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Abstract

:

This paper presents a novel method for fabricating fluidic circuits using laser printing technology. The method allows for rapid prototyping of macrofluidic devices with control over fluid manipulation and environmental conditions. We employed a high-resolution laser cutter to etch fluidic channels into various substrates, optimizing parameters such as laser power, speed, and substrate material. Our results demonstrate excellent performance in controlling fluid flow and maintaining environmental conditions, handling a wide range of fluids and flow rates. The devices were tested in multiple settings such as with high school students and in research laboratories in universities. We tested the laser-printed macrofluidcs mechanically for durability. We present previous works in microbiology with plants, microbial, and mammalian cell lines showing reliable operation with minimal leakage and consistent fluid dynamics. The versatility and scalability of this approach make it a promising tool for advancing research and innovation in fluidics, providing a robust platform for growing, manipulating, and experimenting with diverse biological systems from cells to whole organisms. We conclude that laser-printed macrofluidics can significantly contribute to fields such as biomedical research, synthetic biology, tissue engineering, and STEM education.
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1. Introduction


Fluidic circuits constitute fundamental components in a myriad of scientific and engineering endeavors, spanning from chemical analysis to biological research and drug discovery. Traditional approaches to fabricate microfluidic devices often involve intricate procedures such as photolithography, soft lithography, or micro-machining, and 3D printing which can be both time-consuming and costly [1,2]. These systems have been in research since the 1950s and have been used coupled with sensors, micro pumps, and microscopy [3,4,5,6]. Recent advancements in this domain have introduced digital microfluidics, a technology devoid of traditional channels, wherein liquids are manipulated on an electrically charged surface, proving particularly advantageous in applications like DNA sequencing library preparation [7,8]. The macrofluidics devices we present here operate at volumes of 1–2000 mL, while microfluidic devices typically operate in the scale of 0.01–1 mL. Macrofluidic systems are often made by converting existing equipment such a a 50 mL tube [9] or by 3D printing [10]; in both cases, evaluation and methods for sterilization, durability, and compatibility with the bioprocess are required.



In the realm of lab-scale bio-process prototyping, macrofluidics emerges as a versatile domain encompassing flexible tubes, glass and plastic apparatuses, sensors, actuators, as well as 3D-printed and machined components. Each of these components is uniquely tailored to diverse applications [11,12,13,14,15,16,17,18]. Critical elements of a macrofluidic device include chambers, channels, valves, as well as actuators for fluid manipulation, temperature control, and filtration. However, paramount among these requirements is the necessity for sterility, demanding most components to be autoclavable or sterilizable by alternative means. Despite research and development in microfluidics fabrication, actuation, and utilization [3], macrofluidics generally uses tubes and vessels from glass, plastic, and off-the-shelf components such as peristaltic pumps and other repurposed sensors and actuators [19].



Single-use bioreactors represent a paradigm shift in bioprocessing technology, offering a cost-effective and scalable alternative to traditional stainless steel or glass bioreactors. Their disposability, coupled with pre-use sterilization procedures, obviates the need for post-use sterilization, streamlining bioprocessing workflows and enhancing operational efficiency [20,21,22,23].



With applications extending into food production, such as utilizing microbial cells for cow milk protein synthesis, there arises a pressing need for increased fermentation capacity to meet global demands [24]. Similarly, analogous to agricultural practices, scaling out may prove favorable over scaling up, facilitated by fluidic modeling and consideration of large-scale forces acting on cells, liquids, as well as nutrient and waste molecule diffusion across culture environments [25,26,27].



As DIY tools democratize science through the creation of experimental apparatuses [28,29,30,31], fluidic systems are designed to democratize food and material production via decentralized fermentation [32,33]. Central to fermentation is sterility, followed closely by utility. In our work with “My First Biolab”, we employed laser-printed macrofluidics to enable K-12 students to engage in microbial fermentation without the need for gloves or pipettes, thanks to a fully encapsulated experimental setup [34,35].



Aeration, agitation, and monitoring are pivotal features for automating cell culture in bioreactor systems. Previous studies have demonstrated programmable air pumps, peristaltic pumps, and optical sensors adapted for laser-printed macrofluidic devices, facilitating the cultivation of bacteria and mammalian cells both in suspension and on scaffolds [34,35].



