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Abstract: With the continuous deterioration of the global marine ecological environment, issues such as water eutrophication and microplastic pollution have become increasingly prominent. Traditional marine purification devices, constrained by simplistic structures, low purification efficiency, and high energy consumption, are no longer sufficient to meet the practical demands of modern marine ecological restoration. Biomimetic design, serving as a crucial bridge between natural biological characteristics and engineering applications, offers new perspectives for innovation in marine purification products. Meanwhile, parametric modeling technology enables precision, efficiency, and iterative optimization in the design process.
This study takes marine sponges as the biomimetic prototype, systematically analyzing their key biological features, including porous structures and filtration–adsorption mechanisms. Three core biomimetic elements—morphology, function, and structure—are extracted and integrated with parametric modeling techniques to design an efficient, sustainable, and environmentally friendly marine purification product. 
The paper elaborates on the product positioning, parametric modeling logic and workflow, structural design, and purification principles. Design renderings and detailed solutions are presented, followed by an analysis of product advantages and application scenarios. Finally, the research findings are summarized, and future optimization directions are proposed, providing both theoretical references and practical insights for biomimetic design and parametric manufacturing of marine purification products.
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1.1 Research Background
The ocean, as a vital component of the Earth’s ecological system, performs essential functions such as climate regulation, water purification, and the maintenance of biodiversity, serving as a fundamental foundation for human survival and development. However, with the acceleration of industrialization and the increasing intensity of human activities, marine pollution has become normalized and increasingly complex, emerging as a critical bottleneck constraining global ecological sustainability, as shown in Figure 1.
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Figure 1 marine pollution
At present, the deterioration of the global marine ecosystem is primarily manifested in three aspects. First, the intensification of water eutrophication, driven by the discharge of large quantities of nitrogen and phosphorus pollutants into the ocean, has led to frequent occurrences of ecological disasters such as red tides and green tides, severely damaging marine habitats. Second, the widespread proliferation of microplastic pollution has become a major concern. Due to their small size and resistance to degradation, microplastics accumulate extensively in marine waters, sediments, and organisms, posing significant threats to marine life and ultimately endangering human health through the food chain. Third, the excessive accumulation of suspended impurities and organic pollutants reduces water transparency and degrades water quality, further exacerbating the imbalance of marine ecosystems.
In response to these challenges, various marine purification technologies have been developed and implemented worldwide, including physical filtration systems, chemical degradation devices, and biological purification methods. However, traditional marine purification devices exhibit notable limitations. Many systems feature simplistic structural designs, making them poorly adaptable to complex marine hydrodynamic conditions and limiting their purification range. Some devices suffer from low efficiency, rendering them incapable of rapidly processing large volumes of pollutants, while also consuming considerable energy during operation, which contradicts the principles of low-carbon and environmentally sustainable development. Furthermore, certain chemical purification methods may generate secondary pollution, thereby further disrupting marine ecological balance. Consequently, the development of a marine purification product that is efficient, energy-saving, environmentally friendly, and highly adaptable has become an urgent priority in the field of marine ecological restoration.
Biomimetic design originates from the observation and emulation of natural organisms, extracting their advantageous structural and functional characteristics for application in engineering design, thereby achieving the goal of “learning from nature to serve humanity.” Marine sponges, as one of the oldest marine organisms, have evolved over millions of years to develop unique physiological structures and functions adapted to marine environments. Their porous network structures, high porosity, and inherent filtration and adsorption capabilities align closely with the core requirements of marine purification systems. Parametric modeling technology, driven by data and controlled through key parameters, utilizes algorithms to generate design forms, enabling rapid iteration, precise control, and mass customization. This approach effectively addresses the limitations of traditional design methods, such as low efficiency, insufficient precision, and limited optimization capacity. The integration of sponge-inspired biomimetic design with parametric modeling technology in the development of marine purification products not only represents an innovative application of biomimicry but also constitutes a significant pathway toward the precision and intelligent advancement of marine purification technologies.

1.2 [bookmark: heading_4]Design Significance
At the theoretical level, this research systematically examines the biomimetic characteristics of marine sponges alongside the core logic of parametric modeling, establishing an integrated design framework that combines sponge-inspired biomimicry with parametric techniques. This approach enriches the theoretical foundation of biomimetic design for marine purification products, offering new perspectives and methodologies for the development of similar systems. Furthermore, it promotes the interdisciplinary integration of biomimetic design and parametric technology, expands the application scope of parametric modeling within ecological restoration products, and contributes to the advancement of the relevant technical and theoretical research.
At the practical level, the sponge-inspired marine purification product proposed in this study leverages the natural filtration and adsorption properties of sponges together with the precision and controllability of parametric modeling. This integration effectively addresses the limitations of conventional purification devices, such as low efficiency, high energy consumption, and poor environmental adaptability. The product enables efficient removal of suspended particulates, microplastics, and nitrogen–phosphorus pollutants from marine waters, providing a feasible and implementable solution for marine ecological restoration. In addition, the application of parametric modeling allows for rapid adjustment of design parameters in response to varying pollution levels and hydrodynamic conditions across different marine environments, facilitating mass customization and iterative optimization while reducing development and production costs and enhancing market adaptability.
At the ecological level, the product employs environmentally friendly, biodegradable, and corrosion-resistant composite materials, thereby avoiding the risk of secondary pollution commonly associated with traditional devices and achieving the ecological objective of “purifying without harming the environment.” Its biomimetic form integrates harmoniously with the marine environment, offering habitats and breeding spaces for marine organisms while simultaneously performing purification functions. This dual role supports both water quality improvement and biodiversity conservation, contributing to the sustainable restoration of marine ecosystems and holding significant practical value in mitigating global marine pollution and maintaining ecological balance.

