Therefore, we can temporarily disregard the portability factor. Through comprehensive consideration, we can determine the next design direction, primarily focusing on physical control methods, the equipment should be able to move freely and operate efficiently in wetland environments, while also saving labor and material resources. This large machinery will achieve efficient Spartina alterniflora control while protecting the wetland environment.




2.6. Comprehensive Weight Ranking


QFD theory can link customer requirements with technical parameters to achieve the transformation of needs [44,45]. This can be carried out by effectively translating these customer requirements into design features and characteristics. The House of Quality (HOQ) is a voice of customer analysis tool and a key component of the Quality Functional Deployment technique [46]. By effectively translating these customer requirements into design features and characteristics [47], according to the user requirement weights obtained from AHP, the design team summarized and concluded the relevant technical parameters in the mechanical development and production process through group meetings. The control product is mainly divided into the harvesting part, the moving part, and the power part. Based on the results of the analytic hierarchy process, the design team envisions the final mechanical equipment as a highly efficient, adaptable, and innovative harvesting machine. In Figure 3 and Figure 4 (from China Agricultural Machinery Network), we collected and analyzed various types of harvesters widely used in China. Through conference evaluations and comparisons, the design of the mechanical equipment will optimize the cutting platform structure, enhance power transmission efficiency, and improve intelligent control levels. It features a specialized mode of movement suitable for wetland terrains, capable of remote monitoring, fault diagnosis, and precise operation planning. Throughout the design process, we will strictly adhere to national environmental protection standards, using low-energy and low-emission engines and transmission systems to reduce energy consumption and environmental impact during operations. The harvesting part mainly consists of physical harvesting, recovery structure, cutting size, and component structure. The moving part consists of the traveling method, component structure, and sensing method. The power part consists of working endurance, operation method, power supply method, and energy storage method.



The importance of the relationship between customer requirements and design elements was judged, with the strength of the relationship assigned values from 0 to 9. In this valuation, 0 means no relationship, 1 means a very weak relationship, 3 means a weak relationship, 5 means a moderate relationship, 7 means a close relationship, and 9 means a very close relationship. The weights of the product characteristics in each matrix are calculated based on the numerical values, as shown in Formula (7):


    TIR  j   =    ∑   i = 1  n    CIR   ij    ; ( i = 1 ,   2   …   m )   



(7)







TIRj represents the absolute weight value of the jth product characteristic.



CIRi represents the weight of the ith customer requirement.



Rij represents the value of the relationship between the ith customer requirement and the jth product characteristic.



According to the results of Figure 5, the importance ranking is as follows: blade harvesting in the harvesting part > recovery structure in the harvesting part > component structure in the harvesting part > cutting size in the harvesting part > power supply method in the power part > traveling method in the moving part > operation method in the power part > sensor control in the moving part > component structure in the moving part > energy storage method in the power part > working endurance in the power part. Therefore, the blade harvesting, recovery structure, component structure, and cutting size in the harvesting part are critical for the Spartina alterniflora control equipment. Based on this, we analyzed the components of the moving and power parts, and combined with the opinions of industrial design experts, proposed the key component features of the Spartina alterniflora control equipment.



In Figure 6, the design team used the House of Quality (HOQ) based on QFD, focusing on the key component features of the equipment. The design considerations mainly revolve around the form of the cutting tools, cutter interfaces, cutting collection ports, shearing power supply, walking wheels, blade protection, blade durability, shock absorption configuration, and easy control. The research results indicate that the core of the control equipment lies in the parts of the harvesting section. This is mainly because physical harvesting using blades is the best means of maintaining ecological balance. Therefore, the shape of the blades and their adjustment mechanism are of utmost importance in the design process. Based on the researchers’ studies on the growth size of Spartina alterniflora and the wetland environment, the next step will be to develop a complete design direction for the harvesting section. To minimize the consumption of human and material resources, we will adopt remote control for the operation of the equipment. Meanwhile, the recovery box for Spartina alterniflora and the power supply equipment have relatively lower weights in the overall design. We will design these components based on standardized power supply models available in the market to ensure efficient and economical performance. The mechanical equipment designed in this project focuses on remote control. First, it uses optimally designed blades for precise harvesting, then employs an efficient mechanical transmission system to recover Spartina alterniflora, and finally collects it into a dedicated collection box through a filtering system.




