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Coastal biogenic structures, formed by ecosystem engineering species, often feature rough surfaces characterized by intricate topographies and highly three-dimensional reliefs. Their surfaces are shaped by waves and tidal currents and reciprocally influence the ambient hydrodynamics, reflecting an equilibrium. Despite their significance, the impact of these surfaces on the ambient hydrodynamics remains underexplored due to limited knowledge of accurately replicating their complex topographies in experimental setups. The recent advent of advanced digital manufacturing presents an efficient means to manufacture highly complex, three-dimensional surrogate models for experimental modeling. This work explores the accurate replication of rough coastal biogenic structures for experimental modeling on the examples of an oyster reef and a mussel bed, utilizing a flexible design methodology and, for the first time, particle bed 3D printing with Selective Cement Activation (SCA) as a fabrication and manufacturing method. A workflow is proposed, which includes an iterative surrogate model development based on in-situ topographical features, requirements of the experimental setup, and parameters of the particle bed 3D printer with SCA. The results demonstrate the effectiveness of the methodology in achieving highly accurate surrogate surfaces of complex coastal biogenic structures by validation against a set of topographical features relevant to hydraulic roughness. Particle bed 3D printing with SCA proved to be a suitable method to manufacture complex surrogate surfaces for experimental modeling, offering advantages such as independence of production time from surface complexity. However, challenges persist in achieving exact comparability between the manufactured surrogate surface and the real coastal biogenic structures, particularly for surfaces with very high complexity. Nonetheless, the manufactured generic surrogate surfaces enable detailed investigations into the influence of complex coastal biogenic structures on the ambient hydrodynamics, thereby enhancing the understanding of the processes governing wave energy dissipation attenuation, turbulence production, and vertical mixing – critical for efficient application as a nature-based solution on coastal protection or restoration efforts.
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1 Introduction

Intertidal coastal zones are the areas along a coastline that are periodically submerged and exposed due to tidal forces and encompass a wide range of surface types, reflecting different depositional environments and particle sizes, like sandy beaches, mudflats, rippled bed surfaces, and rough gravel beds to highly complex biogenic structures formed by ecosystem engineering species (Jones et al., 1994; Gutiérrez et al., 2003) These biogenic structures (e.g., coral or oyster reefs, mussel beds, coralline algae beds, mangrove forests, or biologically-stabilized surfaces by sea grass, tube worms, or microbial mats) have been the subject of recent research, as they provide several ecosystem services linked to their complex surface structure (Borsje et al., 2011; Bouma et al., 2014; Narayan et al., 2016; Gracia et al., 2018; Morris et al., 2018; Schubert et al., 2020; Dunlop et al., 2023; Solan et al., 2023). For instance, biogenic structures support coastal protection mechanisms by 1) attenuating waves (Lowe et al., 2005; Donker et al., 2013; Harris et al., 2018; Morris et al., 2021), 2) reducing estuarine currents (Reidenbach et al., 2006; Kitsikoudis et al., 2020; Shavit et al., 2022), and 3) stabilizing sediments (van Leeuwen et al., 2010; Chowdhury et al., 2019). Simultaneously, the biogenic structures provide habitats for various species, enhance water quality, and sequester carbon (Ehrnsten et al., 2020).

In the central Wadden Sea, the most extensive seamless system of intertidal sand and mud flats worldwide (UNESCO, 2022) located between the Netherlands, Germany, and Denmark, biogenic structures account for roughly 2 – 6% of the surface area of the tidal basins (Folmer et al., 2014, 2017). Two ecosystem engineering species predominantly form the biogenic structures: 1) the native blue mussel Mytilus edulis and 2) the non-native, invasive Pacific oyster Magallana gigas (Thunberg (1793), formerly referred to as Crassostrea gigas), both bivalve filter-feeders. While M. edulis (shell length of up to 60 mm) forms erodible, low-relief beds, M. gigas (shell length of up to 200 mm) forms rigid, persistent, ultra-rough reef structures (Figure 1). In recent years, the formerly native M. edulis beds have been almost entirely replaced by M. gigas reefs as the predominant biogenic structure (Diederich, 2005; Nehls et al., 2006; Reise et al., 2017). The surfaces of both types of biogenic structures are rough and topographically complex but differ in macroscale (e.g., surface morphology and cluster formation) and microscale (e.g., abundance, shell shape and length, and attachment mechanism) characteristics. This is due to the different growth patterns of the two distinct ecosystem engineering species. The resulting differences between these two biogenic structure types formed the primary motivation of this study, which aimed to accurately replicate these surfaces for experimental modeling.




Figure 1 | Photographs illustrating the differences between Magallana gigas reefs and Mytilus edulis beds at (A, D) macroscale (orthophoto; courtesy of Leibniz University Hannover), (B, E) microscale (orthophoto), and (C, F) the shell morphology of the individuals, respectively.



Both biogenic structures, mussel beds and oyster reefs, are influenced by the local hydrodynamics and vice versa, reflecting an equilibrium. The filter-feeding mode of both species benefits from the increased turbulence as their rough surfaces induce vertical mixing in the water column, enhancing food availability. M. edulis beds are known to withstand moderate hydrodynamic forces (Hunt and Scheibling, 2001), but individuals can be dislodged, and whole beds can be obliterated by drifting ice or more severe storm events (Widdows et al., 2002, 2009; Donker et al., 2015). Conversely, M. edulis beds dissipate wave and tidal current energy due to their rough surface (Butman et al., 1994; Folkard and Gascoigne, 2009; van Leeuwen et al., 2010; Donker et al., 2013; Baxter et al., 2022). In contrast, M. gigas reefs demonstrate significantly higher resistance to mechanical stresses induced by waves, tidal currents, or ice drift due to their cemented left valves forming a rigid framework (Smaal et al., 2005; Taylor and Bushek, 2008; Bungenstock et al., 2021). Furthermore, M. gigas reefs are expected to cause significantly stronger wave and tidal current energy dissipation due to their significantly higher topographical roughness (Borsje et al., 2011; Hitzegrad et al., 2024). However, unlike the well-studied interactions of ambient hydrodynamics with reefs formed by the American oyster Crassostrea virginica (Gmelin, 1791) (Garvis, 2012; Whitman and Reidenbach, 2012; Reidenbach et al., 2013; Manis et al., 2015; Lunt et al., 2017; Wiberg et al., 2019; Kitsikoudis et al., 2020; Zhu et al., 2020; Morris et al., 2021), studies investigating the interactions with M. gigas reefs remain sparse. Borsje et al. (2011) showed the more substantial wave attenuation of an M. gigas reef compared to an M. edulis bed in a basic experimental setup using real shells. However, the hydrodynamic conditions were chosen to illustrate the distinct behavior of the two biogenic structures and not to depict relevant hydrodynamic conditions. Hitzegrad et al. (2024) investigated the influence of the sharp-edged roughness elements, e.g., the ventral margins of oyster shells, on waves using two-dimensional (2D) surrogate models. They conclude that the sharp edges significantly influence wave energy dissipation and turbulence production but call for more research, including additional reef characteristics in the experimental design. Thus, to the authors’ knowledge, comprehensive investigations of oyster reef and mussel bed impacts on wave and tidal current dissipation are lacking. However, this type of study is fundamentally difficult as there is little knowledge as to how the complex surface structures are best and most accurately replicated in experimental setups.

In experimental modeling, hydraulic systems are replicated in a simplified manner (prototype), often scaled down, and investigated under controllable laboratory conditions (Hughes et al., 2016). This requires the fabrication of replications of the real-world environments, i.e., surrogate models, which accurately represent the investigated parameters, e.g., topographical features or geometries. Typically, surrogate models, when chosen as a research tool, are limited by (1) the dimension and availability of the test facility in combination with (2) the limitations of the manufacturing methods, and (3) economic factors, e.g., feasibility as well as time for implementation and manufacturing (Briggs, 2013). To fulfill these criteria, experimental conditions are typically scaled down and simplified, maintaining a similitude of the relevant forces, velocities, and dimensions while neglecting secondary effects by applying a Froude or Reynolds scaling (Hughes, 1993).