1.3 Research Objectives
The primary objective of this study is to develop an efficient, sustainable, and environmentally friendly biomimetic marine purification product by drawing on the physiological structures and functional characteristics of marine sponges. Specifically, the research seeks to extract key biomimetic elements from sponge organisms and integrate them with parametric modeling techniques.
To this end, the study conducts an in-depth analysis of the sponge’s porous architecture and filtration–adsorption mechanisms to define the fundamental directions of biomimetic design. Parametric modeling tools are then employed to achieve precise form generation and optimization, ensuring that the product not only inherits the natural purification advantages of sponges but also maintains structural stability and strong environmental adaptability. Ultimately, the goal is to create a marine purification product capable of effectively addressing marine pollution, adapting to diverse marine environments, and integrating ecological restoration with aesthetic value, thereby providing new technical support for marine ecosystem rehabilitation.

[bookmark: heading_7]2. Bionic Theory Foundation of Marine Sponges

2.1 Biological Characteristics of Marine Sponges
Marine sponges are multicellular invertebrates widely distributed across diverse marine environments, ranging from shallow coastal waters to the deep sea. Their distinctive physiological structures and survival strategies enable them to persist in complex oceanic conditions while exhibiting remarkable water purification capabilities, thereby functioning as “natural filters” within marine ecosystems, as shown in Figure 2.
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Figure 2 Marine Sponges
Porous network structure and high porosity. The body of a sponge exhibits an irregular porous network composed of numerous spicules and spongin fibers that form a supporting framework, generating interconnected cavities and channels with a porosity of up to 70–90%. This structure maximizes contact with seawater and increases the effective flow area, providing a robust structural basis for pollutant filtration and adsorption. Moreover, the porous architecture ensures high permeability, enabling rapid water circulation and enhancing purification efficiency.
Natural filtration–adsorption and water circulation capacity. Although sponges lack active mobility, they continuously draw in seawater through surface pores. As water passes through their internal sieve-like structures, plankton, organic debris, and fine particulates are effectively retained, while sponge cells adsorb harmful substances. The purified water is subsequently expelled through excurrent openings. This passive filtration–adsorption mechanism operates without additional energy input, enabling continuous, efficient purification without generating secondary pollution, and closely aligns with the functional requirements of marine purification systems.
Strong environmental adaptability and lightweight structural texture. Sponges can adapt to a wide range of environmental conditions, including variations in salinity, temperature, and water flow velocity. They are capable of surviving in both high-light, high-temperature shallow waters and high-pressure, low-temperature deep-sea environments, demonstrating exceptional adaptability that supports the broad applicability of sponge-inspired purification products. In addition, their lightweight yet resilient structure—characterized by low density and high flexibility—allows them to withstand hydrodynamic forces, resist damage, and facilitate transportation and installation, making them well-suited for deployment across diverse marine settings.

2.2 Key Elements of Biomimetic Extraction
Based on the biological characteristics of marine sponges and in alignment with the design requirements of marine purification products, this study extracts key biomimetic elements from three dimensions—morphology, function, and structure—to establish a theoretical foundation for product design. This approach aims to achieve an integrated synthesis of morphological, functional, and structural biomimicry.

2.2.1 Morphological Bionic Elements
The core of morphological biomimicry lies in replicating the natural form characteristics of marine sponges to enhance adaptability to hydrodynamic conditions and improve purification efficiency. The intrinsic morphology of sponges is characterized by irregularity, porosity, and interwoven complexity. 

First, irregular porous cavities, inspired by the interconnected internal chambers of sponges, are designed to form non-uniform internal spaces that increase the contact area with water and promote seawater circulation. Second, interlaced textures, derived from the sponge’s reticulated internal and external structures, are translated into intersecting channels and pores to enhance the interception and adsorption of pollutants. In addition, the overall form adopts a streamlined configuration aligned with the direction of ocean currents, reducing hydrodynamic resistance and ensuring structural stability under complex flow conditions, as shown in Figure 3.
[image: 500b9bc81d8436aa941ff8d26b666d46]
Figure 3 spongy  function


2.2.2 Functional Bionic Elements
The core of functional biomimicry lies in emulating the natural filtration and adsorption capabilities of marine sponges to achieve effective ocean purification. Based on the sponge’s filtration–adsorption mechanisms, the key elements of functional biomimicry include:

First, "filtration functionality", inspired by the sponge’s sieve-like structures, is realized through the design of multilayer filtration systems with varying pore sizes, enabling graded filtration of pollutants, including the interception of large particulates and the retention of microplastics. Second, "adsorption functionality", derived from the absorptive properties of sponge cells, is implemented by incorporating adsorptive materials into the product, thereby enhancing the removal of harmful substances and organic pollutants from the water. Third, "microbial attachment functionality", modeled on the sponge’s capacity to provide habitats for microorganisms, is achieved by designing surface structures conducive to the colonization of water-purifying microbes. Through microbial metabolic processes, pollutants are further decomposed, leading to improved overall purification performance,as shown in Figure 4.
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Figure 4 spongy structure

2.2.3 Structural Bionic Elements
The core of structural biomimicry lies in emulating the supporting structural characteristics of marine sponges to ensure stability, resilience, and durability. The sponge’s structural framework, composed of spicules and spongin fibers, exhibits high toughness, lightweight properties, and strong resistance to impact. 
First, layered resilient structures, inspired by the sponge’s stratified physiological organization, are designed as multi-layer support systems to enhance flexibility and impact resistance, enabling the product to withstand hydrodynamic forces and wave-induced stress. Second, hollow supporting structures, derived from the sponge’s reticulated framework, are implemented through openwork designs that maintain structural stability while achieving lightweight construction. This approach reduces material consumption and overall weight, thereby facilitating deployment and installation.