2.7. Analysis of Contradiction Problems Based on TRIZ Theory


TRIZ is a systematic process for solving a particular problem or conflict of innovative methods [48]. The results of QFD (Figure 3) has specifically analyzed the interrelationships between design elements. In the table, ‘+’ indicates a positive correlation between two elements, meaning that the improvement in one technology will optimize another; ‘−’ indicates a negative correlation, meaning that the improvement in one technology will deteriorate another.



The walking wheels and shock absorption configuration have a positive correlation. The material and shape of the walking wheels directly affect the contact characteristics with the ground. Enhancing the walking wheels can reduce the impact received while walking in wetlands. Blade durability and blade protection also have a positive correlation. Implementing protective measures for the blades in the machinery can reduce abnormal wear and extend the blade’s lifespan. The shearing power supply and power supply components have a positive correlation. The energy for the shearing section depends on the normal operation of the power supply components. A reasonable configuration of the power supply components can enhance the stability and efficiency of the shearing power supply. The recovery box and the recovery connection part have a positive correlation. Enhancing the transportation and handling capacity of the recovery connection part can accelerate the process of collecting Spartina alterniflora in the recovery box.



In Table 10, the easy control and remote control have a negative correlation. In the comprehensive weight results of AHP, HCI convenience has a high weighting, so the design of the equipment needs to strike a balance between utility, convenience, and functionality. According to the principles of solving physical contradictions in TRIZ theory, we can use the principle of space separation. When there are two or more conflicting demands in an engineering system, these demands can be resolved by allocating them to different locations or stages of the system. We recommend using Inventive Principle 17 (Another Dimension) for resolution, which involves transforming the motion and layout of an object from one-dimensional to multi-dimensional. Simply considering the capability of easy control does not provide a comprehensive design. We need to consider dimensions such as performance, reliability, and safety. We can integrate the operational functions of the equipment in a multi-dimensional manner, including not only the direct control interface but also an interface connected to a remote interaction system. This way, users can achieve one-click control through the interactive terminal system, ensuring the convenience of remote control while retaining the intuitiveness of simple control.



The recovery articulated parts and transmission units have a negative correlation. The primary function of the recovery connection part is to ensure a seamless connection with the subsequent recovery process after harvesting Spartina alterniflora. The function of the transmission component is to transfer the harvested Spartina alterniflora to the collection box. Due to the unique physical properties of Spartina alterniflora as a wetland crop, traditional conveyor belt transmission faces difficulties in the transfer process. However, these two components are essential parts of the entire machinery. This physical contradiction can be addressed using the system-level separation principle in TRIZ, specifically Inventive Principle 28 (Mechanical Substitution). In the transmission component, we can use mechanical equipment combined with a transmission structure to facilitate the collection of small-sized objects, thereby improving the efficiency and reliability of the entire mechanical system.



In Table 11, the tool form and the blade protection are negatively correlated, changes in the blade shape increase the complexity of blade protection. The shape of the cutting tool is the most critical element in the entire engineering design process. As the diversity of blade structures increases, it can improve the control efficiency but also make the installation and maintenance of the blade protection device more complex. We can use Inventive Principle 1 (Segmentation) to solve this issue by designing the blade protection and cutting tool shape as two relatively independent components, ensuring they are structurally and functionally independent yet mutually adaptable. On one hand, optimizing the cutting tool shape to maximize work efficiency and adaptability; on the other hand, simplifying the blade protection design to reduce manufacturing costs and maintenance difficulty.



