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Abstract

:

This exploratory study examines the potential of combining clay and natural fiber material in liquid deposition modeling (LDM) to enhance the structural integrity of the soft-bodied print during the additive manufacturing (AM) process. For this purpose, a custom extruder module and a support structure have been developed as novel additions to the delta 3D printer that allows for automated fiber thread insertion into the deposit clay body and stabilize the 3D print during drying. This study explores material compatibility and durability in the liquid state and the material strength of the sintered ceramic body after pyrolysis of the natural fibers. The findings demonstrate the feasibility of an automated process for thread insertion and tensioning control to stabilize and control the 3D print until drying and showcase the versatile design possibilities of this method. The study may serve as a baseline for future research on fiber-reinforced clay printing in the construction industry and related disciplines.
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1. Introduction


Liquid deposition modeling (LDM) technology, a pioneering method for 3D printing with ceramics, is making significant strides across multiple engineering domains [1,2]. Clay, a natural and malleable material, serves as the base medium in LDM. When subjected to a high-temperature process known as firing or sintering, the green clay body undergoes a physical-chemical transformation, turning into a ceramic body [3,4]. Ceramics offer properties of hardness, heat resistance, and durability [5], making them a valuable resource in various industries [6]. Their utility in the construction industry [7,8] is amplified when used in an LDM system due to their wide availability, cost-effectiveness, and sustainability [9,10]. However, LDM brings its own set of challenges. Among these are material discrepancies and inconsistencies in clay deposition [11,12] followed by material shrinkage [13,14,15], requiring careful consideration in the digital design process [16] and meticulous attention to the changing material properties and constant calibration of the printing parameters. Furthermore, these limitations may result in overhangs and deformations during printing, necessitating additional support and potentially restricting design freedom and form experimentation [17].



Research has been channeled towards using natural fibers, such as cellulose fibers, to strengthen soft materials such as clay until they are dried [18,19,20]. As a sustainable and flexible alternative to synthetic materials, cellulose fibers possess commendable tensile strength and renewable properties, making them suitable for diverse applications [21,22]. Current studies primarily focus on short fibers as reinforcement of the composite material [23,24]. However, fiber threads might present a promising potential for increased strength and improved structural integrity in the resulting 3D-printed soft-body clay [25,26]. Therefore, initial efforts were focused on incorporating composite reinforcements to mitigate material restrictions. However, the existing research has been limited to the manual insertion of the fiber thread without addressing the technical challenge of integrating spun threads into clay during printing [25].



This study aims to offer a novel approach to this challenge by developing a module for automated thread insertion and thread tensioning during the LDM process. By shifting from manual to automated clay reinforcement with fiber threads, the efficiency of soft-body extrusion is enhanced, and new design opportunities are made possible. Moreover, the use of natural fiber aligns with an increasing shift towards environmentally responsible manufacturing practices, further emphasizing waste reduction and supporting the circular economy.



This case study for automated fiber reinforcement in 3D-printed clay provides new possibilities for research and industrial applications, which could contribute towards a sustainable future of construction and design.




2. Materials and Methods


This study outlines the approach to prototyping the custom-build module, delving into the specifics of the LDM system and digital modeling, and exploring the unique properties of clay and fiber threads and their combined features during the printing process. The functionality and design of the custom-built module, facilitating automated fiber insertion, are discussed in detail, as are the strategies for examining the mechanical behavior and integrity of the printed samples, outlined by a series of exploratory experiments to assess the performance of these materials and the impact of the fiber insertion module (FIM). In addition, the results of parallel material analyses examining the composite material are presented and discussed, addressing potential localized structural weaknesses resulting from the disintegration of the fiber threads during sintering.



2.1. Liquid Deposition Modelling (LDM) System


The Delta WASP 40100 clay printer, utilized for this research, has a cylindrical print volume of 400 mm in diameter and 1000 mm in height. It employs the LDM system using a liquid material supplied from an external cartridge driven by compressed air. In the deposition process, no heat is applied as the material is already in a liquid state. It is important to note that the printer lacks a default sensor system, which is already standard in various robotic systems. This absence manifests in three significant operational challenges. (1) Without collision detection sensors, the printer is unable to autonomously avoid inadvertent collisions with obstructions, potentially leading to damage to the printer, print, or both. In addition, (2) the content level of the cartridge is not automatically monitored. This may lead to unexpected interruptions of operations due to material exhaustion, necessitating continuous operator oversight to ensure sustained supply. Finally, (3) the printer does not have a means of monitoring the consistency of the printing material in real time. Variations in material consistency can directly impact print quality. However, such inconsistencies might not be detected, leading to potential quality discrepancies or print failures.




2.2. Prototyping


The prototyping methodology comprises two distinctive aspects: (1) the development of custom-built modules (see Section 2.2.1) and (2) the creation of exemplary structures (see Section 2.2.1). The liquid state of the soft clay during extrusion through the LDM printer facilitates the distinct development of additional modules.