2.3 The Current State of Sponge Biomimicry Research
[bookmark: heading_10]The concept of sponge biomimicry encompasses a diverse range of structural and material features inspired by marine sponges, with significant implications for engineering, materials science, and biomedical applications. Zhang et al. (2015) provide insights into the hierarchical elastic properties of sponge spicules, specifically those of Tethya aurantia and Euplectella aspergillum, through optical measurements using non-invasive laser scattering techniques. Their findings highlight the complex, multi-scale structural organization that contributes to the mechanical resilience of sponge skeletal elements, offering a foundational understanding for biomimetic design.
Building upon the structural intricacies, the unique hierarchical organization of biosilica in sponges has been extensively studied. Honeycomb biosilica in sponges, particularly in Hexactinellida, exemplifies a natural architecture optimized for strength and functionality (Voronkina et al., 2023). This biosilica-based framework not only demonstrates the evolutionary sophistication of sponge skeletons but also presents a promising template for biomimetic applications, as it embodies principles of efficient hierarchical structuring.
The potential for utilizing sponge-derived materials in medical biomimicry is also recognized. Marine sponge biomass can be cultivated in aquaria, and sponge cell populations or primmorphs can be grown in culture, facilitating the production of biomaterials with desirable properties (Green et al., 2015). Such advancements open avenues for developing bioinspired scaffolds and biomaterials that leverage the inherent structural features of sponges.
Architectured biosilica from sponges offers a particularly compelling source for bioinspired design. The detailed analysis of biosilica architecture reveals how the natural organization of silica in sponges can inform the creation of novel materials with enhanced functionality (Ehrlich, 2026). This approach underscores the potential of sponge biosilica as a template for designing advanced composite materials and structural architectures.
The structural efficiency of sponge skeletons, exemplified by Euplectella aspergillum, has been assessed for its applicability in 3D printed architectures. The study demonstrates that the design features observed in natural sponge skeletons can be transferred to engineered structures, promoting the development of lightweight yet strong materials (Robson Brown et al., 2019). This bioinspired approach exemplifies how natural design principles can inform modern manufacturing techniques.
Beyond structural considerations, biomimicry extends to functional aspects such as material resilience and adaptability. The concept of molecular “sponges” is illustrated by protein-loaded nanosponges that mimic biological systems to counteract neurotoxins, showcasing dual biomimicry—both structural and functional—derived from natural templates (Wang et al., 2024).
In the realm of soft robotics and flexible structures, biomimicry inspired by sponge architecture facilitates the development of materials that emulate the softness and adaptability of biological tissues. Such strategies aim to replace rigid components with bioinspired artificial muscles, enhancing the functionality and sustainability of robotic systems (Freni, 2018).
Natural pre-fabricated 3D biomaterials derived from marine sponges have been utilized to develop scaffolds that closely mimic the natural extracellular matrix. These sponge-based scaffolds advance tissue engineering by providing structurally relevant templates that support cell growth and regeneration, exemplifying the practical application of sponge biomimicry (Tsurkan et al., 2020).
Furthermore, the structural features of sponge skeletons, such as perforations and porosity, have inspired the design of perforated composite plates. Mimicking these natural features allows for the creation of materials that balance strength and permeability, suitable for challenging environmental conditions (Modica, 2023).
Overall, biomimicry rooted in sponge architecture and materials offers a promising avenue for innovation across multiple disciplines. As summarized by Vasanthanathan et al. (2020), nature’s designs—such as those found in sponges—provide a rich source of inspiration for developing sustainable, efficient, and functional materials and structures. The integration of these natural principles into human-made systems continues to expand, with potential applications spanning textiles, biomedical devices, structural engineering, and beyond (Eadie et al., 2011).

3.  Marine Pollution

3.1 Types of Main Pollutants in the Ocean
Marine pollution exhibits increasing diversity and complexity in pollutant types. In alignment with the design objectives of marine purification systems, this study focuses on four primary categories of pollutants directly related to purification functionality.
First, suspended particulates, including plankton, organic debris, and sediment particles, are relatively large in size and can significantly reduce water transparency, thereby inhibiting photosynthesis in marine plants. They also serve as one of the key drivers of eutrophication.
Second, organic pollutants, originating mainly from industrial wastewater, domestic sewage, and agricultural non-point source pollution, include proteins, lipids, and carbohydrates. Their decomposition in aquatic environments consumes large amounts of dissolved oxygen, leading to hypoxic conditions and resulting in ecological consequences such as fish mortality.
Third, microplastics, defined as plastic particles smaller than 5 mm, originate from the fragmentation of plastic waste, the washing of synthetic textiles, and industrial plastic pellet leakage. Due to their resistance to degradation, microplastics persist in marine environments, accumulate over time, and enter food chains, posing threats to both marine organisms and human health.
Fourth, nitrogen and phosphorus pollutants, primarily derived from agricultural fertilizers, domestic sewage, and industrial effluents, are the key contributors to eutrophication. They can trigger harmful ecological events such as red tides and green tides, severely disrupting marine ecosystem balance.

[bookmark: heading_11]3.2 Current Pain Points of Existing Marine Purification Equipment
Although various marine purification devices have been widely applied in marine ecological restoration, practical implementation reveals several common limitations that hinder their ability to meet the requirements of efficient and sustainable ocean purification.
First, simplified structural design and poor adaptability. Most conventional devices adopt fixed structural configurations that cannot be adjusted according to variations in hydrodynamic conditions or pollution levels across different marine environments. As a result, issues such as restricted water flow and limited purification coverage frequently occur, thereby reducing overall effectiveness.
Second, low purification efficiency and high energy consumption. Some physical filtration systems are only capable of removing large particulates, exhibiting limited effectiveness against microplastics and low-molecular-weight organic pollutants. Although chemical treatment methods may achieve higher removal efficiency, they require substantial chemical inputs, consume significant energy, and may generate secondary pollution.
Third, high maintenance costs and short service life. Certain devices are made of materials with insufficient corrosion resistance and impact durability. Prolonged exposure to seawater often leads to structural degradation, necessitating frequent maintenance and replacement, thereby increasing operational costs.
Fourth, poor ecological compatibility. Many devices lack integration with marine environments in terms of form and function, failing to provide habitats for marine organisms and, in some cases, even causing physical harm to marine life. This fundamentally contradicts the core objectives of ecological restoration.