The blade protection and power supply components are negatively correlated, the blade protection system increases the energy supply and complexity of the power components. However, the design needs to consider whether the functional components can bear high-power energy consumption. We can use Inventive Principle 15 (Dynamicity), combined with the solution for the third group of contradictions, to make the blade protection system adaptive and adjustable, reducing its dependence on the power supply components, and thereby lessening the energy supply burden. A blade protection device that can be quickly installed and removed can be designed to reduce energy consumption.





3. Results


Based on the analysis results of AHP-QFD-TRIZ, the team started to aim for the final design result and designed the overall machine. The most significant difference in the research results is in the blades. In Figure 7, we adopt the form of an electric rotary plow blade. This blade uses rotating teeth as the working parts and employs a horizontal axis configuration for the rotary plow blade. When working at high speeds in wetlands, the horizontal axis blade can effectively break the soil and reduce soil compaction. The design team has developed a forward and reverse L-shaped blade layout, ensuring the main stems of Spartina alterniflora can be easily cut during operation, achieving efficient weeding. By adjusting the angle and position of the mechanical arm, the blades can reach a depth of about 20 cm into the soil, handling a wider soil area and deeper root systems.



Regarding material selection, the design team, following Chinese national mechanical standards, chose 60Si2Mn spring steel as the blade manufacturing material. This material is commonly used for mechanical parts subjected to heavy loads in the industry. 60Si2Mn spring steel also has strong corrosion and heat resistance [49], allowing it to maintain stable performance in complex environments such as wetlands, extending the blade’s lifespan. This electric rotary plow blade is most suitable for use during the growth period of Spartina alterniflora from April to June. Implementing physical harvesting measures during the seedling stage of Spartina alterniflora can significantly curb its excessive growth, thereby controlling its spread and maintaining ecological balance [50,51]. During this time, the root systems of Spartina alterniflora are not fully mature, allowing the blades to cut and remove the roots more effectively, preventing further spread and growth.



In Figure 8, the design team completed the development and research of the overall mechanical equipment, part of the interface terminal for the remote control is displayed. This interface is used for the remote control and operation of Spartina alterniflora control machinery, this interaction method is not only simple and easy to use but also highly practical and efficient. Among the main components of the mechanical equipment:




	
Blade Guard: The blade guard’s design aims to address the TRIZ theory’s contradictions between blade protection, blade shape, and power supply components. The blade guard exists as an independent component made of high-carbon steel. After specific treatment, this material offers excellent hardness and elasticity limits, significantly reducing blade wear during non-working conditions and effectively preventing splashing soil during movement.



	
Recovery Duct: Considering the fluidity of wetland soil, using a centrifugal impeller and conveyor belt structure ensures efficient recovery and transfer of Spartina alterniflora after the blades cut it, maintaining efficient and smooth recovery operations.



	
LiDAR System: Current laser scanners are capable of precisely measuring distances to objects within 250 m, with high accuracy in range measurement. The margin of error can be controlled within 5 cm, allowing for stable operation under various complex environmental conditions [52]. Combining three components—laser, scanning part, and photosensitive chip—with mirror-reflecting light technology, the laser covers the detectable field of view by the LIDAR, enhancing the equipment’s adaptability in complex work environments.



	
Solar Panel: Protected by tempered glass, combined with EVA adhesive and high-efficiency polycrystalline silicon solar cells, it provides a stable and environmentally friendly energy supply. The aluminum alloy frame and junction box ensure the system’s stable operation.



	
Mechanical Arm: Mainly used to adjust the cutting size of the tool, made of lightweight materials such as aluminum alloy, magnesium alloy, and carbon fiber. Via the flexible connection of rods and joints, it achieves precise size adjustments under remote control, equipped with LiDAR at the front to adapt to different cutting conditions.