2.2.1. Developing Custom-Built Modules


The development of the custom-built module primarily hinged on two elements: (1) conceptualizing and creating designs using CAD and 3D modeling software (McNeel’s Rhinoceros3d/Grasshopper, see Section 2.2.2) and (2) obtaining mechanical components while generating custom parts using a stereo-lithography (SLA) printer. Given that the module was custom-designed, specific components were not readily available for purchase, necessitating the production of custom parts. For this purpose, an SLA printer was selected because its accuracy level and print volume are suitable for producing exact machine parts to augment the Delta WASP 40100 clay printer. The decision to use an SLA printer was also informed by its quick production time and the durability of its photopolymer resin, compared to a fused deposition modeling (FDM) printer [27,28]. The transparent photopolymer resin used to produce the parts facilitated the monitoring of the clay and thread insertion during the printing process.




2.2.2. Digital Modelling


Throughout the course of this study, the Grasshopper Add-On for McNeel’s Rhinoceros3d was essential to scripting and parametric design. Grasshopper was used for the slicing process and G-code generation. It allows an in-depth examination of detailed parameters, which is typically not possible with standalone slicer software. Slicing refers to the transformation of a 3D model into a series of layers or “slices”, effectively converting the design into a format that the 3D printer can interpret [29,30]. On the other hand, G-code is a language that communicates with automated machine tools such as the LDM printer, telling it when, where, and how to move during the printing process [29,30]. Therefore, using Grasshopper for slicing and G-code generation meant gaining greater control over a broader range of parameters. This includes, but is not limited to, manipulating extrusion speed, adjusting the extrusion rate, controlling the timing, location, and quantity of material extrusion or retraction, and even programming pauses or stops in the printing process, which is not possible in conventional slicing programs.





2.3. Clay


This study utilized a stoneware clay body comprising 25% chamotte with grain sizes ranging from 0 to 0.5 mm. The clay was subjected to a drying and rehydration process in pursuit of the optimal consistency conducive to 3D printing, as a marginally softer clay mixture with a more significant water content yielded superior results. However, this method led to an increase in the wet-to-dry shrinkage value of the clay. Specifically, the shrinkage of the stoneware body increased from 6.8% [31] to 14.2% (see Table 1). This significant increment in shrinkage raises critical considerations for the process, specifically for dimensional changes during drying, as further discussed in Section 2.3.1.



2.3.1. Clay Shrinkage


Understanding the shrinkage properties of the soft-body clay is crucial for a comprehensive characterization of the material, given its inherent contribution to the complex behavior of clay in LDM applications. The “Shrinkage Limit” [13,14] occurred at approximately 21 h and 43 min with a corresponding shrinkage of 85.79%. It marked a significant transition between two trendlines and is the threshold beyond which no further shrinkage was observed.



For the clay shrinkage investigation, a clay sample was extruded using a delta 3D printer, measuring 9.5 cm in length, 4.6 cm in height, and 1 cm in width. The fabrication occurred indoors under controlled environmental conditions, with a temperature of approximately 19 °C. It is important to note that the specific indoor temperature and humidity levels were not documented during the investigation. However, for contextual understanding, the average outdoor temperature was recorded at 12.1 °C with a minimum and maximum of 0 °C and 14 °C, respectively, while the humidity level averaged 67%, oscillating between 50% and 87% [32].



Over an observational period of 51 h and 28 min, data were collected primarily through manual photography at varying intervals, facilitating the analysis of the dimensional changes of the sample over time. The results of the shrinkage investigation are presented in Figure 1. It aims to offer an understanding of the shrinkage properties of the clay by outlining two distinct phases—the “Shrinkage Phase” and the “Constant Phase”, with a critical transition point identified as the “Shrinkage Limit”.





2.4. Fiber Thread


The material used in this study was a hemp twine designated “Nm 28/2” (see Figure 2), which is spun from water-retted and subsequently bleached hemp fibers [33]. The term “Nm” refers to the metric count of the yarn, indicating the length in meters per gram of yarn [22]. In this case, “Nm 28/2” denotes that 28 m of this yarn weighs 2 g.



The thread exhibits a significant level of tensile strength with 20.5 N (see Table 2). Its rigid nature, combined with its composition—twisted from two individual strands—enhances its robustness and thickness, attributes that are particularly advantageous in this study. Moreover, microfibers projecting from the main thread (see Figure 2(a1)) improve adhesion with the clay, thereby increasing the resilience and durability of the resulting composite.