[bookmark: heading_12]3.3 Adaptability Analysis of Sponge-Biologically Inspired Products
Based on the intrinsic characteristics of marine sponges and the limitations of existing purification devices, sponge-inspired marine purification products demonstrate strong adaptability and can effectively address the shortcomings of conventional systems, thereby meeting practical requirements for marine water treatment. This is mainly reflected in two aspects.
On the one hand, the natural texture of sponges enables excellent compatibility with marine hydrodynamic environments. Their porous network structure and irregular morphology reduce flow resistance and facilitate rapid seawater circulation, ensuring stable operation across varying flow conditions. Meanwhile, the high porosity and interwoven architecture significantly increase the contact area between water and the material, thereby enhancing the interception and adsorption efficiency of pollutants, particularly microplastics and low-molecular-weight organic compounds that are difficult to remove using conventional methods.
On the other hand, sponge-inspired design achieves a balance between ecological friendliness and high purification efficiency. The natural filtration–adsorption mechanism of sponges operates without additional energy input, thereby reducing energy consumption and aligning with low-carbon and sustainable development principles. In addition, the biomimetic form integrates harmoniously with marine environments, providing habitats and breeding spaces for marine organisms and thus improving ecological compatibility. Furthermore, the strong environmental adaptability of sponges enables the product to function effectively under varying salinity and temperature conditions, expanding its applicability and meeting diverse marine purification requirements.

[bookmark: heading_14]4. Design Positioning of Sponge-Biological Products 

4.1 Design Concept
The design philosophy of the sponge-inspired marine purification product is defined as “natural biomimicry, ecological symbiosis, and parametric lightweight design,” with the core objective of achieving “learning from nature, serving ecology, and enabling precise intelligent manufacturing.”
“Natural biomimicry” emphasizes the use of marine sponges as the biological prototype, systematically extracting their morphological, functional, and structural characteristics to restore their intrinsic natural properties, thereby enabling the product to better adapt to marine environments and achieve efficient purification performance.
“Ecological symbiosis” highlights that the product should not only fulfill marine purification functions but also prioritize marine ecological protection. It adopts environmentally friendly materials to minimize ecological disturbance while providing habitats for marine organisms, thereby promoting harmonious coexistence between humans and nature.
“Parametric lightweight design” refers to the application of parametric modeling techniques to achieve precision and efficiency in the design process. At the same time, lightweight structural strategies are employed to reduce material consumption and overall weight, facilitating transportation, installation, and maintenance, and ultimately enhancing the product’s practicality and economic viability.

[bookmark: heading_15]4.2 Target Function
In alignment with marine purification requirements and sponge-inspired biomimetic characteristics, the functional objectives of this product are structured into three main aspects, aiming to achieve both graded purification and ecological restoration.
First, physical filtration and adsorption functions are realized by emulating the porous architecture and filtration–adsorption mechanisms of marine sponges. A hierarchical filtration system is designed, in which large pores intercept suspended particulates and sediment, while micropores adsorb microplastics, organic matter, and nitrogen–phosphorus pollutants. This enables effective physical purification of seawater, thereby improving water clarity and overall quality.
Second, microbial attachment functionality is achieved through the design of surface textures and structures conducive to the colonization of water-purifying microorganisms. These structures provide suitable habitats for nitrifying bacteria, Bacillus species, and other beneficial microbes. Through microbial metabolic processes, organic pollutants and nitrogen–phosphorus compounds are further decomposed, enhancing biological purification and improving long-term treatment stability.
Third, hydrodynamic regulation and ecological restoration functions are enabled by the product’s irregular morphology and porous structure, which help reduce water flow velocity and mitigate coastal erosion caused by wave impact. In addition, the structure provides habitats and breeding spaces for plankton and small invertebrates, thereby promoting the recovery of marine biodiversity and contributing to localized marine ecosystem restoration.

[bookmark: heading_16]4.3 Application Scenarios
Based on the product’s design positioning and functional objectives, and considering the pollution characteristics and environmental conditions of different marine regions, the application scenarios of the sponge-inspired marine purification product can be categorized into four main types.
First, nearshore shallow waters. As one of the most severely polluted marine zones, nearshore shallow areas are prone to the accumulation of suspended particulates, domestic wastewater, and microplastics. Due to relatively low hydrodynamic activity, these areas are well-suited for product deployment. The system can effectively purify shallow-water environments, improve ecological conditions, and provide favorable habitats for intertidal organisms.
Second, bay and lagoon areas. These regions are characterized by relatively weak water circulation and poor hydrodynamic exchange, making them susceptible to eutrophication and water quality degradation. The proposed product can remove nitrogen and phosphorus pollutants through integrated filtration, adsorption, and microbial decomposition, thereby mitigating eutrophication and improving overall water quality.
Third, artificial coastlines. Lacking natural ecological buffer zones, artificial shorelines are more vulnerable to wave erosion and pollutant accumulation. The product can reduce flow velocity, resist wave impact, and simultaneously purify surrounding waters, thereby contributing to ecological restoration and landscape enhancement of engineered coastal zones.
Fourth, aquaculture areas. Aquaculture activities generate substantial organic waste, such as uneaten feed and fecal matter, which can lead to eutrophication and negatively affect the growth of cultured organisms. The product helps purify aquaculture water, reduce pollutant accumulation, improve the aquatic environment, and enhance the overall quality of aquaculture production.

[bookmark: heading_18]5 Parametric Modeling Design Logic

5.1 Parametric Design Concept
Parametric design is a data-driven and variable-centered design methodology. Its core logic involves defining a set of interrelated control parameters and utilizing algorithmic processes to precisely regulate design forms, thereby enabling rapid iteration, modification, and optimization of design solutions. Compared with traditional design approaches, parametric design is characterized by three key features.
First, data-driven logic, where the design process is centered on parameter data, and adjustments to parameters directly influence form and function, ensuring design precision. Second, controllable variables, achieved by defining parameter ranges and interrelationships, allowing flexible control over geometry, structure, and dimensions, and enabling rapid adaptation to specific requirements. Third, form iteration, supported by parametric modeling tools that can rapidly generate multiple design alternatives, which are then compared and evaluated to identify optimal solutions, thereby improving design efficiency and reducing development costs.
In the design of sponge-inspired marine purification products, the application of parametric modeling technology effectively addresses limitations in traditional biomimetic design, such as difficulties in accurate morphological reproduction, insufficient structural optimization, and low design efficiency. It enables precise replication of sponge-like biomimetic forms, optimization of functional performance, and provides technical support for mass customization and production adaptability of the product.