	
Plowing Structure: The design of a buried plow frame can penetrate about 20 cm into the soil, causing secondary damage to the main stem of Spartina alterniflora and plowing. This design not only improves control effectiveness but also promotes soil structure improvement.



	
Charging Port: Allows the equipment to be charged by inserting a charging cable. In addition, it is equipped with an intelligent charging management system, which can automatically determine the charging status and enhance ease of use and safety.



	
Marching Structure: Compared to tires, tracked chassis has a larger contact area with the ground, which aids in providing better traction in sticky soils. Tracks distribute the weight of the machine more evenly, reducing the pressure per unit area on the ground and minimizing the risk of sinking into muddy terrain [53]. The tracked movement mode realizes differential steering by controlling the speed difference between the two tracks. This steering method is flexible and easy to control and is suitable for large wetland areas. Both tracks are equipped with protective devices to protect the moving structure, which is easy to clean and reduces energy consumption and maintenance costs.



	
Isolation Plate: Separates the moving part of the mechanical equipment from the main body, primarily made of stainless steel. This material has corrosion resistance and high strength, which effectively isolates the moving parts from the main body and ensures stable operation in a heavy load working environment.



	
Recovery Box: Used to collect Spartina alterniflora and other debris harvested by the machine.



	
Recovery Filter Port: Its density allows for the screening and filtering of other materials, ensuring the purity and reuse value of the recovered material. On the basis of improving resource utilization, the risk of environmental pollution and ecological destruction is reduced.









4. Discussion


The product of this study is designed for the control of Spartina alterniflora growing in coastal wetlands. The overall function of the product must meet the actual environmental conditions of the wetlands, and the performance indicators of the product must meet the goals of final production. According to the AHP analysis results, the design team had a general research direction for the mechanical design for the control of Spartina alterniflora. After group discussions, it was decided to present it in the form of wetland weed control machinery. Based on the established research objectives, the research team constructed a House of Quality (HOQ), breaking down the various components of the machinery and conducting expert evaluations to determine the results for each part. Finally, based on TRIZ theory’s contradiction analysis, they optimized potential conflicts in the engineering development process. Combining the above results, a research plan for Spartina alterniflora control was designed.



Figure 9 and Figure 10 illustrate the process of managing Spartina alterniflora from control to efficient recovery, conducted during its juvenile growth phase in August. At this stage, the aboveground and underground tissues are cut by rotating blades, combined with tilling. Both seedlings and partially mature plants of Spartina alterniflora are treated, and then, using an automated conveyance system, the cut plants are transported to a dedicated recovery box. The design of the recovery operation takes into account the loose and moist soil of wetland environments, which tends to introduce a significant amount of silt and impurities during the recovery process. Filtration holes at the bottom of the recovery box are designed to collect the cut Spartina alterniflora rhizomes and naturally separate the silt impurities. The silt and impurities naturally exit through the holes, reducing the difficulty and cost of subsequent processing, avoiding contamination of the recovered materials, and ensuring a clean and efficient recovery process.



The design team proposed a set of mechanized processes centered around the final design solution. First, the mechanical equipment is activated via a remote control system and moved to the target area. Then, the cutter head of the harvester is used to cut the aboveground and underground stems of Spartina alterniflora. During the cutting process, the remote-controlled mechanical arm can adjust the cutting size in real time to meet the tillage needs at different depths. Next, the buried plow blade automatically performs a pressing operation to plow the previously harvested area a second time, ensuring thorough control. The harvested Spartina alterniflora and its debris are transmitted backward through the equipment’s internal air duct system. These materials pass through a rear screening outlet, separating the wetland soil from the Spartina alterniflora. After the harvesting operation is complete, workers open the collection box and remove the recovered Spartina alterniflora. Finally, under remote control guidance, the mechanical equipment returns to the preset recovery point, completing the entire cutting and recovery process.