2.4.1. Thread Evaluation


The evaluation of the hemp thread Nm 28/2 bonding characteristics within a clay composite was critical in this study. Therefore, other threads were also considered. Six threads from hemp and linen varieties were initially examined based on attributes, including visual properties, composition, yarn count, and the spinning process utilized. Furthermore, all of these threads possessed a significant degree of rigidity. The evaluation process involved three distinct testing scenarios (see Table 2): (1) Clay–fiber bond in extrusion; (2) thread pulling in soft clay; and (3) thread pulling in dry clay. (1) sought to simulate the 3D printing process, initially evaluating the bonding efficacy between the thread and the clay. The hemp thread Nm 28/2 demonstrated an effective bond with the clay, with the comparably thicker yarns performing exceptionally well. (2) aimed to quantify the degree of adhesion between the clay and the thread during the plastic, flexible stage immediately following extrusion. (3) was designed to evaluate the bond strength after a drying period of three days, closely approximating the final condition of a 3D-printed clay object. In this test, the bond strength between the thread and clay exceeded initial expectations, as the threads remained embedded within the dry clay and broke before they could be extracted. While other threads were also evaluated, their performance did not match that of the hemp thread Nm 28/2. Accordingly, these preliminary findings pointed towards the selection of hemp thread Nm 28/2 for further testing and studies within this research due to its successful bonding with both the liquid and dried clay, signifying its optimal suitability for this research context.






3. Clay and Fiber Thread Composite


The intricate relationship between clay and thread is central to this research, making the choice of a natural fiber crucial. The selected fiber, hemp thread Nm 28/2, inherently facilitates natural hydrogen bonding and wetting dynamics, which come into play when interacting with hydrophilic materials [21], such as liquid clay, fostering improved bonding and compatibility compared to synthetic fibers [34]. This mutual interaction is crucial in the 3D printing process, emphasizing the importance of material selection in this study. Furthermore, the composite undergoes a sintering process, exposing it to high temperatures where the natural thread pyrolyzes, leaving no harmful residues. Additionally, the fiber diameter was an important parameter evaluated in this investigation. Due to the restrictions imposed by the 6mm diameter of the nozzle, preference was given to a relatively thin thread. This decision, however, was not solely driven by the mechanical constraints of the extrusion nozzle but also aimed at maintaining an optimal ratio between the clay and fiber in the composite material. Utilizing a thicker fiber could potentially disrupt this ratio and lead to larger voids following the sintering process, thereby reducing the structural integrity of the final ceramic product. In addition, it was essential for the chosen thread to exhibit high tensile strength and possess a substantial surface area, as both factors contribute to a strong bond with the liquid clay, as discussed in Section 2.4 and Section 2.4.1. The combination of clay and fiber threads also introduces an element of material efficiency to the process. In the event of a printing error, the clay and fiber can be easily separated and re-used, highlighting the recyclable nature of these materials.



Material Strength after Sintering


The three-point bending tests play a critical role in assessing the structural integrity of the clay composite after the sintering process. Once embedded in the clay composite, the natural fiber thread pyrolysis during sintering, leaving voids in the final sintered product. This test aimed to explore two specific situations: (OB) a control situation involving no thread, and (HB) a situation involving the integration of the selected hemp thread Nm 28/2. Therefore, samples were fabricated for each situation, utilizing the Delta WASP 40100 clay printer, ensuring consistency and repeatability in results. The samples were sintered at 1080 °C and then sanded, ensuring the plane-parallel top and bottom sides to facilitate accurate three-point bending tests. The results highlight the resilience and stability of the ceramic structure, even after the natural fiber thread has disintegrated post-sintering. Furthermore, the resulting voids were within the size range of the largest chamotte particles (see Figure 3) and did not significantly harm the structural integrity of the clay (see Figure 4). Importantly, these voids had no significant weakening effect on the structural integrity compared to the control samples without fiber.





4. Custom-Build Module


The development of a custom module aimed at the automatic integration of fibers into a clay strand during the 3D printing process. Two significant developments underpin this module: the fiber insertion module (FIM) and the tensioning structure on the building plate. In the process of embedding fibers into the clay body, it is crucial to control precisely when and where the fiber is introduced, with the goal being to position the fiber as centrally as possible within the clay and each extruded layer. Furthermore, the ability to manipulate the placement of the fiber has the potential to influence the physical properties of the resulting composite significantly.



4.1. Fiber Insertion Module (FIM)


The study involved designing and creating the fiber insertion module (FIM) for the Delta WASP 40100 clay printer to facilitate the automated integration of thread into the clay during printing (see Figure 5 and Figure 6). The aim was to use the extrusion process of the clay and extrude the reinforcement material simultaneously.



In addition, sequential extrusion, in particular, is of interest when thread extrusion is needed independently, without the concurrent deposition of clay. One such scenario could be creating a reinforcing structure on which soft clay could be extruded. The capability of FIM to extrude only the thread is essential in such situations. The tensioning structure attached to the building plate, described in Section 4.2, facilitates this function. This additional structure allows the winding of the thread, enabling its extrusion while the printer follows a predetermined path without extruding any clay. The premise behind the selective extrusion of the thread is to establish a preformed, tensioned structure that supports the subsequent clay extrusion. This preformed structure can aid in overcoming limitations imposed by the natural properties of the soft clay, such as its tendency to slump or deform under its weight when building overhanging or complex shapes. Therefore, the capability of the FIM to extrude thread independently, combined with the tensioning structure on the building plate, offers expanded possibilities for more complex and structurally stable 3D-printed clay objects. Furthermore, the clay body receives additional support during the extrusion and the shrinkage phase (refer to Section 2.3.1 for details), a notable advantage of this methodology.