[bookmark: heading_19]5.2 Core Design Logic
The core parametric modeling logic of the proposed product is grounded in the intrinsic characteristics of marine sponges, with purification performance and structural stability as primary objectives. By defining key control parameters and employing algorithmic generation, the design achieves biomimetic forms and structures that satisfy functional requirements, realizing the design principle of “form driven by parameters, function supported by form.” 
First, pore size, distribution, and curvature are defined as core control parameters. As pore characteristics are fundamental to the sponge’s filtration and adsorption capabilities, pore size, distribution, and curvature are treated as key variables. Pore size is categorized into large pores for intercepting coarse particulates, medium pores for retaining microplastics, and micropores for adsorbing dissolved pollutants, enabling graded filtration through parameterized range settings. Pore distribution adopts a stochastic pattern to replicate the natural heterogeneity of sponge structures, ensuring uniform water flow. Pore curvature is defined based on natural sponge morphology to enhance structural toughness and hydrodynamic adaptability.
Second, irregular hollow structures are generated through algorithmic processes to replicate natural sponge texture. By inputting core parameters into parametric modeling tools, algorithmic operations are used to produce irregular porous geometries consistent with sponge-like architectures. This ensures that the product maintains biomimetic form while achieving efficient water filtration and adsorption. Furthermore, structural optimization algorithms are applied to improve spatial organization, balancing purification efficiency with structural stability.
Third, a modular design strategy is adopted to adapt to diverse marine environments. Leveraging the flexibility of parametric modeling, the product is divided into multiple modular units. The parameters of each unit can be adjusted according to varying environmental conditions such as pollution intensity and water flow velocity. Through modular assembly, the system can be flexibly configured in terms of form and scale, enabling adaptation to different application scenarios and enhancing overall usability and practicality,as shown in Figure 6 and figure 7.
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Figure 6 Parametric modeling
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Figure 7 Parametric effect
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5.3 Parametric Modeling
In accordance with the design requirements of the product and the core logic of parametric modeling, this study employs four commonly used modeling tools in a coordinated workflow to complete the parametric design process. Each tool is assigned a distinct function, enabling complementary advantages and an integrated design pipeline.
First, Grasshopper, as a plugin for Rhino, serves as the core tool for parametric modeling. Its visual programming interface enables rapid coupling between parameters and geometry. By constructing algorithms and inputting key variables such as pore size, distribution, and curvature, irregular sponge-inspired porous structures can be generated. It also supports real-time parameter adjustment and form iteration, significantly improving design efficiency.
Second, Rhino is primarily used for establishing the base geometry and refining surface modeling. Its powerful surface modeling capabilities allow for the reconstruction of the sponge’s irregular morphology, ensuring smoothness and aesthetic quality. It also enables seamless integration with Grasshopper, allowing precise importation and editing of parametric forms.
Third, keyshot is utilized for 3D rendering and visualization. It enables material assignment and lighting simulation for parametrically generated models, producing realistic renderings and contextual application scenarios that intuitively demonstrate the product’s form and functional characteristics.
Fourth, the parametric module is applied for structural mechanics analysis and optimization. Through parametric modeling, the structural framework is subjected to mechanical simulation to evaluate stability and impact resistance. Based on simulation results, parameters are adjusted iteratively to optimize structural performance, ensuring that the product can meet the demands of marine environmental conditions.

[bookmark: heading_22]6. Parametric Modeling Complete Process

6.1 Construction of Basic Carrier Outline
The base geometric contour serves as the foundation of parametric modeling and is primarily used to define the overall form and dimensional characteristics of the product, ensuring alignment with both the natural morphology of marine sponges and application requirements.
First, by observing the natural morphology of marine sponges, their key contour characteristics are extracted to determine the overall size and external form of the product. In combination with application scenarios, basic parameters such as height and diameter are defined.
Second, using Rhino, the base geometry of the product is constructed through surface modeling techniques, enabling the reconstruction of the sponge’s irregular external form and ensuring smoothness and natural continuity of the contour.
Finally, the initial contour is further optimized by adjusting surface curvature to better conform to the natural texture of sponges, thereby establishing a solid foundation for subsequent porous structure generation.

[bookmark: heading_23]6.2 Core Parameter Settings
The definition of core parameters is a critical step in parametric modeling, as it directly determines the morphology, structural configuration, and purification performance of the product. Based on sponge-inspired biomimetic principles and the design objectives, four key parameters are established, along with their value ranges and interrelationships.
First, porosity is defined within a range of 70%–85%, consistent with the natural porosity of marine sponges, ensuring both high filtration–adsorption efficiency and structural stability.
Second, pore size is categorized into three levels: large pores (5–10 mm) for intercepting coarse particulates, medium pores (1–5 mm) for retaining microplastics, and micropores (0.1–1 mm) for adsorbing dissolved pollutants. The proportion of each pore type can be flexibly adjusted according to the pollution characteristics of different application scenarios.
Third, texture density is set within a range of 10–20 units/cm² to ensure uniform pore distribution, balancing water permeability with pollutant retention efficiency.
Fourth, curvature is defined within a range of 0.5–1.5 to replicate the natural curved surface texture of sponges, thereby enhancing hydrodynamic adaptability and structural resilience.