Life cycle assessment (LCA) is a systematic analysis method widely used to comprehensively assess the potential environmental impacts of products, services, and systems throughout their entire lifecycle [54]. This process covers multiple critical stages including raw material acquisition, production manufacturing, logistics and transport, usage phase, and post-use treatment and recycling, aiming to provide a holistic perspective for examining and optimizing resource use efficiency and environmental load. To enhance the operability and accuracy of the LCA evaluation framework, it is scientifically and reasonably simplified, while clearly defining the core design objectives that the Spartina alterniflora control equipment should achieve at each lifecycle stage. In Figure 11, the design objectives, methods, and evaluation metrics for each lifecycle stage are determined, establishing a phased and hierarchical sustainability evaluation system [55]. Thirteen industrial designers and Spartina alterniflora researchers were invited to score the design proposals using a Likert five-point scale, comparing design proposal (a) with traditional physical control methods (b). The average scores for each criterion are represented by means, and the evaluation score chart is plotted based on the scoring data, as seen in Figure 12. The data from the table show that the overall mean of the design proposal (a) is higher, reflecting its superior sustainability.




5. Conclusions


This study integrates the methods of AHP, QFD, and TRIZ, effectively transforming user needs in the process of Spartina alterniflora control into functional requirements, and further into specific component designs for the mechanical equipment. This approach maximizes the resolution of potential issues during the equipment development stage, providing a solid foundation for the actual product manufacturing. This integrated method not only optimizes the design analysis, problem-solving generation, and evaluation process of Spartina alterniflora control but also significantly reduces the complexity between theory and practice, offering a new research perspective and theoretical support for the field of wetland invasive species control.



Currently, there are still certain shortcomings in this study. When constructing the HOQ for weight calculation, it mainly relies on the experience and expertise of industrial designers, which increases the uncertainty and complexity of the design process to some extent. To overcome this limitation, future research will focus on introducing more objective and systematic analysis methods to reduce dependence on individual designers’ experience and improve the predictability and repeatability of the design process. Additionally, future research will emphasize the practical process of mechanized production of Spartina alterniflora control equipment, strengthening the application of engineering technology and feedback from the actual production process. In the evaluation of LCA, the practical indicators are low. The main reason is that the current research exists in theory, but also needs to follow the actual verification in the control process. We will further verify the feasibility and effectiveness of this study and, based on that, enhance the design flexibility and iterative nature of this research theory.
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Figure 1. The flowchart of the experimental design. 
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Figure 2. User needs hierarchy analysis model. 
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Figure 3. Common harvest types of agricultural machinery in China. 
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Figure 4. Mechanical equipment structural sketches and standards. 
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Figure 5. Comprehensive weight ranking. 
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Figure 6. House of Quality of Parts and Components of Spartina alterniflora Control Equipment. 
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Figure 7. Equipment blade design applications. 
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Figure 8. Design and application of spartina alterniflora control machinery. 
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Figure 9. Simulation of Spartina alterniflora harvesting schematic diagram. 
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Figure 10. Spartina alterniflora recovery and sieve out impurities process. 
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Figure 11. Sustainable evaluation system. 
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Figure 12. Sustainability evaluation system scores of two schemes. 
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Table 1. Judge the degree of the index scale.
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	Indicator Scale
	Implication
	Scale Value Description





	1
	Equally important
	Indicator a and indicator b are equally important



	3
	Slightly important
	Indicator a is marginally more important than indicator b



	5
	Significantly important
	Indicator a is significantly more important than indicator b



	7
	Very important
	Indicator a is very important compared to indicator b



	9
	Absolutely important
	Indicator a is more important than indicator b



	2, 4, 6, 8
	Inversion comparison
	Take the middle part










 





Table 2. Requirement weights for A–D in the X hierarchy.
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	X
	A
	B
	C
	D
	WX





	A
	1
	0.381
	1.083
	1.306
	0.177



	B
	2.628
	1
	3.417
	4.083
	0.507



	C
	0.923
	0.293
	1
	3.250
	0.209



	D
	0.766
	0.245
	0.308
	1
	0.107










 