In the past, approximating complex coastal surfaces has been a considerable challenge (Hughes, 1993; Pfrommer et al., 2015). Conventional approaches for manufacturing surface surrogate models are characterized by labor-intensive manual work and multiple production steps. Hence, model fabrication is often time-consuming, expensive, prone to errors, and can result in levels of simplifications that are far from in-situ conditions (Briggs, 2013; Aberle et al., 2021). Often, semi-finished materials have been used to minimize costs and time, significantly reducing the complexity of the surrogate models. Rough coastal surfaces have been approximated by, e.g.:

	Construction profiles and concrete casts as a representation of rippled bed surfaces (Fredsøe et al., 1999; Mathisen and Madsen, 1999; Mirfenderesk and Young, 2003; Raushan et al., 2020),

	ping pong balls, marbles, and tubes as a representation of gravel beds and porous seafloors (Dixen et al., 2008; Lin et al., 2013; Yuan and Madsen, 2014; Arnaud et al., 2017; van Rooijen et al., 2020), and

	cubes, semicircles, or lamella as a representation of biogenic structures, e.g., coral reefs, oyster reefs, and mangrove forests (Lowe, 2005; Strusińska-Correia et al., 2013; Singh et al., 2016; Yao et al., 2020; Shounda et al., 2023; Hitzegrad et al., 2024).



While all studies have contributed to a better understanding of the interactions between rough coastal surfaces and hydrodynamics, the simplifications compared to the respective real surface can lead to undesired deviations referred to as laboratory or model effects, which may compromise the validity of the results (Aberle et al., 2021). Furthermore, due to their complex nature, intricate topographical characteristics, e.g., porosity or tortuosity of porous seafloors, as well as overhangs within rough surface structures, pose significant challenges for the representation. Thus, surrogate models manufactured by conventional methods often cannot accurately replicate the surface characteristics of rough coastal surfaces within an appropriate time and economic framework.

With the advent of advanced digital manufacturing, new methods are now available to streamline and optimize experimental modeling workflows with the benefit of greater cost-effectiveness and more accurate surface surrogate models, yet without being applied to complex coastal surfaces (Aberle et al., 2021). High-resolution, three-dimensional (3D) topographic data in the form of digital elevation models (DEMs) are however a requirement for advanced digital manufacturing and have only recently become widely available due to the development of novel acquisition techniques, e.g., terrestrial laser scanning, sonar survey, and structure-from-motion photogrammetry (SfM) (Faulhaber, 2007; Westoby et al., 2012; Leon et al., 2015; Hodge and Hoey, 2016a; James et al., 2017; Mazzoleni et al., 2020; Hoffmann et al., 2023). When combined with digital fabrication methods, this data enables the generation of 3D, high-resolution surrogate models (Henry et al., 2018). Digital fabrication encompasses diverse techniques and methodologies in which physical 3D objects are shaped after digital design data and fabricated in various materials, e.g., metals, polymers, or concrete. Subtractive manufacturing (SM) and additive manufacturing (AM) are the most prominent methodologies (Gibson et al., 2021).

In SM, material is removed from a solid workpiece by various machining operations, e.g., milling, turning, drilling, or grinding, carried out by a computer numerical control (CNC) system (Pfrommer et al., 2015; Groover, 2020). SM excels in accurately reproducing small-scale topographical features but faces inherent challenges regarding complex 3D shapes, cavities, and overhangs. SM is a well-established method in experimental modeling to reproduce large DEMs at a small scale and moderate resolution. Faulhaber (2007) fabricated a riverbed model at a scale of 1:350 to investigate the bed load transport. Henry et al. (2018) and Aberle et al. (2021) demonstrated the accurate reproduction of unlined rock-blasted tunnel topographies based on terrestrial laser scanning at a scale of 1:15. Stewart et al. (2019) fabricated surfaces with self-affine fractal roughness patterns to investigate the influence of spectral structures on hydraulic resistance. To reduce manufacturing time, a master tile was produced using CNC milling, and replicas were cast in epoxy resin. A comparison of the wavenumber spectra revealed generally high agreement between digital target and manufactured surfaces but difficulties of the CNC milling reproducing steep gradients in the roughness patterns. These studies demonstrate the ability of SM to reproduce terrestrial surfaces with moderate complexity but face challenges in reproducing small-scale roughness, cavities, or overhangs. Furthermore, production time increases with increasing complexity of the model. To manufacture large surrogate models incorporating small-scale irregularities, further research and novel methods are required, particularly when considering economic factors.

AM enables the fabrication of highly intricate 3D shapes and geometries, thus overcoming the limitations of SM in reproducing small-scale roughness, valleys, overhangs, and cavities (Mainka et al., 2016; Aberle et al., 2021; Gibson et al., 2021). In AM, commonly known as 3D printing, objects are mostly fabricated through a computer-controlled layer-by-layer process, wherein the material deposition or selective binding is precisely executed exclusively at designated positions (Kim et al., 2016; Gibson et al., 2021). Moreover, various materials and fabrication methods can be selected, ranging from compact and affordable consumer 3D printers to large-scale professional systems, enabling a wide range of applications (Ngo et al., 2018; Gibson et al., 2021). In recent years, AM has gained popularity across various industries as a viable manufacturing approach, e.g., aerospace and automotive manufacturing (Khajavi et al., 2014; Grady et al., 2015), health care and medical devices (Murphy and Atala, 2014; Kim et al., 2016), architecture and construction (Wu et al., 2016; Lindemann et al., 2017; Lowke et al., 2018; Kloft et al., 2019; Buswell et al., 2020), and eco-engineering of artificial reefs (Salaün et al., 2020; Evans et al., 2021; Reis et al., 2021; Levy et al., 2022; Perricone et al., 2023).

In experimental modeling, several AM methods have been utilized. Fused deposition modeling (FDM) using thermoplastics has been employed as a cost-efficient consumer-grade method. Hodge and Hoey (2016a) and (2016b) fabricated a model of a bedrock-alluvial river, scaled 1:10, based on terrestrial laser scanning. Oertel and Shen (2022) explored the application of FDM to fabricate complex geometries using a scaled weir model. Their findings indicate that surrogate models produced by FDM effectively fulfill experimental requirements, yielding similar hydrodynamic performance as conventionally manufactured surrogate models. Nonetheless, layer-by-layer printing can produce a relatively imperfect surface finish depending on layer thickness (Hartcher-O’Brien et al., 2019; Gibson et al., 2021; Mazen et al., 2022). Dunbar et al. (2023) fabricated a periodic section of a gravel bed (L × W = 315 × 300 mm) with an accuracy of<100 μm from polylactide as a master tile and cast replicas from epoxy resin, similar to Stewart et al. (2019). Material jetting (MJ) using photopolymers has been employed to fabricate highly accurate surrogate models at small scales. Bertin et al. (2014) fabricated a highly accurate section of a gravel-bed topography with known surface elevations at every 0.25 mm to assess the accuracy of DEMs captured with stereo-photogrammetry. Flack et al. (2020) fabricated four generic rough surfaces with varying topographies but similar surface statistics with a lateral resolution of 34 μm to investigate the skin friction in unidirectional flow. The authors illustrated that the multiple topographical parameters, e.g., the root-mean-square roughness height, krms, and skewness, Sk, of the distribution of the surface level elevations, are necessary to predict bed friction effects. Selective Laser Sintering (SLS) has been utilized to craft surrogate models of shellfish aquaculture. Landmann et al. (2019) and Landmann et al. (2021a) fabricated parameterized M. edulis dropper lines by SLS to analyze the impact of hydrodynamic loads. Their results suggest that a design based on parameterized shell parameters shows the best agreement to measured drag and inertia coefficients of real M. edulis dropper lines. Landmann et al. (2021b) used SLS to fabricate a surrogate model of the Shellfish Tower, an offshore aquaculture structure, at a scale of 1:20 to measure hydrodynamic forces on the mooring system while controlling the mass, buoyant forces, and pretension in the mooring. Furthermore, AM methods have been applied to fabricate surrogate models of biofouling on offshore structures (Zeinoddini et al., 2017; Marty et al., 2021; Zou et al., 2023). These studies illustrate that AM offers the potential to significantly enhance the accuracy and complexity of surrogate models compared to SM. Nevertheless, despite these advancements, in the currently applied methods, a balance between the accuracy and spatial dimensions of surrogate models must often be found in the design of experiments, as production time increases significantly with model complexity (Gibson et al., 2021). Further research is needed to optimize this balance for various applications.