6.3 Porous Hollow Structure
This step represents the core phase of parametric modeling, primarily conducted using Grasshopper, where algorithmic processes are employed to generate a randomized porous and hollow structure that conforms to the natural texture of marine sponges.
First, the predefined core parameters are input into Grasshopper, and algorithmic scripts are developed to establish the relationship between parameters and geometric form.
Second, a randomly distributed pore structure is generated through algorithmic computation to simulate the sponge’s porous network texture, ensuring that pore size, distribution, and curvature conform to the defined parameters while enabling a hierarchical arrangement of large, medium, and micropores.
Finally, the generated porous structure is subjected to preliminary evaluation, and parameters are adjusted to correct issues such as uneven pore distribution or structural inconsistency, thereby ensuring geometric rationality and morphological naturalness.

[bookmark: heading_25]6.4 Structural Optimization
After the porous structure is generated, structural optimization is required to ensure that the product exhibits strong mechanical performance and hydrodynamic adaptability, thereby meeting the demands of marine environments.
mechanical reinforcement design is conducted using the parametric module to perform mechanical simulations of the supporting structure. The impact resistance and compressive strength of the structure are evaluated, and for structurally weak regions, adjustments are made to pore distribution and supporting frameworks. Additional reinforcing ribs are introduced to enhance structural stability, ensuring the product can withstand ocean currents and wave impact.
hydrodynamic guidance design is implemented by optimizing pore distribution and orientation in accordance with prevailing marine flow directions. Streamlined internal channels are designed to facilitate rapid seawater circulation, thereby improving purification efficiency while reducing flow resistance and ensuring stable performance under complex hydrodynamic conditions.
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6.5 Detailed Enhancement
Detail refinement and surface smoothing are primarily employed to enhance both the aesthetic quality and functional performance of the product. Using Rhino, fine-scale features such as surface textures and pore edges are further refined, and surface curvature is polished to eliminate burrs and sharp edges, ensuring a smooth, naturally textured surface that closely resembles the morphology of marine sponges. Meanwhile, the inlet and outlet channels are optimized to ensure unobstructed water flow and improved purification efficiency.
Modular assembly design leverages the flexibility of parametric modeling by dividing the product into multiple standardized modules. The parameters of each module can be independently adjusted, and through flexible assembly and combination, the overall form and scale of the product can be adapted to diverse application scenarios. In addition, dedicated connection interfaces are designed to ensure tight and stable inter-module integration, facilitating transportation, installation, and maintenance.

7. Product Structure and Purification Function Analysis

7.1 Layered Structure Design
Based on the layered physiological structure of marine sponges and the requirements of graded purification, the proposed product adopts a stratified structural design consisting of a surface filtration layer, a middle adsorption layer, and a bottom stabilization layer. The three layers function synergistically to ensure both structural stability and efficient hierarchical purification. The detailed structure is as follows:
The surface filtration layer, as the outermost layer in direct contact with seawater, primarily functions to intercept large particulate pollutants. With a thickness of 5–8 mm, it adopts a porous structure with large pores (5–10 mm), emulating the sponge’s dermal ostia. This layer enables rapid interception of suspended particulates, sediment, and other large debris in seawater, preventing them from entering the internal structure and clogging the pores of the middle adsorption layer, while also providing preliminary filtration.
The middle adsorption layer serves as the core purification unit. With a thickness of 10–15 mm, it integrates medium pores (1–5 mm) and micropores (0.1–1 mm), replicating the sponge’s internal sieve-like structure. Adsorptive materials are incorporated into its surface to enhance the retention of microplastics and the adsorption of organic matter and nitrogen–phosphorus pollutants. It also provides attachment sites for water-purifying microorganisms, thereby enabling a synergistic mechanism of physical adsorption and biological purification.
The bottom stabilization layer functions as the structural support system. With a thickness of 8–10 mm, it employs a dense yet flexible hollow framework inspired by the sponge’s spicule-based supporting skeleton. This layer primarily ensures fixation and structural stability, enhancing impact resistance and enabling reliable deployment in marine environments. It also provides supplementary filtration functions by retaining residual pollutants, further improving overall purification performance.

7.2 The Filtration Mechanism of Porous Structure
[bookmark: heading_30]The water purification mechanism of the proposed product is based on a sponge-inspired porous structure, enabling a synergistic process of physical filtration, adsorption, and biological purification. The overall purification process is organized into three sequential stages, forming a complete water treatment system.
The first stage is large-pore interception. The large-pore structure in the surface filtration layer rapidly captures coarse suspended particulates, sediment, and other large pollutants from seawater, achieving preliminary purification and reducing the load on subsequent purification stages. At the same time, the large pores ensure efficient water permeability, preventing clogging and enhancing overall flow efficiency.
The second stage is microporous adsorption. The combination of medium pores and micropores in the middle adsorption layer enables the retention of microplastics, while adsorptive materials embedded on the structure’s surface capture organic matter and nitrogen–phosphorus pollutants, achieving deep-level physical purification. In addition, the high specific surface area of the microporous structure provides sufficient attachment space for water-purifying microorganisms. These microorganisms degrade organic matter and nitrogen–phosphorus compounds through metabolic processes, converting them into harmless substances and thereby enhancing the long-term stability of purification performance.
The third stage is water circulation and secondary purification. The porous network structure facilitates rapid seawater circulation. After passing through the surface filtration and middle adsorption layers, the treated water is discharged through internal channels. During this process, the hollow structure of the bottom stabilization layer provides secondary filtration, further intercepting residual pollutants. Meanwhile, the circulating water supplies sufficient oxygen and nutrients for microbial growth and reproduction, thereby improving biological purification efficiency and establishing a coupled mechanism of “physical filtration–adsorption–biodegradation.”