Table 3. Requirement weights for A1–A2 in the A hierarchy.
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	A
	A1
	A2
	WA





	A1
	1
	0.529
	0.346



	A2
	1.889
	1
	0.654










 





Table 4. Requirement weights for B1–B5 in the B hierarchy.
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	B
	B1
	B2
	B3
	B4
	B5
	WB





	B1
	1
	3.500
	0.537
	2.500
	5.167
	0.274



	B2
	0.286
	1
	0.215
	0.303
	2.500
	0.086



	B3
	1.861
	4.641
	1
	4.333
	6.167
	0.436



	B4
	0.400
	3.303
	0.231
	1
	3.333
	0.155



	B5
	0.194
	0.400
	0.162
	0.300
	1
	0.049










 





Table 5. Requirement weights for C1–C4 in the C hierarchy.
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	C
	C1
	C2
	C3
	C4
	WC





	C1
	1
	2.333
	0.547
	4.000
	0.295



	C2
	0.429
	1
	0.265
	3.333
	0.161



	C3
	1.827
	3.767
	1
	4.667
	0.471



	C4
	0.250
	0.300
	0.214
	1
	0.073










 





Table 6. Requirement weights for D1–D4 in the D hierarchy.
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	D
	D1
	D2
	D3
	WD





	D1
	1
	3.333
	2.500
	0.590



	D2
	0.300
	1
	0.889
	0.187



	D3
	0.400
	1.125
	1
	0.223










 





Table 7. Average random consistency indicator.
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	Matrix Order
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	RI
	0
	0
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.46
	1.49










 





Table 8. Consistency test results.
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Coherence Indicators

	
X

	
A

	
B

	
C

	
D






	
λmax

	
4.133

	
2

	
5.200

	
4.106

	
3.003




	
CI

	
0.044

	
0

	
0.050

	
0.035

	
0.002




	
RI

	
0.890

	
\

	
1.120

	
0.890

	
0.520




	
CR

	
0.050

	
0.045

	
0.040

	
0.003











 





Table 9. Comprehensive weight ranking.
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	Element Layer
	Weight
	Comprehensive Weight
	Rank





	A1
	0.346
	0.061
	8



	A2
	0.654
	0.116
	3



	B1
	0.274
	0.139
	2



	B2
	0.086
	0.044
	9



	B3
	0.436
	0.221
	1



	B4
	0.155
	0.078
	5



	B5
	0.049
	0.025
	11



	C1
	0.295
	0.062
	7



	C2
	0.161
	0.034
	10



	C3
	0.471
	0.098
	4



	C4
	0.073
	0.015
	14



	D1
	0.590
	0.063
	6



	D2
	0.187
	0.020
	13



	D3
	0.223
	0.024
	12










 





Table 10. Mechanical physics contradictory research.
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Conflict Number

	
Conflict

	
Type of Contradiction

	
Separation Mode

	
Inventive Principle






	
01

	
Easy control-Remote control

	
Physical Contradiction

	
space separation

	
1, 2, 3, 4, 7, 13, 17, 24, 26, 30




	
02

	
Recovery of

articulated parts-Transmission unit

	
System level separation

	
12, 28, 31, 32, 35, 36, 38, 39, 40











 





Table 11. Mechanical technical contradiction research.
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Conflict Number

	
Conflict

	
Type of Contradiction

	
Improved Parameters

	
Deteriorating Parameter

	
Inventive Principle






	
01

	
Tool forms-Blade protection

	
Technical Contradiction

	
No. 36

	
No. 27

	
1, 2, 3, 4, 7, 13, 17, 24, 26, 30




	
02

	
Blade protection-Power supply

components

	
No. 5

	
No. 22

	
12, 28, 31, 32, 35, 36, 38, 39, 40
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