Particle bed 3D printing by selective cement activation (SCA) is a novel methodology in construction and architectural design that allows the fabrication of complex geometries without increasing production time (Lowke et al., 2018, 2020; Weger et al., 2021; Herding et al., 2022). It has been developed for applications that typically feature complex geometries but with higher dimensional accuracy and lower surface roughness than other AM methods. The methodology is based on the selective intrusion of water or a water-admixture solution into a particle bed, which consists of a mixture of sand (typically< 1 mm) and cement as a binder (Lowke et al., 2024). The cement is locally activated by applying the liquid, creating a cement paste matrix around the aggregate particles, which subsequently hardens precisely where the liquid is applied. By repeating this in a layer-by-layer process, a 3D object is formed. Since the non-activated particles are mechanically stable and a building chamber supports the surrounding material during production, the fabrication of geometries with overhangs and undercuts can easily be realized. The dimensional accuracy of SCA components, i.e., the deviation of the fabricated to the digital target geometry, depends on several parameters as it increases with, e.g., a decreasing amount of applied liquid or increasing amounts of binder and additives (Lowke et al., 2022; Mai et al., 2022a, Mai et al., 2022b; Herding et al., 2023). As a result, the process offers minimal design restrictions, enabling the fabrication of, e.g., enclosed voids and cavities without increasing manufacturing time (Lowke et al., 2018; Herding et al., 2022; Talke et al., 2023). It is, thus, proposed that particle bed 3D printing with SCA offers a novel approach for fabricating and manufacturing surrogate models for experimental modeling with complex surface structures, mitigating the inherent limitations of AM in terms of time efficiency while maintaining a high degree of accuracy.

This study aims to explore how complex coastal surfaces of biogenic structures, i.e., oyster reefs and mussel beds, can accurately be replicated for experimental modeling using advanced digital design and additive manufacturing strategies. Considering the above-outlined existing knowledge gaps, this work pursues the following objectives:

	To develop a flexible design methodology for a continuous digital workflow, linking field study, data analysis, parameterization, computer-aided design, and additive manufacturing to fabricate and manufacture the surrogate models.

	To investigate the constraints of the design methodology by comparing characteristic topographical roughness parameters of the two manufactured surrogate surfaces to those of in-situ oyster reef and mussel bed surfaces.

	To determine the inherent accuracy and uncertainties of particle bed 3D printing with SCA for complex and ultra-rough surfaces on the examples of an oyster reef and a mussel bed surrogate model.



Thus, for the first time, this work evaluates the application of particle bed 3D printing with SCA in light of complex coastal biogenic structures geared toward scale modeling of coastal flow processes.




2 Materials and methods



2.1 Target coastal biogenic structures

The two most common biogenic structures in the central Wadden Sea have been selected as target complex coastal surfaces of this investigation: 1) Mussel beds formed by the native M. edulis and 2) oyster reefs formed by the non-native and invasive M. gigas (Figure 1). In the following, their specific topographical characteristics are outlined.

M. edulis is formed by two symmetrical valves with a characteristic elliptical, oval outline and a smooth shell surface, partly colonized by barnacles (Gosling, 2015; Hayward and Ryland, 2017) (Figure 1F). Shape and size variations are sensitive to abiotic (e.g., temperature, food supply, salinity, and acidity (Seed and Suchanek, 1992; Bergström and Lindegarth, 2016; Telesca et al., 2018)) and biotic factors (e.g., intraspecific and interspecific competition (Seed, 1968; Buschbaum and Saier, 2001)). Typical adult individuals are between 50 and 150 mm long (Gosling, 2015; Hayward and Ryland, 2017), while in the central Wadden Sea, shell sizes do not usually exceed 60 mm (Buschbaum and Saier, 2001). M. edulis individuals attach themselves with diffuse, fibrous byssus threads to any hard substrate, e.g., rocks, shells, or artificial structures such as wooden or steel poles; byssus connections typically withstand harsh environmental conditions (Brenner and Buck, 2010). The byssus threads allow individuals to selectively release and reattach, providing them moderate positional flexibility or even mobility. When M. edulis individuals die, the byssus threads degenerate, causing the individuals to detach and the shells to fall off or wash away.

On soft sediments, M. edulis form spatially extensive beds ranging from tens of meters to square kilometers (Dankers et al., 2001; van de Koppel et al., 2005). Within mussel beds, spatial patterns occur due to self-organization at the macro- (Figure 1D) and the microscale (Figure 1E). At the macroscale, mussel beds form isolated patches or spatially extensive surfaces with structurally patterned or almost homogeneous mussel coverage (Wehrmann, 2003; van de Koppel et al., 2005; Liu et al., 2014; Sherratt and Mackenzie, 2016; Bungenstock et al., 2021). Banded patterns have been observed, alternating between patches with dense agglomerations of individuals and almost bare sediment surfaces with wavelengths of 5 – 10 m, as a response to wave action and tidal currents to improve feeding efficiency (van de Koppel et al., 2005, 2008; Wang et al., 2009; van Leeuwen et al., 2010; Sherratt and Mackenzie, 2016). At the microscale, the individuals aggregate in reticulate networks of clusters, forming net-shaped patterns (~0.15 – 0.30 m; Figure 1E) with abundances N = >2000 individuals/m2 (in parts covered in mussels). By organizing in dense agglomerations separated by bare sediment, mussel beds increase turbulence production and, thus, food provision for filter-feeding through vertical mixing in the water column (Widdows et al., 2002, 2009). Liu et al. (2013), (2014), and (2016) showed that the pattern formation at the microscale arises from the active movement of the individuals based on the density (or abundance) similar to the phase separation of two mixed fluids.

M. gigas is formed by two unequal, irregular rugged valves (Figure 1C). The shell shapes are highly variable, typically concentrically shaped, with six distinct ribs on the valves and shiny, notched, saw-toothed shell surfaces. Typical shell sizes reach 80 – 200 mm in length and 50 – 100 mm in width (Nehring, 2011; Gosling, 2015; Hayward and Ryland, 2017). Similar to M. edulis, their growth, shell shape, and orientation depend on abiotic (e.g., temperature, tidal amplitude, salinity, air exposure duration, wave action, and flow velocities) and biotic factors (e.g., food availability and inter-/intraspecific competition) (Miossec et al., 2009; Nehring, 2011; Gosling, 2015; Hayward and Ryland, 2017). M. gigas require hard substrates to settle on, e.g., rocks, sea walls, or other shell material. In contrast to the flexible attachment of M. edulis by byssus threads, M. gigas individuals exhibit a permanent adhesion behavior, cementing their left valve to the substrate (Burkett et al., 2010; Tibabuzo Perdomo et al., 2018). When individuals die, their shells persist, serving as a favorable settlement substrate for succeeding generations (Quayle, 1988; Arakawa, 1990; Diederich, 2005). By establishing new generations on the bound shells of deceased individuals, permanent reef structures are formed, which can continue to expand horizontally, vertically, and volumetrically, depending on environmental influences (Folmer et al., 2017; Bungenstock et al., 2021; Hoffmann et al., 2023).

In the central Wadden Sea, M. gigas settled on the M. edulis beds as the only available hard substrate, subsequently transforming them into rigid oyster reefs (Reise, 1998; Wehrmann et al., 2000; Brandt et al., 2008; Folmer et al., 2017; Reise et al., 2017). Consequently, at the macroscale, similar spatial extents and patterns to the formerly predominant M. edulis beds exist in the newly-formed M. gigas reefs (Figure 1A). At the microscale, M. gigas reefs exhibit highly heterogeneous surfaces ranging from isolated clusters over coherent patches to spatially extensive, uniformly populated surfaces (Markert, 2020; Hoffmann et al., 2023) (Figure 1B). Hitzegrad et al. (2022) proposed a structural classification in seven classes based on spatial patterns and statistical surface parameters (Cluster I, Cluster II, Patch I, Patch II, Garland, Transitional Zone, and Central Reef). The oysters typically arrange themselves in homogeneous surfaces with high abundances of up to 750 inds./m2, where individuals are densely packed and vertically oriented, except for the cluster classes.




2.2 Workflow

In this study, generic surface models are developed as surrogate models instead of direct replications of in-situ surfaces. The generic surface models are optimized to reflect topographical parameters, describing the surfaces at the microscale as well as the individual elements, i.e., shells, proven relevant for hydraulic roughness (Chung et al., 2021), while excluding site-specific, biasing local characteristics, similar to Marty et al. (2021); Landmann et al. (2021a), or Stocking et al. (2018). It is expected that fundamental hydraulic roughness properties of complex coastal surfaces are more accessible to energy dissipation analysis, thus yielding more universally applicable results. Hereby, particle bed 3D printing with SCA enables the rapid production of prototypes, facilitating an optimization of the parameterization. The workflow employed for the development of the surrogate models and the steps involved in achieving the desired parameterization for the fabrication are illustrated in Figure 2.




Figure 2 | A schematic diagram of the workflow for developing and manufacturing generic surrogate models of coastal biogenic structures.