The FIM consists of two essential parts: (1) an adapter for the nozzle and (2) a spool locking mechanism.



The adapter features a lateral entry point, which leads the thread into a channel of 1.5 mm in diameter. The channel, taking a right-angled orientation from the side towards the nozzle end, is supported by two connecting junctions on the inner wall of the cylindrical adapter. This design allows the clay to be split into two parts during the extrusion process, with the thread positioned in the center (see Figure 5(a1,b) and Figure 6(b3)). As the liquid clay progresses towards the nozzle, it merges with the thread through the narrowing interior of the cylindrical adapter and the nozzle, ensuring enough adhesion to bond and be extruded simultaneously. In this stage, a freely swinging spool with minimal friction is paramount. In addition, it plays a critical role in ensuring the proper extrusion of the thread alongside the clay, as the sole source of traction originates from the malleable clay itself. This prototypical design was employed in all subsequent testing and explorative experiments. Additional parts are conceived of as modules primarily held together by screwing mechanisms, thus allowing for easy assembly, disassembly, and exchange of parts when necessary, enhancing operational efficiency and adaptability. The need for an additional extension becomes evident when trying to accommodate the length of the tensioning structure on the building plate, as described in Section 4.2, along with the printer system. In such scenarios, an increased length of the nozzle is required to appropriately navigate the added structure and maintain the intended printing path.



The spool-locking mechanism was developed to control the spool rotation during specific periods (see Figure 5a and Figure 6(b1,b2)). The mechanism utilizes the rotary motion of the stepper motor of the printer, which is connected to the extruder, by converting its rotational direction into a locking or releasing action. That connection is exposed by the default system of the printer, allowing for free access. The system is programmed in such a way that it extrudes material when rotating clockwise and retracts material when rotating anticlockwise. Therefore, the system can be adjusted so that the spool rotates freely whenever the printer extrudes material while slightly locking the spool to prevent free movement during material retraction. The mechanical transmission is achieved through pulleys and a crossed belt. One of the pulleys is directly connected to the extruder, while the other is connected to a threaded rod via a one-way clutch. The one-way clutch allows rotational movement in one direction while automatically locking in the opposite direction. Thus, the one-way clutch rotates during extrusion to prevent the threaded rod from rotating. However, the one-way clutch does not rotate during retraction, while the threaded rod does. The use of a crossed belt reverses the direction of rotation between the first and second pulleys, which is particularly useful given the choice of a trapezoidal threaded rod secured with bearings to prevent movement on the vertical axis. The threaded rod is crucial for the vertical movement of the nut, which moves in response to the rod’s rotational motion. More specifically, when the rod rotates in a clockwise direction, the nut moves upwards, and when it rotates in the opposite direction, the nut moves downwards. This movement is used to lock the spool, and both the nut and the spool are connected to a serrated locking plate designed to relieve the spool of excess tension in the thread. In addition, a spring is placed between the nut and the serrated locking plate to prevent system breakage and ensure adequate tolerance for further relief of the spool.




4.2. Tensioning Structure on Building Plate


Maintaining consistent thread tension is vital in the fabrication process, necessitating the integration of a tensioning structure on the building plate as pin-points for wound fiber thread alongside the FIM (see Figure 7). This study utilizes threaded rods as key elements of the tensioning structure; their design ensures the secure fastening of thread loops. These rods can be customized to suit a range of design possibilities, granting a high level of adaptability due to assembly and disassembly (cf. [35]). Furthermore, the threaded surface of these rods allows for secure winding of the thread, minimizing slippage and maintaining consistent tension throughout the process (see Figure 7b). The winding technique is reminiscent of the traditional string art method, which utilizes evenly spaced nails or pegs to maintain a consistent and organized winding pattern [36,37]. Adopting such a method for the tensioning structure further guarantees the effective management of thread tension throughout the fabrication process.



In this study, the design for the tensioning structure on the building plate was arranged to maximize the use of the delta printer’s 40 cm diameter limit, as previously outlined in Section 2.1. A radial array design (see Figure 7a) was implemented, with each rod evenly spaced 4.2 cm apart, ensuring sufficient space for the FIM to navigate around the threaded rods without any interference. In addition, the presence of at least two counterposed support structures is crucial. This arrangement facilitates efficient tensioning and results in two parallel threads side-by-side. This dual thread formation enhances the support provided to the extruded clay due to the doubled surface area. The specific layout of these support structures can be adjusted according to individual project needs, reflecting the adaptability of this methodology.





5. Exploratory Experiments with Custom-Build Module


Integrating fiber threads with clay in 3D printing through the FIM strengthens and stabilizes the printing process. Each horizontal layer of the extruded clay is followed by an additional layer of a pre-wound structure when it is necessary. This procedure of alternate layering persists until the need for extra support is mitigated.