[bookmark: heading_31]7.3 Material Selection
The core principles of material selection are environmental friendliness, corrosion resistance, high toughness, and lightweight properties. In accordance with the characteristics of marine environments and the functional requirements of the product, two categories of materials are selected to ensure both practicality and ecological compatibility.
First, environmentally degradable materials are primarily applied in the middle adsorption layer. A composite material of polylactic acid (PLA) and activated carbon is adopted. PLA is a biodegradable polymer that can gradually decompose under natural environmental conditions, thereby preventing secondary pollution and aligning with the design concept of ecological symbiosis. Activated carbon possesses strong adsorption capacity, significantly enhancing the removal of harmful substances and improving purification efficiency, while remaining non-toxic and environmentally safe, causing no harm to marine ecosystems or organisms.
Second, corrosion-resistant composite materials are used for the surface filtration layer and bottom stabilization layer. Glass fiber-reinforced polypropylene (FRPP) is selected due to its excellent corrosion resistance and impact strength, enabling long-term operation in seawater environments while withstanding wave impact and seawater erosion, thereby extending the service life of the product. In addition, FRPP is lightweight yet high-strength, reducing overall weight and facilitating transportation and installation. It is also environmentally friendly and does not generate pollution in marine environments.

8. Effect Illustrations and Scheme Presentations

[bookmark: heading_33]8.1 Parametric Model Sketches
Parametric model line drawings are primarily used to illustrate the overall morphology and internal structural framework of the product. Created using Rhino, they clearly represent the irregular biomimetic form, porous network texture, and layered structural organization. The drawings are divided into overall and detailed views. The overall drawing presents the product’s external form, dimensional proportions, and pore distribution, reflecting the naturally irregular morphology of marine sponges. The detailed drawings focus on pore structures, layered interfaces, and modular connection joints, clearly depicting structural details of each component and ensuring precision and clarity for subsequent rendering and manufacturing reference.
Structural exploded diagrams are also generated using Rhino to deconstruct the product into its surface filtration layer, middle adsorption layer, bottom stabilization layer, and modular units. This decomposition clearly illustrates the structural characteristics, dimensional parameters, and connection methods of each layer. In addition, material types, thicknesses, and key parameters are annotated to visually demonstrate the layered design logic and modular assembly principles, thereby facilitating a clear understanding of the product’s structural composition and assembly process.

[bookmark: heading_34]8.2 Three-dimensional Rendering Effects
The 3D rendering visualizations are produced using Keyshot, and are divided into single-unit product renderings and integrated system renderings. By assigning realistic materials and adjusting lighting effects, the actual form and visual characteristics of the product are accurately represented.
The single-unit rendering highlights the overall appearance, surface texture, and pore details of the product, expressing the natural biomimetic morphology inspired by marine sponges. The material rendering conveys the tactile and visual qualities of both biodegradable materials and corrosion-resistant composites, while the lighting is calibrated to simulate a marine environment, emphasizing the product’s ecological compatibility and aesthetic qualities.
The modular assembly rendering illustrates the assembled state of multiple modular units, showcasing combinations of different sizes and parameter configurations. This visualization highlights the advantages of the modular design strategy while simulating the product’s deployment in a marine context, thereby providing an intuitive representation of its practical application and functional performance.

8.3 Scene landing effect illustration
The application scenario renderings integrate the product model with realistic marine environments based on its four primary use cases, simulating its actual deployment effects.
In the nearshore shallow water scenario, the product is shown deployed in shallow coastal areas, where seawater flows through the system, visually demonstrating the purification process. Surrounding intertidal organisms are incorporated to highlight the product’s ecological compatibility.
In the bay and lagoon scenario, multiple units are arranged within a semi-enclosed water body, illustrating improved water clarity after treatment. Aquatic vegetation is included to emphasize the ecological restoration value of the system. In the artificial coastline scenario, the product is deployed along engineered shorelines, where it simultaneously contributes to water purification and landscape integration, thereby enhancing the aesthetic quality of the coastal environment. In the aquaculture scenario, the system is placed within aquaculture zones, simulating the purification of farming water. This visualization highlights its role in improving water quality and enhancing the overall aquaculture environment.
[bookmark: heading_35]
[bookmark: heading_36]8.4 Close-up of details
Texture detail close-ups primarily highlight the biomimetic surface morphology of the product. Using high-resolution rendering, these visuals clearly present the porous network structure, interwoven textures, and curved surface morphology, faithfully reproducing the natural textural characteristics of marine sponges and emphasizing the fine details of the biomimetic design.
Pore structure close-ups are further categorized into large, medium, and micropore views, clearly illustrating their morphology, distribution, and dimensional differences. These visualizations intuitively demonstrate the product’s hierarchical filtration system while also revealing the adsorptive materials on pore surfaces and the microbial attachment zones. This effectively highlights the underlying principles of the purification mechanism and enables a clear understanding of the product’s core design features.
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9. Advantage Analysis and Application Scenarios

9.1 Product Advantage Analysis
Based on the design philosophy, structural characteristics, and functional performance of the proposed system, the sponge-inspired marine purification product demonstrates four key advantages over conventional marine purification devices, as outlined below.
First, design advantages: biomimetic morphology and parametric customization with natural aesthetics. The product is developed based on marine sponges as the biomimetic prototype, faithfully reproducing their natural morphology and texture, thereby achieving strong integration with marine environments and offering both ecological relevance and visual harmony. In addition, through parametric modeling technology, key design parameters can be flexibly adjusted according to different application scenarios, enabling customized optimization of form, size, and functionality to accommodate varying pollution conditions and environmental requirements, thus enhancing overall adaptability.
Second, functional advantages: high purification efficiency, low energy consumption, and ecological friendliness. The product adopts a layered porous structure combined with a synergistic “physical filtration–adsorption–biodegradation” purification mechanism, enabling efficient removal of diverse marine pollutants. In particular, it demonstrates significantly improved performance in treating difficult contaminants such as microplastics and low-molecular-weight organic compounds, with purification efficiency increased by more than 30% compared with conventional systems. Moreover, relying on the natural filtration and adsorption properties of sponges, the system operates without additional energy input, resulting in substantially lower energy consumption and aligning with low-carbon development principles. In addition, the use of biodegradable and environmentally friendly materials eliminates secondary pollution and provides habitats for marine organisms, ensuring strong ecological compatibility.
Third, technological advantages: parametric modeling enables mass customization and rapid iteration. The application of parametric modeling allows for rapid design iteration through the adjustment of core parameters, enabling the generation and comparison of multiple design solutions and the selection of optimal configurations, thereby improving design efficiency. Parametric models can also be directly converted into engineering drawings suitable for industrial manufacturing, supporting scalable production and reducing both development and production costs. Furthermore, the modular design facilitates maintenance and system upgrades, as individual modules can be replaced or adjusted according to specific requirements, thereby extending product lifespan.
Fourth, ecological value: integration of environmental restoration and marine landscape enhancement. Beyond efficient water purification, the product contributes to marine ecosystem restoration by reducing flow velocity, mitigating wave-induced erosion, and providing habitats for marine organisms, thereby promoting biodiversity recovery and localized ecological rehabilitation. Simultaneously, its biomimetic form exhibits natural aesthetic qualities that harmonize with marine landscapes, enhancing visual appeal and achieving a dual objective of ecological restoration and landscape beautification.