As the initial step, field studies have been conducted to determine topographical parameters. The topographical parameters have been separated into input parameters to serve as the baseline for the model development (i.e., abundance, shell cover, shell length, shell width, shell orientation in the xy-plane, and shell inclination) and a second set of parameters used for the validation (total and root-mean-square roughness heights, skewness, kurtosis, and porosity; see Section 2.4). Next, prototype tiles of the parameterized surrogate surfaces at a geometrical scale of 1:3 have been developed in an iterative process between parametrization, computer-aided design, and fabrication, considering 1) the topographical input parameters, 2) the requirements of the experimental setup, and 3) the possibilities and limitations of the 3D printer. Once a satisfactory level of dimensional accuracy, determined qualitatively, was achieved for a fabricated prototype tile, the surrogate models were manufactured in large numbers to cover the required surface areas for the experimental setup. Finally, the quality of the manufactured surrogate models was analyzed and compared to the validation parameters obtained in the field studies.




2.3 Field studies

The topographical roughness parameters that serve as the baseline for the model development and the validation have been collected as part of field studies for a M. gigas reef (Kaiserbalje) and a M. edulis bed (Nordstrand) in the central Wadden Sea, Germany, in the fall of 2020.

The oyster reef Kaiserbalje (mean coordinates: 53.6470116◦N, 008.2664760◦E; Figure 1) is situated on the intertidal between the Jade tidal channel and the outer Weser Estuary in the Lower Saxon Wadden Sea National Park. M. gigas is the habitat-defining ecosystem engineering species, while M. edulis individuals settle between the densely packed oysters. Detailed descriptions of the Kaiserbalje study are presented in Hitzegrad et al. (2022) and Hoffmann et al. (2023). This study chooses the class Central Reef of the structural classification introduced by Hitzegrad et al. (2022) as the focal structure, as it represents the structural class oyster reefs are predominantly formed of. The mussel bed Nordstrand (mean coordinates: 54.4465005◦N, 008.8728208◦E; Figure 1) is located on an intertidal flat west of the peninsula Nordstrand in the Schleswig-Holstein Wadden Sea National Park. M. edulis is the habitat-defining ecosystem engineering species, with very few M. gigas individuals (N ≤ 10 inds./m2).

Four topographical samples were collected at distinct locations within the oyster reef (OR) and the mussel bed (MB). The samples OR1 to OR3 are the same as those presented in Hitzegrad et al. (2022) (referred to as CR1 to CR3 in the original publication); OR4 has not been published before. High-resolution DEMs were generated using SfM photogrammetry and analyzed by applying spatial statistics (Nikora et al., 1998; Aberle and Nikora, 2006; Westoby et al., 2012; Leon et al., 2015). At each location, sections of the reef or bed surface (~1.5 m2) were systematically photographed (approx. 200 photographs) in a spiral motion, ensuring a high degree of subject overlap. After sorting and pre-processing the photographs (i.e., elimination of blurry photographs and color correction), DEMs were generated using Agisoft Metashape Professional (v. 1.7.3). The resulting high-resolution point clouds were scaled using three reference bars, which were positioned at the margins of the selected section during the sampling. The total and vertical root-mean-square errors are RMSEtotal = 0.6 – 3.3 mm and RMSEvertical = 0.4 – 3.0 mm. Subsequently, the point clouds were converted into meshes. To filter the underlying sediment topography from the oyster/mussel-related roughness, a non-uniform surface layer was formed after the exposed sediment topography was subtracted from the raw DEM in Rhinoceros 3D (v.6) and its scripting interface Grasshopper. Subsequently, the filtered DEMs were exported as rasterized point grids with a spacing of 2 mm. Finally, spatial statistics were applied in MATLAB R2023a by applying the Statistics and Machine Learning Toolbox. Probability density functions (PDFs) of the surface level elevations, z, and the corresponding statistical moments have been computed for each sample (see Section 3.1).

Additionally, the abundance N, as well as average shell length, l, and widths, w, were determined. For each oyster reef sample, NOR was determined visually from orthomosaics based on the DEMs (compare Hitzegrad et al. (2022)). Approx. 80 shells were measured to determine lOR and wOR. For the mussel bed, NMB, lMB, and wMB were determined differently. At twelve sample locations, randomly distributed over the mussel bed, all individuals protruding from the sediment surface in 0.25 × 0.25 m (0.0625 m²) sections were collected and measured. As M. edulis organize themselves in dense agglomerations separated by bare sediment, only the areas occupied by mussels were taken into account.




2.4 Surrogate model design

The surrogate models (.stl files) have been developed in an iterative process, refining the configuration of the surface parameters (see Section 3.2) with the parametric design tool Rhinoceros 3D (v.6) and its scripting interface Grasshopper. Parametric design tools allow the creation of 3D models with complex surface characteristics and adjustable variables, generating multiple design options with minimal input and easily modifying designs to accommodate changing requirements (Aish and Woodbury, 2005).

For both target surfaces, the generic surrogate models have been modeled using average parameters of the individual shells and the surface characteristics at the microscale, taken from the field studies’ results presented in Section 3.1 and the literature. As a baseline, an underlying planar sediment layer was defined. The sediment layer was populated with modeled shells with distinct abundances and arrangements. The shape of the shells was defined by four Non-Uniform Rational B-Splines (NURBS) with shell length l (for the oyster reef surrogate surface defined as the parts of the shells that is protruding from the reef structure), shell width, w, shell orientation, α, in the xy-plane, and shell inclination, φ, in the y-direction as variable parameters for each model, respectively. In the design process, the models and their parameters were adopted iteratively to optimize the fabricated surface. Hereby, the targets were 1) to optimize the shape of the shells, i.e., the depiction of the thin ventral margin of the oyster shells, and 2) to optimize the spatial arrangements.

The experimental setups, aiming to understand the dissipative effects of complex coastal biogenic structures on waves (not part of this work), required a surface area of Amodel = 8 m² of each surrogate model at a geometric scale 1:3. The dimensions of the building chamber of the particle bed 3D printer (see Section 2.5) determined that the surrogate surfaces were divided into 64 uniform and manageable tiles (L × W = 0.50 × 0.25 m; Atile = 0.125 m2) (see Section 2.5). Both the oyster reef tiles (ORT) and the mussel bed tiles (MBT) consist of a support structure with a thickness of 30 mm and the respective surrogate surface.




2.5 Manufacturing process

The surrogate model tiles were produced in a particle bed 3D printer (Progress Group) with the SCA process (Figures 3A, B). The particle bed consisted of sand with a maximum grain size of 581.5 µm and cement with a maximum grain size of 29.8 µm. The two components were mixed in a volumetric ratio of 60/40 (sand/cement). A rather fine sand was chosen to achieve a low surface roughness. A rather high cement content was chosen to provide high dimensional accuracy, as the hydration reaction of the cement reduces the water intrusion into the particle bed (Mai et al., 2022b). Furthermore, 1 wt.% methylcellulose was added to the particle bed, as it provides a high dimensional accuracy and maximizes the printed objects’ mechanical performance (Mai et al., 2022a). For each layer, a dry sand-cement mixture was applied with a 1.3 mm layer height, which was then compacted to 1 mm using a rotating roller to increase the mechanical performance of the produced components (Lowke et al., 2022) (Figure 3C). The water was applied with a discharge rate of 4 g/min (corresponding with 0.68 bar pressure in the 100 µm nozzles). The travel speed of the nozzles was adjusted to produce a water/cement ratio of 0.4 (w/c). The volume of the building chamber (L × W × H = 700 × 380 × 500 mm) defined the dimensions of the tiles and allowed for the consecutive production of seven tiles per print, eliminating the need for their removal from the surrounding medium after the production of each tile.




Figure 3 | Photographs of the manufacturing process: (A) Overview of the particle bed 3D printer with Selective Cement Activation, (B) close-up of the building chamber for the particle bed, (C) close-up of the activated particle bed during the printing process, (D) preparation of a tile blank for post-processing, (E) manufactured oyster reef tiles, and (F) oyster reef surrogate surface (L × W = 16.0 × 0.5 m) positioned in wave flume.



After the fabrication process and an initial curing period of 30 min, the tile blanks, including residual compacted but unbound material between the roughness elements, were removed from the building chamber for post-processing (Figure 3D). The tile blanks were then cured in a dry environment for four to six days. Next, the unbound particles were removed in a de-powdering process. The surface structures were excavated using a high-pressure cleaner from a distance of 0.50 m, a faster and more accurate method than the typically used manual tools (archeological excavation tools, screwdrivers, and spatula). To ensure the discharge of unbound material from the gaps between the shells, the tiles were positioned upright during the cleaning process. The tiles were pressure cleaned twice and immersed in water for 10 min in between to ensure the removal of the deeply entrenched residues between the shells. Three oyster reef tiles (ORT15 – 17) were excavated with manual tools to evaluate the surface quality of the pressure-cleaned tiles. Finally, the tiles were submersed in water for two days to counteract potential contamination from floating cellulose particles and to enhance the chemical curing process (Herding et al., 2022).