In recent years, additive manufacturing techniques have emerged as promising alternatives, allowing for rapid prototyping of fluidic systems. Among these techniques, laser welding of macrofluidics offers unique advantages in terms of versatility, precision, scalability, and speed, making it an ideal rapid prototyping tool for biotechnology applications and STEM education through inquiry-based learning [36]. Despite the high cost of laser equipment, the affordability and global availability of materials render this method accessible on a broad scale.



Applications


Laser-printed macrofluidics have diverse applications across various fields, including:




	
Biomedical Research: The ability to control fluid flow, temperature, and agitation makes laser-printed macrofluidics ideal for culturing cells, conducting drug screening assays, and studying biochemical reactions.



	
Chemical Engineering: Macrofluidic devices can be used for process monitoring and optimization in chemical manufacturing processes, including mixing, reaction kinetics, and separation techniques.



	
Environmental Monitoring: Laser-printed macrofluidics enable on-site analysis of environmental samples, such as water quality testing and air pollution monitoring.








In this paper, we present a novel approach for fabricating large fluidic circuits using laser printing technology, providing a potential solution for a bottleneck in experimentation that would otherwise require sourcing multiple materials such as glass and plastic and methods such as 3D printing or injection molding, in addition to sterilization and biocompatibility tests. Our method leverages thermoadhesive films to create customizable fluidic channels that can be combined with non-invasive sensors and actuators. The resulting macrofluidic devices enable precise control over fluid manipulation, temperature regulation, and environmental conditions, while their sterility makes them ideal for a wide range of applications in scientific research and even in education, prototyping, and in industrial processes.





2. Materials and Methods


2.1. Fabrication Method


As elaborated in [35], a Universal Laser Systems, Inc. model VLS 3.6 laser cutter, Scottsdale, AZ, USA equipped with a 60 W CO2 laser featuring programmable focus was employed to cut and weld a polyethylene–polyamide (PAPE) multilayer thermoadhesive film conventionally utilized in food packaging. The thermoplastic film bilayer comprised of multilayered PAPE sourced from Plastopil (HaZore’a, Israel), with a total thickness of 140 µm, consisting of two 70 µm layers closely adhered together, is a modified version of PLASTOBARR XU, Plastopil Hazorea, IsraelFor welding the film bilayer, the laser cutter was configured to deliver a power output ranging from 12 to 24 watts at maximum speed. The film was positioned within the laser cutter, and the laser beam was focused onto the film layers at z = 0.2 mm for cutting and 8 mm for welding. Subsequently, the laser traversed the thermoplastic film bi-layer continuously, generating sufficient heat to fuse the two film layers seamlessly. Under optimal conditions, this methodology facilitated precise and dependable welding and cutting of the PAPE film bilayer with minimal heat-induced damage. The resulting welds exhibited robustness and impermeability, rendering them suitable for integration into fluidic systems, thereby serving as viable components for fluidic devices. The ultimate tensile strength was evaluated as the load at failure divided by the cross-sectional area for different laser settings. Designs for macrofluidic devices can be generated on any CAD software. In this study we used Adobe Illustrator version 28.5 to design both Raster or Vector files. Generally, Vector files will allow for a faster fabrication time; for example, in a 30 × 60 cm laser bed as the one we used, it will take 1–5 min to weld and cut a Vector file.




2.2. Fabrication and Production Process


The fabrication process for laser-printed macrofluidics involves several steps:




	
Design on CAD software.



	
Visual inspection of the PAPE film.



	
Introduction of the material into the laser cutter.



	
The fluidic circuit design is transferred to the thermoadhesive film using a laser printing system by welding and cutting.



	
The laser selectively heats the film, causing it to adhere to the substrate and create fluidic channels, ports, chambers, and other fluidic elements for the process it was designed for.



	
Fitting the printed fluidic on a vertical holder or other vertical arrangement.



	
Introducing liquids and gasses, applying actuation if needed, and monitoring the experiment with or without sensors.