The primary goal of this study is not to create a specific ceramic product but to explore and showcase the extended design capabilities facilitated by the novel module. This part of the study aims at the production of extruded structures exhibiting significant overhangs. The principal focus is on the feasibility of a horizontal overhang (see Section 5.1) and creating an off-centered freeform structure with a considerable overhang (see Section 5.2). Both approaches depend on pre-wound threads functioning as a support system built upon the tensioning structure on the building plate, as outlined in Section 4.2. Further examinations were then carried out, expanding upon the potential of the technology (refer to Section 5.3 and Section 5.4).



5.1. Horizontal Overhanging Bars


The feasibility of a horizontal overhang is demonstrated in Figure 8, which showcases eight printed lengths ranging from 5 to 12 cm on a wound fiber thread. It was observed that shorter distances resulted in more precise outcomes than longer bars. However, as this distance increases, so does the likelihood of the nozzle head dragging along the freshly extruded clay strand. The alternating direction of the printing path amplifies this issue as some strands mimic this oscillating pattern, primarily due to insufficient adhesion between the liquid clay and the minimal surface contact provided by the thread beneath. This phenomenon highlights the critical role of achieving optimal adhesion to maintain the extruded clay’s intended placement. Figure 8 exhibits a range of horizontal overhang structures, featuring three distinct scenarios. Initially, successful horizontal bars are demonstrated, as outlined in Figure 8(c1), evidencing the potential of this method. Subsequently, an instance is identified where the extruded clay does not achieve the required adhesion to the thread. This adhesion failure leads to a displacement of the first layer, as highlighted in Figure 8(c2), pointing to an area for potential improvement in future iterations of this technique. Finally, Figure 8e shows a situation where misalignment of the building plate and overly soft clay results in the strand falling between two parallel wound threads. This scenario underscores the crucial role of precise alignment and appropriate clay consistency for the successful execution of the horizontal overhang technique.




5.2. Freeform Body


The printed off-centered freeform geometry features a substantial overhang and is intentionally designed to be unstable without external support (see Figure 9). This design demonstrates the flexibility of the threaded rod support system, as mentioned in Section 4.2. Figure 9e presents the configuration of the rod system employed in this study and the freeform body supported by the wound fiber threads. Instead of incorporating every rod in the radial array, as depicted in Figure 7a, a more strategic approach was used. The rods were selectively positioned based on their potential contribution to the support and stability of the freeform body. The aim was to optimize coverage and reinforcement across the body’s complex structure, ensuring that critical areas received the required support. The model comprises a self-sustaining portion and another that necessitates thread reinforcement for stability. The printing process alternates between thread winding and horizontal material extrusion in an iterative cycle, confirming the capability of printing such a freeform structure. When comparing the two print processes—one with thread support and one without—it was observed that the print time with thread support (see Figure 9b) was approximately ten times greater than the process without additional support (see Figure 9a). This increased duration is primarily due to the slower feed rate (or speed of the printed path) implemented as a precautionary measure to minimize potential errors during the printing process.



The wound thread supports the clay body during drying. However, the selected geometry introduces unique challenges associated with material shrinkage. To mitigate this, connections to the tensioning structure were severed about 16 h after the conclusion of the print. This precautionary measure ensured that the printed body did not suffer from cracks or breakages caused by shrinkage. Further elaboration on a contrasting scenario will be presented in the following discussion, Section 6.




5.3. Subsequent Subtraction


This section introduces a distinctive method involving thread as an instrument to shape and slice through a clay body. This possibility arises due to the soft and malleable character of the clay during the extrusion process. Material subtraction from an already printed soft clay body allows for design flexibility, including part separation or decorative cutouts. This technique was tested on various shapes to understand its potential, as seen in Figure 10. The technique starts with a thread-free clay body on the building plate, with a threaded rod as an anchor for the thread loop. The desired cutout design is virtually projected onto the clay body’s side opposite the rod, establishing a geometrical correlation between the rod and the projection. This method allows the thread to cut through the clay, creating the desired designs. Maintaining thread tension during the cutting process is critical, as excess resistance from the clay could slacken the thread, preventing it from slicing the material effectively. This issue was mitigated by gradually shifting the projected path from its center point to the threaded rod, which helped restore thread tension. Further, as mentioned in Section 4.1, the spool-locking mechanism enhanced the tension of the thread, enabling more efficient cutting through the clay.




5.4. Vertical Printing in Clay Extrusion


The FIM enables vertical printing by providing additional support via a central thread in the clay strand, in contrast to horizontal printing, where the weaker clay-fiber bond results from the thread positioning at the top of each layer. Here, the thread serves as both a guide and a support system for the clay strand. An example of this method is the construction of vertically printed fiber-reinforced clay strands forming a wall structure (see Figure 11a,b). The process commences with an extruded anchor point on the building plate for adhesion, followed by upward extrusion. The extrusion slightly inclines towards the support structure, forms a 90-degree arc, and proceeds downwards. Additional extrusion secures the strand back to the building plate. However, this method demands precise printing settings. Maintaining a consistent, uniform extrusion rate is essential to avoid issues such as under- or over-extrusion, which occur when too little or too much material is extruded, leading to poor adhesion or an overly thick strand. Addressing vertical printing challenges necessitates carefully monitoring and adjusting printing settings, including extrusion rate and pressure.