3 Results

First, the in-situ topographical parameters, determined in the field studies to the oyster reef and the mussel bed, that served as input and validation parameters are presented. Then, the iterative process of the model development and the final parametrization are outlined. Next, the manufacturing quality is assessed. Finally, the topographical characteristics of the manufactured surrogate models are compared to those of the in-situ biogenic structures.



3.1 Topographical roughness parameters

Figure 4A shows the DEMs of the oyster reef and mussel bed samples obtained in the field studies (compare Section 2.3). The oyster reef samples exhibit a homogeneous surface of densely packed shells. The mussel bed samples show net-shaped patterns of dense agglomerations of individuals separated by bare sediment, typically found at the microscale. The oyster reef samples have an average shell length of lOR = 80 ± 5 mm and an average shell width wOR = 47 ± 12 mm. The mussel bed’s average shell length and width are lMB = 25 ± 5 mm and wMB = 12 ± 3 mm, respectively. The oyster reef’s average abundance NOR = 387 ± 37 inds./m2 is significantly lower than that of the mussel bed with NMB = 2263 ± 212 inds./m2 due to the distinct sizes of the two species.




Figure 4 | (A) Top-view visualizations of the digital elevation models (DEMs) sorted into oyster reef (OR; OR1-OR3 are the same as CR1-CR3 in Hitzegrad et al. (2022)) and mussel bed (MB). The x-, y-, and z-axis are in mm. The color scale (Crameri, 2018) indicates surface level elevations in z centered around the zero mean. The point of origin (x, y) = (0 mm, 0 mm) has been defined as the southwest corner of the section. All samples are oriented with north on top. (B) Histograms illustrating the probability density functions (PDFs) [-] of all samples distinguished into OR and MB. The different colors indicate the individual samples (Crameri, 2018).



Comparing the shape of the probability density functions and the associated topographical roughness parameters reveals further differences (Figure 4B, Table 1). The oyster reef exhibits higher roughness heights compared to the mussel bed, both for the total roughness height, kt, (99%-percentile minus the 1%-percentile of the surface level elevations) and the root-mean-square roughness height, krms. For the oyster reef, the average total roughness height is kt,OR = 101 ± 10 mm, and the average root-mean-square roughness height is krms,OR = 23 ± 2 mm, while for the mussel bed, kt,MB = 70 ± 6 mm and krms,MB = 16 ± 1 mm. The PDFs of the oyster reef samples exhibit bell-shaped distributions with peak values around 0.02. The distributions are right-skewed (SkOR = 0.8 ± 0.2), as expected for surfaces with protruding roughness elements, i.e., the oyster shells (Chung et al., 2021). The kurtosis KuOR = 3.4 ± 0.4 reveals slightly more pronounced tails than a normal distribution, which can be attributed to the right tail reflecting the protruding shells and their thin ventral margins. Conversely, the PDFs of the mussel bed samples exhibit bimodal distributions with two peaks. The prominent peaks in the PDFs are situated below the zero mean with peak values between 0.02 and 0.06 and secondary peaks above the zero mean with peak values between 0.010 and 0.025. The two distinct peaks can be attributed to the clear separation in areas with bare sediment (53 ± 10% of the surface area) and agglomerations of mussel shells (46 ± 10% of the surface area), reflecting the peaks below and above the zero mean, respectively. Similar to the oyster reef samples, the distributions are right-skewed with SkMB = 0.8 ± 0.2 due to the protruding mussel agglomerations, and the kurtosis KuMB = 3.4 ± 0.3 reveals slightly heavier tails than a normal distribution. The bulk porosity (Φbulk,OR = 0.66 ± 0.01 and Φbulk,MB = 0.66 ± 0.04) exhibits similar average values for both surfaces types.


Table 1 | Summary of the statistical analysis of the field data for the oyster reef (OR) and mussel bed (MB) samples, sorted into input and validation parameters for the surrogate model design, where N is the abundance, l is the shell length, w is the shell width, kt is the total roughness height, krms is the root-mean-square roughness height, Sk is the skewness, Ku is the kurtosis, and Φbulk is the bulk porosity.






3.2 Surrogate model development

To develop the oyster reef surrogate surface, three iterations of 3D modeling and fabrication of prototype ORTs were undertaken to optimize the design for the printing process (Figure 5A).




Figure 5 | Visualizations and photographs of the digital target and fabricated prototype tiles illustrating the iterative surrogate model development for (A) the oyster reef surrogate surface and (B) the mussel bed surrogate surface.



In the first iteration, an attempt was made to mimic real oyster shells and spatial arrangement closely. The modeled shell shape included the irregular, rugged shell morphology and the thin ventral margin, which are known to influence the hydraulic roughness of oyster reefs significantly (Hitzegrad et al., 2024). The shells were arranged vertically on a regular grid with varying l and w, and without open sediment spaces. A less complex geometry consisting of overlaying sinusoidal shapes was realized on half of the tile as a reference surface with lower complexity. A qualitative assessment of the fabricated prototype tile with the digital target prototype tile revealed that the particle bed 3D printing technique, in combination with the material used here, could not accurately reproduce the thin ventral margins of the oyster shells. This limitation led to the fabrication of rounded shell shapes with significantly reduced shell length compared to the digital target prototype tile. Additionally, removing the excess powder from the gaps between individual shells was challenging due to the dense arrangement, the selected shell widths, and shell orientations, resulting in clumping in some instances.

Consequently, a second iteration was initiated, wherein half of the tile’s surface area consisted of cuboids narrowing towards the top with varying ventral margin widths (t = 0.5 – 3.0 mm) to determine the thinnest feasible margin. In the other half of the tile, the original shell shape was positioned with widened shell margins. The orientations and spacings of these elements were also varied to optimize the arrangement. The fabricated prototype tile illustrated that shells with ventral margin widths of t ≥ 2 mm are printable with acceptable loss in the height and formation of a relatively sharp margin. Furthermore, these elements could be de-powdered without excessive breaking of shell elements. Comparing the de-powdering process between the regularly spaced and randomly positioned elements showed that de-powdering is more complicated, time-intensive, and less accurate for a random arrangement.

In the third iteration, a simplified version of the close-to-nature shell shape and spatial arrangement was realized (parameters listed in Table 2). The complexity of the oyster shells was simplified by neglecting the ribbed shell morphology. Based on the second iteration’s results, the shells’ ventral margins were widened to a fabricable thickness of t = 2 mm. The shells were arranged in a honeycomb pattern with maximum widths of wOR,model = 16 mm, to impede material clumping during the de-powdering in the gaps between shells despite the high abundance. At the prototype scale, an abundance of NOR,prototype = 400 inds./m2 was realized, similar to the average abundance at the oyster reef (NOR = 387 ± 37 inds./m2). The shells were positioned in a honeycomb pattern with shell widths of wOR,prototype = 40 ± 10 mm, and shell length of lOR,prototype = 80 ± 20 mm, in agreement with in-situ M. gigas (compare Sections 2.1 and 3.1). Notably, for the development of the oyster reef surrogate surface, the shell length is defined as the part of the shell that protrudes from the reef structure. The shell rotation α is varied randomly, and the y-inclination is varied with a maximum of φ = ± 10°. Each digital target prototype tile, with a length scale 1:3, consists of 450 individuals with lOR,model = 27 ± 7 mm, and wOR,model = 13 ± 3 mm (Figure 6A). To ensure the formation of a continuous pattern, the marginal shells of each tile were truncated and mirrored with identical individual parameters on the opposite side. The third fabricated prototype tile revealed an acceptable dimensional accuracy of the shells’ ventral margins and the gaps between the shells, determined qualitatively, allowing for the manufacturing of the 64 oyster reef tiles to cover the necessary 8 m2 of surrogate surface (Figures 3E, F). As the manual process to de-powder the tiles proved to be time-consuming and prone to breaking of individual shells, a high-pressure cleaning (ORT01 – ORT14) was developed. Furthermore, the high-pressure cleaning yields a more uniform de-powdering in the gaps between shells. As the pressure-cleaning yields better surface characteristics and a significant time saving, it was applied to the remaining tiles.


Table 2 | Parameters defining the parameterized digital models of the mussel bed and the oyster reef (prototype and scaled 1:3), where N is the abundance, c is the coverage, lprototype and wprototype are the length and width of the shells, α is the shell rotation in the xy-plane and φ is the y-inclination of the shells.






Figure 6 | Top-view visualizations of the digital elevation models (DEMs) of (A) the digital target oyster reef and (B) mussel bed tiles. The x-, y-, and z-axis are in mm. The color scale (Crameri, 2018) indicates surface level elevations z centered around the zero mean.