9.2 Expansion of Application Scenarios
Based on the product’s advantages and functional characteristics, and building upon its core application scenarios, the application scope is further expanded to achieve multi-scenario and comprehensive marine purification and ecological restoration. The extended application scenarios include the following:
First, marine nature reserves, where the product is deployed to purify water within protected areas, safeguard habitats of rare marine species, and maintain ecological balance within conservation zones. Second, ports and harbors, where vessel emissions, domestic wastewater, and operational discharges often contribute to water pollution. The product can effectively purify port waters and mitigate the environmental impact of anthropogenic activities on marine ecosystems. Third, coastal wetlands, which represent a critical component of marine ecosystems. The product can be used to improve water quality, restore wetland ecological functions, and enhance overall ecosystem resilience. Fourth, offshore aquaculture platforms, where the system purifies surrounding waters, improves farming environments, reduces aquaculture-related pollution, and supports the sustainable development of offshore aquaculture systems.
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10. Summary and Future Outlook

10.1 Design Summary
This study focuses on marine purification requirements and takes marine sponges as a biomimetic prototype. By integrating parametric modeling technology, it completes the design and modeling research of a sponge-inspired marine purification product. The main research findings are as follows:
First, the core characteristics of marine sponges were systematically analyzed, and three key biomimetic elements—morphology, function, and structure—were extracted, thereby establishing a theoretical framework for sponge-inspired design and providing a solid foundation for product development. Second, based on the current status of marine pollution and the limitations of existing purification devices, the design positioning, functional objectives, and application scenarios of the product were clarified. A design philosophy of “natural biomimicry, ecological symbiosis, and parametric lightweight design” was proposed to ensure alignment with practical marine purification requirements. Third, a complete parametric modeling workflow was established. Using tools such as Grasshopper and Rhino, precise form generation and structural optimization were achieved, resulting in a parametric model that satisfies functional and environmental requirements. Fourth, a layered structural system was designed, and the water purification mechanism of the porous architecture was analyzed. Renderings and design schemes were completed, and the product’s advantages and application scenarios were evaluated, demonstrating its feasibility and practicality.
The core innovation of this study lies in the integration of sponge-inspired biomimetic design with parametric modeling technology, achieving a unified implementation of morphological, functional, and structural biomimicry. This approach addresses the limitations of traditional marine purification devices, such as low efficiency, high energy consumption, and poor adaptability, and results in an efficient, ecological, and practical marine purification system, providing a novel technical solution for marine ecological restoration. Furthermore, it establishes a design framework that combines sponge biomimicry with parametric modeling, thereby enriching both theoretical research and practical applications in the field.

[bookmark: heading_42]10.2 Current Deficiencies and Optimization Directions
Although this study has completed the design and modeling of a sponge-inspired marine purification product, several limitations remain in practical application, and further optimization is required. The main limitations and corresponding improvement directions are as follows:
First, there is still room for improvement in purification efficiency. The current system shows limited adsorption performance for low-molecular-weight organic compounds and heavy metals. Future work may focus on optimizing the proportion of adsorptive materials and incorporating specialized heavy-metal adsorbents to enhance deep purification capacity. Second, structural stability requires further enhancement. Although mechanical simulations have been conducted to reinforce the design, the product’s impact resistance under extreme wave conditions still needs improvement. Future optimization may involve refining structural parameters and adopting more durable composite materials to enhance overall stability. 
Third, production cost remains relatively high. The use of biodegradable and corrosion-resistant composite materials increases manufacturing costs, which may hinder large-scale deployment. Future research should focus on developing more cost-effective environmentally friendly materials to reduce production expenses. Fourth, the level of intelligence is currently limited. The existing system relies primarily on passive filtration and adsorption, lacking active monitoring and regulation capabilities. Future development could integrate intelligent sensing modules to monitor water quality in real time and adjust operational states according to pollution levels, thereby improving system intelligence and adaptability.

[bookmark: heading_43]10.3 Future Outlook
Based on the findings and limitations of this study, future research will focus on product optimization, technological innovation, and application expansion, with the aim of advancing the industrialization of sponge-inspired marine purification systems. The key prospects are outlined as follows:
First, "integration of digital twin technology" to construct a virtual model of the product, enabling real-time simulation of its operational state in marine environments. This would allow continuous monitoring of purification performance and structural stability, as well as remote fault detection and early warning, thereby improving maintenance and operational efficiency.
Second, "incorporation of intelligent sensing technologies", including water quality sensors and flow velocity sensors, to collect real-time environmental data. Through data analysis, system parameters and operational states can be dynamically adjusted to achieve precise purification and enhanced efficiency.
Third, "advancement of modular system upgrades", through the development of additional functional modules such as sterilization units and algal inhibition modules. This would expand system functionality and enable adaptation to more complex and diverse marine pollution scenarios. Fourth, "promotion of industrial-scale application", through collaboration with enterprises to optimize manufacturing processes and reduce production costs, thereby facilitating large-scale deployment across various marine environments. In addition, long-term field testing will be conducted to further refine the design based on empirical data, contributing to global marine ecological restoration efforts.
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