6. Discussion


The novel addition of the automated Fiber Insertion Module (FIM) to the Delta WASP 40100 clay printer has brought valuable insights into the ceramics and 3D printing technology fields. This study entailed a comprehensive understanding of the distinct characteristics of the materials, yielding insights particularly relevant to the functionality and potential of the FIM. One of the key achievements of this study was the creation of large overhangs with liquid materials using 3D printing, which was traditionally deemed impossible. This achievement provides a substantial step forward in the way we can manipulate materials during deposition. The reinforcement of clay structures using thread winding facilitated the construction of wide-ranging overhangs in diverse appearances and shapes. An extended use case has been explored to use the thread to subtract material from a pre-printed clay body. This method presented a unique opportunity for enhanced material manipulation, allowing the initial subtraction of material from the clay body and adding a new layer onto the recently exposed surface.



The primary idea of the FIM aimed to position the thread within the core of the clay strand to ensure optimal bonding. However, it was found that this objective could be effectively achieved only when the extrusion was carried out vertically rather than horizontally. This is attributed to the direction of printing; as the clay is extruded horizontally, the already extruded clay uses a pulling force on the thread, causing a shift in its position towards the edge of the nozzle. As a result, the thread is primarily located on top of the deposited clay layer rather than integrated within it (see Figure 3b,b1). This displacement disrupts the bond between the clay and thread, leading to a less than anticipated adhesion quality. However, adding a subsequent layer encapsulates the thread. This layered integration manages to secure the thread within the structure, although not within the clay layer as initially intended. Further research should be conducted to explore additional design possibilities.



Incorporating a structure on the building plate for tensioning and extruding the thread introduces intriguing prospects for further investigation. Current wound patterns are relatively straightforward, not requiring complex algorithms. However, an avenue for exploration is the study of algorithms specifically tailored to the requirements of the printed clay body, considering the adaptability required in each scenario and at each layer. This signifies a shift towards creating individualized reinforcement patterns, potentially enhancing the structural integrity of the clay bodies. In addition, algorithmically tailored wound patterns could adapt to the unique needs of each layer and scenario, paving the way for more refined, robust, and efficient clay structures. This concept brings a new dimension to 3D printing, where customization is not merely about external design parameters but extends to the internal structural frame of the printed object.



While this research project has significantly progressed toward enhanced LDM, challenges persist, highlighting the need for ongoing research and development. As each layer of the winding process progresses, there is an escalating risk of the print head intersecting the wound structure. This could potentially lead to damage to the FIM, displacement of the building plate, or overstress of the wound thread, emphasizing the need for a robust system design and careful execution. While the photopolymer resin served as an accessible material for prototyping the extensions in this study, difficulties were encountered during the process of extended extrusion of the liquid material. Therefore, it is important to consider more wear-resistant materials, such as metal, which can withstand higher pressures, ensuring a more reliable printing operation. The absence of sensor technology in the LDM printer and the FIM is evident here. Incorporating such technology could offer real-time feedback throughout the printing process, potentially preventing accidents such as collisions or malfunctions that may damage the FIM, disturb the integrity of the clay body, or cause the thread to break. These sensors could supervise parameters such as distance to potential obstacles, thread tension, consistency of the extruded clay, the remaining quantity of clay in the cartridge, and the amount of thread left on the spool. This level of automated oversight would reduce manual intervention, enhancing overall process efficiency and precision.



Another substantial challenge is the present shrinkage of the clay. As the winding of the thread suggests additional support and reinforcement of the clay body, it also has to deal with the tension of the threads in one direction and the shrinkage of the clay in the other. Crucial breakages and cracking of the clay body were observed after drying, specifically when the thread was not severed, as depicted in Figure 12. Therefore, exact timing is required to prevent structural issues in future experiments. Particularly when reinforcing clay bodies with thread fiber, it is necessary to sever the thread before exceeding the Shrinkage limit. Based on the current data, cutting the thread is recommended when the shrinkage reaches 90% to 95% of the original size of the clay body. However, these figures serve merely as guidelines, as the specific conditions of each clay body may vary in size and weight. Furthermore, external factors such as humidity and sunlight exposure can also significantly influence the shrinkage behavior, leading to slight variations in the data and, consequently, the trendlines.



Adding to this complexity, the additional paths required for winding the thread significantly increase the print time. This is further compounded by the substantial computation time required by the software used in the design and execution of the printing process, thereby adding a time complexity layer to the already extended print time. However, it is important to note that despite this increased time commitment, the automated 3D printing process is still considerably more efficient and accurate than traditional manual methods.