The surrogate model development of the mussel bed surface differed due to the simpler geometry of the mussel beds and the insights gained from the design process of the ORT (Figure 5B). Thus, only a single iteration of parametrization, computer-aided design, and fabrication of a prototype tile was necessary. A surface with 50% mussel coverage and a net-shaped arrangement of the mussel agglomerations at the microscale was developed. A generic pattern is realized by applying the Cahn-Hilliard equation for phase separation, as proposed by Liu et al. (2013), to model the self-organizing spatial patterns at the microscale. Therefore, on a rectangular grid of 200 cells, random data (varying either -1 or 1) was distributed. Then, the Cahn-Hilliard equation (Sbalbi, 2020) was applied, which reads:

 

where c = 0.5 is the concentration (relation between cells with -1 and 1), D = 10 is the diffusion coefficient,   is the length of transitional regions between domains. A total of 10,000 iterations were conducted for a stable segregation to establish by applying Equation (1). The resulting pattern was manually adjusted using Adobe Photoshop (v. 22) to fit the tile’s dimensions and ensure a continuous pattern with the adjacent tiles. Subsequently, the mussel-covered area was populated with overlapping mussel shells and random α and φ to mimic the dense agglomerations. At the prototype scale, the shell parameters (compare Table 2) were varied with hMB,prototype = 24 ± 14 mm, and wMB,prototype = 12 ± 7 mm, similar to in-situ M. edulis. Within the mussel-covered surface area, an abundance of NMB,prototype = 2300 inds./m2 (average abundance of the mussel bed: NMB = 2263 ± 212 inds./m2) random orientation in x-, y-, and z-directions of each shell was realized. The digital target prototype tile is populated with approx. 850 mussel shells with lMB,model = 8 ± 5 mm and wMB,model = 4 ± 2 mm (Figure 6B). As a satisfying level of detail was reached in the first fabricated prototype tile, the parametrization could be concluded, and the manufacturing of the 64 mussel bed tiles (MBT) required 8 m2 of surrogate surface was conducted.




3.3 Surface characteristics of the manufactured surrogate models

To assess whether the accuracy threshold of the manufactured surrogate surfaces had been achieved (Figure 2), DEMs of both surrogate surface types were generated and utilized to derive topographical roughness parameters and determine the dimensional accuracy relative to the digital target surface. Specifically, DEMs were generated for 17 ORTs (14 high-pressure-cleaned and three manually-cleaned tiles) for the oyster reef surrogate surface and for five MBTs for the mussel bed surrogate surface by applying a similar procedure to the field data collection (compare Section 2.3). DEMs of three to five surrogate model tiles were generated at once by closely positioning them on a level ground (~ 10 m2) and trimming the point clouds for each representative model tile in the post-processing. The resulting dense clouds per model tile (A = 0.125 m2) had, on average, 500,000 data points with RMSEtotal = 1.0 – 1.4 mm and RMSEvertical = 0.6 – 1.2 mm. The point clouds were aligned with the digital models using the Iterative Closest Point (ICP) algorithm within the CloudCompare software (v2.13 alpha) to assess the discrepancy between the point cloud and the digital fabrication model. Finally, rasterized point clouds with a point spacing of 2 mm (Figure 7) were exported for analysis using spatial statistics in MATLAB R2023a.




Figure 7 | Top-view visualizations of the digital elevation models (DEMs) of the 17 oyster reef tiles (ORTs) and five mussel bed tiles (MBTs), respectively. The x- and y-axis are in mm. The color scale (Crameri, 2018) indicates surface level elevations z [mm] centered around the zero mean. ORT15 – ORT17 (red outlines) have been manually de-powdered.



The distributions of the surface level elevations of both surrogate model tile types are shown in Figure 8 (individual statistical parameters are listed in Table 3). Comparing the shapes of the PDFs reveals virtual overlap for the individual ORTs and MBTs, respectively. Only one of the ORTs (ORT15) illustrates a significant deviation in the shape of the PDF, which is one of the hand-cleaned samples. The average roughness heights of the ORTs are kt,ORT = 17.3 ± 1.4 mm and krms,ORT = 3.9 ± 0.3 mm. For the mussel bed tiles, the average roughness heights are kt,MBT = 10.8 ± 0.2 mm, and krms,MBT = 2.5 ± 0.0 mm. Thus, the standard deviations of the kt and krms are in the same order of magnitude as the inherent RMSE of the DEMs. The ORTs’ PDFs are bell-shaped (Sk = -0.2 ± 0.1) with peaks around the zero mean and peak values of 0.8 ± 0.1. The kurtosis Ku = 2.7 ± 0.2 is slightly below 3.0 (equal to the normal distribution). The bulk porosity is Φbulk,ORT = 0.34 ± 0.03. The distributions of the MBTs are slightly right-skewed (Sk = 0.4 ± 0.0), with the peaks below the zero mean and peak values around 0.175 ± 0.025. Like the ORTs, the kurtosis is Ku = 2.7 ± 0.0, slightly below 3.0. Near the zero mean, a slight dent in the shape of the PDFs is visible, indicating the separation between bare sediment and mussel-covered surface area. The bulk porosity of the MBTs is Φbulk,MBT = 0.50 ± 0.02. Thus, the statistical analysis confirms the high repeatability of the surface characteristics of the particle bed 3D printing with SCA. These results indicate that particle bed 3D printing with SCA is a suitable method to manufacture substantial quantities of surrogate model tiles with complex surfaces with little deviations in the printing quality.




Figure 8 | Histograms based on the surface level elevation z [mm] illustrating the probability density functions (PDFs) [-] of the 17 oyster reef tiles (ORTs) and the five mussel bed tiles (MBTs), respectively. The PDFs are centered around the zero mean. The colors indicate the individual samples (Crameri, 2018).




Table 3 | Summary of the statistical analysis of the surface distributions of the surrogate model tiles, where kt is the total roughness height, krms is the root-mean-square roughness height, Sk is the skewness, Ku is the kurtosis, Φbulk is the bulk porosity.






3.4 Comparison to digital target models

The surface characteristics of the manufactured surrogate model tiles show deviations from their respective digital target tile to differing degrees for the oyster reef and the mussel bed surrogate surface (see Tables 2, 3). For the oyster reef surrogate surface, the roughness heights kt and krms of the ORTs (kt,ORT = 17.3 ± 1.4 mm and krms,ORT = 3.9 ± 0.3 mm) are 44% and 55% lower than those of the digital model (kt,ORT,digital = 31 mm and krms,ORT,digital = 8.8 mm), respectively. In contrast, for the mussel bed surrogate surface, kt and krms of the MBTs (kt,MBT = 10.8 ± 0.5 mm and krms,MBT = 2.5 ± 0.0 mm) and the digital model (kt,MBT,digital = 11.0 mm and krms,MBT = 2.5 ± 0.0 mm) yield deviations of less than 2% and 8%, respectively. The deviation of kt,MBT from kt,MBT,digital is in the same order of magnitude as the accuracy of the DEMs.

Figure 9 illustrates the distribution of the deviations of the surface level elevations, Δz, of the manufactured surrogate model tiles from the digital target tile, calculated with the Cloud2Mesh algorithm in CloudCompare v.2.13. For the oyster reef surrogates, a surface area of 34 ± 1% exhibits minor deviations of Δz ≤ 1 mm, the same magnitude as the RMSE of the DEMs. The deviations range from ΔzORT,min = -2.9 ± 0.2 mm (defined as the 1% percentile of the deviations) to ΔzORT,max = 4.1 ± 0.1 mm (defined as the 99% percentile of the deviations). The peak of the distributions is positive, with a low peak value of 0.23 ± 0.20, indicating that most deviations are positive. The differences between MBTs and the respective digital target tile are less pronounced. The deviations range between ΔzMBT,min = -2.2 ± 0.2 mm to ΔzMBT,max = 2.1 ± 0.2 mm, while 73 ± 2% of the surface area exhibits Δz ≤ ± 1 mm. Hence, the oyster reef surrogate surface exhibits more significant deviations from the digital target surface than the mussel bed surrogate surface. Notably, the dip around the zero mean visible in all distributions is an artifact of the distance calculation without significant influence on the conclusions.




Figure 9 | Histograms based on the deviations of the surface level elevations Δz [mm] between the manufactured surrogate model tiles and the respective digital target tile illustrating the probability density functions (PDFs) [-] of all samples sorted in oyster reef tiles (ORTs) and mussel bed tiles (MBTs). The PDFs are centered around the zero mean. The colors indicate the individual samples (Crameri, 2018).



To illustrate the spatial distribution of Δz, DEMs of differences (DoD) have been developed for each surrogate model tile (Figure 10). For the ORTs, the negative deviations are located at the shells’ ventral margins, and the positive deviations are located in the gaps between the shells. For the MBTs, negative and positive deviations Δz > ± 1 mm are scattered equally within the mussel agglomerations, illustrating some loss of detail within the structures. The large surface areas with minor deviations can be attributed to the planar sediment cover. Hence, the dimensional accuracy of the oyster reef surrogate surface inherited some limitations, while the mussel bed surrogate surface could be resolved with reasonable accuracy.




Figure 10 | Visualizations of the digital elevation models of difference (DoDs) between the manufactured surrogate model tiles and the respective digital target tile of the 17 oyster reef tiles (ORTs) and five mussel bed tiles (MBTs), respectively. The x- and y-axis are in mm. The color scale (Crameri, 2018) indicates deviations of the surface level elevations Δz [mm] centered around the zero mean. ORT15 – ORT17 (red outlines) have been manually de-powdered.






3.5 Comparison to in situ oyster reef and mussel bed surfaces

Comparing the surface characteristics of the surrogate models to those of the in situ oyster reef and mussel bed obtained from the field studies reveals a distorted vertical scaling. The roughness heights kt and krms of both surrogate surfaces at the prototype scale (3:1) underestimate the values of the field study samples by approx. 50%. However, both kt and krms are in agreement at a vertical scale of 6:1 (Table 4). As shown in Section 3.2, the oyster reef surrogate surface could only be manufactured by the particle bed 3D printer with a vertical distortion, as steeper shells with ventral margins thinner than t ≤ 2 mm could not be accurately produced, or an excessive number of shell margins would break away during the cleaning process. To compare the hydraulic roughness between both surface types, it was decided to keep the vertical scaling between the ORT and the MBT consistent, although the MBT could have been manufactured without vertical distortion due to the less complex surface structure.


Table 4 | Average topographical roughness parameters of the in-situ oyster reef and mussel bed samples and of the respective surrogate surface (at prototype scale 3:1 and at a scale of 6:1), where kt is the total roughness height, krms is the root-mean-square roughness height, Sk is the skewness, Ku is the kurtosis, Φbulk is the bulk porosity.



Consequently, the PDFs and their respective higher statistical moments exhibit differences between surrogate surfaces (Figure 8) and in-situ samples (Figure 4). While the PDFs of the oyster reef samples exhibit right-skewed distributions (SkOR = 0.8 ± 0.2), the PDFs of the surrogate model tiles are bell-shaped (SkORT = -0.2 ± 0.1). Furthermore, the average kurtosis of the surrogate surface is KuORT = 2.7 ± 0.2, revealing lighter tails of the PDFs compared to those of the oyster reef samples with KuOR = 3.4 ± 0.4. These deviations reflect the current limitation of particle bed 3D printing in resolving the thin ventral margins of the shell and the de-powdering of the gaps between shells, thus causing less pronounced tails of the distributions both in the positive and negative direction.

Comparing the PDFs of the mussel bed samples to those of the MBTs reveals more similar shapes. Both distributions are right-skewed, though with higher values for the in-situ samples (SkMB = 0.8 ± 0.2) compared to the MBTs (SkMBT = 0.4 ± 0.1). The kurtosis of the mussel bed exhibits similar deviations between the surrogate surface and in-situ samples (KuMBT = 2.7 ± 0.2 and KuMB = 3.4 ± 0.3) as those of the oyster reef. However, lower values for the higher statistical moments have been expected due to the vertical distortion.





4 Discussion



4.1 Fabrication of complex coastal surfaces with particle bed 3D printing with selective cement activation

The results illustrate that the investigated complex surfaces of coastal biogenic structures can be modeled using a limited number of defined topographical parameters, similar to the replications of M. edulis dropper lines by Landmann et al. (2019) and (2021a). High dimensional accuracy could be achieved for the mussel bed surrogate surface with moderate surface complexity. The deviations between the digital target and the manufactured surfaces are in the same order of magnitude as the RMSE of the DEMs. Nonetheless, the DoDs illustrate some loss in detail within the mussel agglomerations, which can be attributed to the horizontal printing resolution of the particle bed 3D printing with SCA. Similar loss in detail has been observed by Henry et al. (2018) and Aberle et al. (2021), who report on the replication of a rock-blasted tunnel using CNC milling. They report deviations of the manufactured surfaces from the digital target model of Δz ≤ ± 1.5 mm for 71% of the surface area. Due to the large spatial dimensions and as large-scale roughness features had been reproduced accurately, the authors deem the loss in detail acceptable with subordinate influence for the hydraulic testing. In comparison, the reported 73 ± 2% of surface area with Δz ≤ ± 1.0 mm indicates a higher dimensional accuracy for the mussel bed surrogate. Stewart et al. (2019) report standard deviations of the digital target model (σz,digital =1.5 mm) and manufactured rough gravel bed surfaces (σz,digital =1.58 – 1.71 mm). The deviations between digital target model and manufactured surface (Δσ = 0.08 – 0.21 mm) are comparable to the deviations of krms between digital target and manufactured MBTs Δkrms = 0.2 mm, indicating similar dimensional accuracy. For the oyster reef surface, characterized by highly complex features, the dimensional accuracy inherited some limitations. Despite optimizing the digital target model in an iterative process by, e.g., widening the shells’ ventral margins and adjusting the spatial arrangement, these deviations to real oyster reef surfaces remain. The limitations become apparent in the comparison between digital target and manufactured surrogate tiles (34 ± 1% of the surface area exhibits Δz ≤ ± 1 mm and Δkrms = 4.9 ± 0.3 mm; compare Section 3.3) and lead to deviations when comparing the surface characteristics to those of in-situ oyster reefs (compare Section 3.5). The deviations can be attributed, in particular, to the horizontal printing resolution, which limits the depiction of the thin shells and the de-powdering of the gaps between the shells. Secondly, the occasional breaking of individual shells in the post-processing further contributes to the deviations.

Highly accurate (< 1 mm) fabricated rough surfaces (Bertin et al., 2014; Flack et al., 2020) or objects (Landmann et al., 2019; Landmann et al., 2021b; Oertel and Shen, 2022) used in experimental modeling are typically limited to small dimensions of<1 m2 (or<1 m3). Stewart et al. (2019) and Dunbar et al. (2023) present an alternative approach to manufacturing large-scale surrogate surfaces of rough gravel beds. Their methodology involves creating a single master tile, casting silicone molds from the master tile, and manufacturing replicas from epoxy resin. Stewart et al. (2019) used a CNC-milled master tile to manufacture surface areas of 22.6 m2, and Dunbar et al. (2023) used a 3D-printed master tile to produce 2.6 m2 with high degrees of accuracy. It is assumed that this approach would be suitable to fabricate and manufacture the mussel bed surrogate model but would face challenges in the replication of the oyster reef surrogate surface, as stripping the replicas from the molds would be difficult due to the small gaps and thin ventral margins of the shells.

The materials necessary for the particle bed 3D printing with SCA (sand, cement, and methylcellulose) are relatively inexpensive compared to traditional polymer-based 3D printing materials. Furthermore, in contrast to other 3D printing techniques, the production time of the particle bed 3D printing process does not increase with the increasing complexity of the surrogate surface due to the selective cement activation in each layer of the particle bed during the fabrication process (Lowke et al., 2018). These factors allowed for the cost- and time-effective fabrication of large-scale surrogate surfaces.

Thus, the particle bed 3D printing technique, in combination with the material used here, can accurately produce moderately complex surfaces but faces inherent limitations with highly complex features, especially in reproducing sharp edges and thin gaps in randomized arrangements. To enhance the accuracy, particularly in fabricating sharp edges, e.g., the oyster shells’ ventral margins, using the SCA process, further investigation into the material-process interaction during the printing process is needed. Understanding the effects of, e.g., particle diameter, liquid application, and added binders or additives is crucial for achieving higher fidelity in the fabrication of complex and ultra-rough surface structures (Lowke et al., 2022; Mai et al., 2022a, Mai et al., 2022b; Herding et al., 2023). Addressing factors such as cleaning methods and potential variations in oyster and mussel shells will contribute to a more comprehensive understanding of the replication process. Though not explored within the scope of this study, particle bed 3D printing with SCA enables the fabrication of porous and permeable surfaces or large overhangs, which may contribute to cavities. This capability enables research opportunities for fabricating and manufacturing surrogate models that exhibit such features, e.g., coral reefs or mangrove forests, with large spatial dimensions.