The spool locking mechanism needs further research to determine the optimal locking moment to avoid tearing the thread. The most significant tearing occurred when the serrated locking system was pressed too tightly, limiting the rotation of the spool when excessive tension occurred, leading to the breaking of the thread. Further research needs to be conducted on the calibration method for the spool’s position.



While the requirement for continuous monitoring represents a challenge, it also underscores the need for flexibility and adaptability—qualities incorporated into the printer modules developed within this study. Despite being tailored to the existing Delta WASP 40100 clay printer, the newly designed module is not confined to this singular model. The adaptability of the FIM is of particular interest. The nozzle adapter can readily accommodate hardware nozzle configurations by altering the thread type. This adaptation could be achieved by implementing an adapter or making minor adjustments to the existing FIM.



Conversely, adjusting the spool locking mechanism involves more complex challenges. As described in Section 4.2, the mechanism uses the rotary motion of the stepper motor, effectively harnessing its mechanical movement for its operation. A similar mechanism to capture the rotary movement of material extrusion or retraction would be essential to adopt this feature to other printer models. In the presence of such a feature, only minor modifications would be necessary to install the spool locking mechanism. An alternative approach could be conceived without this feature by constructing an independent system. This system could match the rotation ratio of the printer with an auxiliary motor. This level of versatility underscores that the developments of this research carry potential applications beyond the initial printer model, thus demonstrating the wide-reaching implications of these findings for the broader field of 3D printing and robotics.




7. Conclusions


The results from this study have offered insightful observations and paved the way for promising developments in liquid deposition modeling (LDM). The findings of this research demonstrate several key points:




	
The fiber insertion module (FIM) has been proven capable of automating threads’ integration into the clay during the 3D printing process.



	
Incorporating a novel principle for support structures, based on thread winding attached to the tensioning structure on the building plate, creates complex geometries.



	
With this approach, it is now possible to achieve designs featuring horizontal overhangs and freeform structures, which were beyond the reach of traditional LDM methodologies.



	
Reinforcing the clay body with fibers significantly strengthens the printed structure during the printing and drying stages.



	
Using natural fibers and clay underscores the shift towards more environmentally friendly practices within composite materials, particularly as separating and re-using these materials is straightforward and the incineration of natural fiber threads leaves a minimal environmental impact.



	
No significant consequences for the structural integrity of the printed clay body were observed due to the thread insertion process.








The modifications pave the way for future studies and push the boundaries of what is currently deemed possible within liquid 3D-printed ceramics. It encourages the continuation of this journey and urges future researchers to venture further into this realm of discovery. In conclusion, the proposed method holds promise for introducing new perspectives within architecture, design, and additive manufacturing.
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Figure 1. The clay shrinkage process is summarized into two distinct phases: the “Shrinkage Phase” and the “Constant Phase”. Each phase exhibits a linear trendline, intersecting at a point denoted as the “Shrinkage Limit” at timestamp 21:43:22. 
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Figure 2. (a) The Nm 28/2 hemp twine, showcasing its uniform structure. (a1) Enlarged view of the hemp twine at 25-fold magnification revealing the projecting microfibers. (a2) Close-up view of the hemp twine at 50-fold magnification, demonstrating how two twisted threads combine to form the twine. 
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Figure 3. Cross-section views of the samples (a) without thread reinforcement and (b) reinforced with hemp thread Nm 28/2, post-sintering, printed with the Fiber Insertion Module (FIM). The impact of the pyrolysis of the thread during sintering is apparent in (b1) at 11-fold magnification, which results in uniformly distributed voids. (b2) presents the void after thread pyrolysis at 50-fold magnification. 
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Figure 4. Tensile strength, Young’s modulus, and tensile strain of the two sample scenarios: (OB) samples without thread and (HB) samples with hemp thread Nm 28/2. 
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Figure 5. (a) Elevation of FIM with all its components: (1) nozzle, (2) nozzle adapter, (3) tube for the thread, (4) T8 nut with sealing ring, (5) spool, (6) serrated locking plates, one attached to the spool, the other to the sealed nut and spring, (7) bearing 6200-2RS with sealing ring connected to the rod, (8) one-way clutch 6200 inside the pulley with sealing ring connected to rod, (9) pulley connected to extruder, (10) connecting plates between extruder and FIM, (11) T8 trapezoidal threaded rod, (12) Nema23 stepper motor; (b) cross-sectional model of the nozzle adapter, featuring the thread positioned within the channel; (c) detailed cross-sectional illustration of the nozzle adapter, emphasizing (1) the thread insertion channel, (2) supported by two connecting junctions on the inner wall of the cylindrical adapter. 
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Figure 6. (a) Standard configuration of the delta 3D printer; (b) modified setup of the delta printer featuring the FIM, wherein (b1) mechanical transmission of rotary motion is shown through pulleys connecting the extruder and one-way clutch, this clutch is connected to a trapezoid rod facilitating movement to (b2) a locking system—it immobilizes the spool via serrated plates in instances of additional thread tension; (b3) enlarged view of the nozzle adapter displaying the fiber thread insertion process and fiber extrusion through the nozzle head. 
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Figure 7. (a) Threaded rods serve as the tensioning structure on the building plate, featuring pre-drilled holes for simple assembly; (b) thread meticulously wound and evenly distributed around the rod; (c) video except of the thread winding process during printing. 
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Figure 8. Illustrates the printed structure, comprising eight horizontal overhanging bars with lengths varying from 5 cm to 12 cm. (a) Provides a top-down perspective of both the printed body and its corresponding tensioning structure; (b) reveals how horizontal overhanging bars gain support from the tensioning structure, facilitated by the thread winding process; (c) exhibits the structure with a mix of (c1) successful and unsuccessful bars; (c2) points out adhesion failure which leads to a displacement of the first layer; (d) demonstrates four perspectives of the digital model, highlighting the building plate’s boundary (represented by the large circle), the eight threaded rods, the extruded clay body (in red), and the winding path for the thread extrusion (in blue); (e) highlights an instance where the clay strand falls through the wound structure due to building plate misalignment and excessively soft clay consistency at that moment; (f) shows the body after the sintering process, wherein the threads undergo pyrolysis, leaving subtle indications of their previous positions through the residual holes. 
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Figure 9. (a) Presents the outcome of printing the same freeform shape without any supporting structure. (d) Demonstrates four perspectives of the digital model, highlighting the building plate’s boundary (represented by the large circle), the ten threaded rods, the extruded clay body (in red), and the winding path for the thread extrusion (in blue); (b,c,f) Presents the freeform body in various stages: (b) Illustrates the freeform geometry, supported by the wound fiber threads attached to the tensioning structure on the building plate; (c) portrays the stage where the geometry, due to the drying process and potential breakage, is detached from the tensioning structure through severing the thread; (f) displays the freeform body post-sintering, wherein the threads undergo pyrolysis, leaving subtle indications of their previous positions through the residual holes. Note: To maintain the intended position of the body during the display, a string was used for temporary support; (e) Illustrates a top-down perspective of the printed freeform body. 
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Figure 10. (a) Subtraction method in the process; (b) subtraction of a semi-circle from a soft clay body; (c) juxtaposing the differences in subtraction—the left sample involves additional tension, and the right one does not; (d) emphasizing the capabilities of the novel module through the subtraction and addition method, with particular attention given to the resultant variance in surface texture. 
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Figure 11. (a) Vertically printed fiber-reinforced clay strands in dried condition; (b) highlighting the non-horizontal printing technique with a thread embedded at the core of the clay strands; and (c) a depiction of clay strands, unsupported by an internal thread, demonstrating compromised structural integrity. 
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Figure 12. (a) Depiction of the clay body following one day of drying, highlighting a severe crack propagated by the tension retained from the unsevered thread; (a1) enlarged view showcasing the approximately 5 mm wide crack. 
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Table 1. Technical data of “Ateliermasse Weiß 2505” stoneware body.
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Chemical Analysis *

	
SiO2

	
TiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
K2O

	
Na2O




	
75.0%

	
1.40%

	
19.5%

	
0.80%

	
0.20%

	
0.30%

	
2.30%

	
0.20%




	
Loss of ignition *

	
4.0%




	
Wet to dry shrinkage

	
14.2%








* Data retrieved from SIBELCO [31]. Data to the stoneware body refers to unfired condition.
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Table 2. Six tested threads in comparison.
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	Hemp

Nm 10/1
	Hemp

Nm 28/2 *1
	Hemp

Nm 39/1
	Linen

Nm 10/1
	Linen

Nm 32/2
	Linen

Nm 36/1





	Roving

Treatment
	Cooked
	Bleached
	Bleached
	Dried spun
	Bleached
	Bleached



	Visual

Properties
	Non-uniform, long, and non-flat fibers
	Uniform,

Short, and flat

fibers
	Non-uniform, short, and non-uniform fibers
	Mostly uniform,

Long, and non-flat fibers
	Uniform,

short, and flat

fibers
	Mostly uniform, short, and non-flat fibers



	Clay–fiber bond in Extrusion *2
	5
	4
	1
	2
	4
	3



	Thread pulling in soft clay
	0.5 N
	0.52 N
	0.29 N
	0.8 N
	0.42 N
	0.2 N



	Thread pulling in dry clay and

tensile strength
	Strong bond, thread broke at 17 N
	Strong bond, thread broke at 20.5 N
	Strong bond, thread broke at 7.7 N
	Strong bond, thread broke at 10.3 N
	Strong bond, thread broke at 18 N
	Pull out at 3.5 N

thread broke at 6.2 N







*1 The hemp thread of type Nm 28/2 was identified as the optimal choice, and as such, it has been employed in all subsequent investigations. *2 The rating scale, from 1 (poor performance) to 5 (superior performance), is relative to the other samples among the threads tested.
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