4.2 Rigid models for hydraulic experimental modeling

Rigid surrogate models, as presented in this work, allow for the investigation of the influence of rough surfaces on the ambient hydrodynamics. Due to the complex surface topographies featuring sharp edges (to a certain degree) and thin cavities at large spatial dimensions, hydraulic testing to investigate the bottom boundary layer and the intricate interactions between flow around the individual oyster shells (in-canopy flow) and the flow above the reef are possible. Microscale patterns, as outlined in the structural classification of oyster reef surfaces by Hitzegrad et al. (2022), can easily be replicated by altering the spatial arrangement of the individual tiles. Hence, the classes Central Reef, Transitional Zone, Patches, and Garland can be replicated by decreasing the tile density in the experimental facility. In combination with state-of-the-art time-resolved measurement of the flow fields using, e.g., particle image velocimetry or particle tracking velocimetry, the surrogate surfaces offer the potential to significantly increase the understanding of the vertical exchange of volume and momentum to and from the gaps between shells and the turbulence structures over such surfaces. Thorough examinations of the vertical mixing and the turbulence statistics may have important implications for, e.g., energy dissipation, nutrient and oxygen exchange in the water column, larval settlement, erosion, and sediment settlement. Furthermore, by selecting the native mussel bed and the non-native oyster reef as target coastal biogenic structures, this work enables comparable experimental studies assessing the impact of invasive species on the surrounding hydrodynamics in light of climate change and sea-level rise. Building upon the basic experimental study by Borsje et al. (2011), these investigations aim to optimize the applications of oyster reefs and mussel beds as nature-based solutions in coastal protection. This may involve integrating wave damping and sediment stabilization effects of naturally occurring biogenic structures into coastal management plans or guiding restoration and establishment efforts by providing hard substrate to enhance initial settlement, thereby promoting sediment accretion in tidal flats to counteract an accelerating sea level rise.

However, the rigidity of these surrogate models impedes the response of real biogenic structures to the exposure of ambient hydrodynamics, which has varying implications depending on how strongly the hydrodynamics impact the surface. Mussel beds feature individuals interconnected by flexible byssus threads, enabling movement with the ambient waves and currents, reducing stress on the individuals. Furthermore, byssus threads are known to fail when excessive stresses are applied, which can destroy entire mussel beds (Widdows et al., 2002, 2009; Donker et al., 2015). Hence, the mussel bed surrogate model may overestimate the impact of real mussel bed surfaces on the ambient waves and currents during intense hydrodynamic conditions. Additionally, the surrogate model is unsuitable for investigating, e.g., the threshold of motion of the shells, as investigated by Fick et al. (2020). Conversely, oyster individuals are connected by cementeous bonds, forming rigid structures, which cause higher resistance to mechanical stresses (Smaal et al., 2005; Taylor and Bushek, 2008; Bungenstock et al., 2021). Hence, it is assumed that the oyster reef surrogate surface will reflect the behavior of real oyster reefs even under intense hydrodynamic conditions. The challenges in replicating the razor-sharp margins of the oyster shells may result in underestimating the wave attenuation of experimental studies, especially as sharp edges act as nucleation for frictional energy dissipation (Hitzegrad et al., 2024). Moreover, the vertical distortion of the surrogate models compared to the in-situ biogenic structures (see Section 3.5), which arise as manufacturing artifacts, affect the geometric, kinematic, and dynamic similitude (Yalin, 1971; Hughes, 1993). Thus, validating the results of the hydrodynamic experiments against those of field surveys (e.g., Widdows et al., 2009; Donker et al., 2013) or experimental studies with real mussels or oysters (e.g., Butman et al., 1994; Folkard and Gascoigne, 2009) with comparable hydrodynamic conditions are essential to estimate resulting deviations and may enable implementing appropriate correction techniques.

Additionally, mussels and oysters exert siphonal currents during filter-feeding, adding to the turbulence in boundary layers (Monismith et al., 1990; van Duren et al., 2006; Kumar et al., 2019). For freshwater mussels, Sansom et al. (2018) report excurrent velocities of 0.004 – 0.2 m/s, reaching similar magnitudes as the tidal flow velocity in the intertidal flats of 0.1 – 0.5 m/s (Hagen et al., 2020). During filter-feeding, mussels and oysters open their valves at low to intermediate flow velocities (van Duren et al., 2006), increasing the topographic roughness. Furthermore, while the manufactured surrogate model tiles are impermeable, real oyster reefs and mussel beds are settled on permeable, porous sediments. These sediments allow exchange processes between the mainstream and the groundwater flow within the sediment. The constraints outlined above illustrate that rigid surrogate models neglect certain aspects of coastal biogenic structures, which need to be considered when analyzing the results of the experimental studies. Addressing and mitigating these constraints should be key areas for future research endeavors.




4.3 Opportunities of the applied methodology

The presented work suggests a flexible and iterative design methodology employing advanced digital design strategies. The results illustrate the effective application of developing parameterized surrogate models for experimental modeling. Hereby, quality control has been conducted in two loops: 1) by optimizing the parametrization through iterative modeling and fabrication of prototype tiles based on a qualitative assessment, and 2) by validation of the entire surrogate surfaces by comparison to in-situ topographical roughness parameters after completing the manufacturing. In future studies, the presented workflow can easily be adapted to include different methods of digital manufacturing, e.g., polymer-based 3D printing or fabrication of a highly accurate master tile and producing replicas with silicone molds, similar to Stewart et al. (2019) and Dunbar et al. (2023), or non-waste wax molds, as presented by Mainka et al. (2016). Furthermore, the topographical parameters defining the design and the validation are interchangeable and expandable. For example, the vertical porosity distribution (Navaratnam and Aberle, 2017), fractal dimensions, wavenumber spectra (Stewart et al., 2019), or second-order structure functions (Nikora et al., 1998) are possible parameters to include in the validation.

The workflow shares similarities with those proposed in topography-based eco-engineering for enhancing biodiversity in artificial coastal structures or degrading ecosystems. Several studies (Evans et al., 2021; Levy et al., 2022; Perricone et al., 2023) outline multi-step workflows involving the identification of relevant parameters, biometric design of habitat units (or direct replication of the ‘best’ natural surface), manufacturing of habitat units, and evaluation of success. In contrast to this study, different input parameters are considered as, in addition to topographical input parameters, site-specific biological and ecological parameters are relevant, and instead of requirements of the experimental setup, the properties of the artificial structure or bed surface on which the habitat units will be installed are essential. The variance of target parameters used for quality control or assessment schemes would require further research with clear-cut and context-specific objectives to understand what minimal parameter ranges suffice in real-world applications. More importantly, the success of the eco-engineering design is defined by increasing biodiversity and not by achieving accuracy thresholds in the manufacturing.

Moreover, particle bed 3D printing with SCA may offer a new manufacturing method in the field of eco-engineering to enhance biodiversity in coastal artificial structures. Due to its ability to fabricate porous objects with roughness features on different scales, including large overhangs and small cavities, it allows mimicking intricate natural features of biogenic structures that can not be realized for large-scale applications by applying previously used additive manufacturing methods (Levy et al., 2022) or casting from molds and formliners (Sella and Perkol-Finkel, 2015; Perkol-Finkel et al., 2018; Evans et al., 2021; Kosová et al., 2023). Furthermore, manufactured objects could even be individualized without increasing production time. However, further research would be required to develop appropriate surface structures, refine material selection suitable for coastal contexts, and affirm its effectiveness in enhancing biodiversity for coastal environments.





5 Conclusion

The primary aim of this work was to investigate the feasibility of replicating surfaces of complex coastal biogenic structures for experimental modeling using advanced digital design and manufacturing strategies. Generic surrogate surfaces representing two target biogenic structures in the central Wadden Sea, oyster reefs and mussel beds, have been designed, manufactured, and validated. The key findings of this work can be summarized as follows:

	The design methodology allows for the manufacturing of generic surrogate surfaces of complex coastal biogenic structures with high accuracy while employing a limited number of defined parameters in the modeling.

	Challenges remain in achieving complete comparability between the manufactured surrogate models and in-situ biogenic structures, depending on the surface complexity.

	Particle bed 3D printing with Selective Cement Activation proved to be a suitable method to produce complex and ultra-rough surrogate models for experimental modeling at large spatial dimensions, especially considering its capability to produce highly three-dimensional geometries, including porosity and large overhangs, and the independence of production time from the model complexity. Future research should focus on refining the fabrication process, considering the unique characteristics of coastal biogenic structures.

	The manufactured generic surrogate surfaces enable detailed investigations into the influence of complex coastal biogenic structures on the ambient hydrodynamics, thereby enhancing the understanding of the processes governing wave attenuation, turbulence production, and vertical mixing needed for efficient application of natural biogenic structures, e.g., oyster reefs and mussel beds, as a nature-based solution on coastal protection or restoration and establishment efforts.
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