2.3. Laser Welding Validation Assay


We employed two types of assays to assess the effectiveness of the laser welding technique. Initially, a vector line was delineated at a width of 1 cm and subjected to welding using various laser settings. Subsequently, we tested the welds for each laser setting and examined them using an Instron machine (Instron 3345 tester, Norwood, MA, USA) to determine its tensile strength and maximum load capacity. In addition, we designed a circular shape with a diameter of 3 cm, featuring an inlet port for the introduction of air. These structures were then filled with air and subjected to compression assays using the Instron machine. Subsequent to the assays, the airbags were visually evaluated for integrity and performance.




2.4. Design Principles


The design of laser-printed macrofluidic devices involves several key considerations to ensure optimal performance and functionality. Generally, any 3D vessel can be modeled in 2D and be fabricated into a 3D macrolfuidic device, for example, a peristaltic pump or a conical bottom vessel [34,35]. Within the confines of a macrofluidic device containing both liquids and gasses, several fundamental forces dictate the system’s behavior. Gravitational force orchestrates the distribution of mass, causing the liquid to settle at the device’s bottom while gas occupies the upper regions. Buoyant force emerges from density disparities, influencing the equilibrium by determining the position of the water–air interface. At this interface, surface tension exerts its influence, shaping the interface and contributing to system stability. Pressure differentials, arising from the coexistence of liquids and gasses, generate variations in pressure across depths and interfaces. When an actuator, such as a DC motor-based magnetic perstaltic pump, is integrated into the system (See Figure 1a,b), additional dynamics emerge. The actuator drives fluid flow through the device by directly manipulating the liquid and air phases within the channels, altering pressure gradients and flow velocities. In the case of Figure 1b and as described in [34], the size of film we used is 21 over 30 cm, the operating volume is 5–15 mL, and the pump works up to 1 mL/s.



2.4.1. Fluidic Channel Layout


The layout of fluidic channels determines the overall functionality and performance of the device. Designers must consider factors such as flow rate, mixing efficiency, and pressure drop when designing the channel geometry. Common layouts will be representations of already existing devices that are made from flexible tubes, glass or plastic reactors, and various types of pumps such as peristaltic, air, and piston. Maintaining a consistent distance between welding points is crucial for ensuring uniform distribution of forces across macrofluidic devices. This consistency enhances structural integrity by evenly distributing stresses between pegs and welds, while also ensuring a constant height for the fluidic channels. Uniform channel height guarantees a consistent shape throughout the device, essential for accommodating different actuators and optimizing liquid performance. By keeping channel height constant, a predictable and workable environment is created for device components and functionalities, enhancing reliability and functionality. For example in [34] and in Figure 1a, the design of the main chamber included circular welds, and this allowed for the distance between the sheets to be constant, which improved heat transmission to the liquids in the device.




2.4.2. Introduction of Gasses, Liquids, or Solids


In order to introduce gasses, liquids, or solids into the fluidic device, designated ports are designed according to the shape of the attachment, for example, the diameter of a flexible tube has a different shape than the design for a tube cap (See Figure 2a). These attachments are to be connected to the fluidic device under sterile conditions in order to ensure sterility. An air filter can be connected by introducing a sterilized tube and securing it with a zip tie (Figure 2a). A screw cap from a 15 mL tube can be connected by creating a fitting design and securing it with a ziptie (Figure 2b). Finally, larger solids such as scaffolds can be inserted in a laminar flow hood and welded with a plastic bag sealer (Figure 2c). When designing a port, it is important to consider that the distance between two welding points becomes smaller once the two sheets are opened (Figure 2d); after insertion of a flexible tube or tube cap, the zip tie holds firmly, and sterility and shape are maintained. The ports allow for the introduction of gasses, liquids, and solids into the MSUB (Macrofluidic single-use Bioreactor) before and during the experimentation process. A tube cap allows for the utilization of standard labware to introduce media, and a large port can allow for the introduction of a large scaffold and to seal the MSUB after insertion, thus maintaining sterility. Connecting a pump and an air filter to the flexible tube makes it possible to introduce gasses while maintaining sterility.




2.4.3. Integration of Sensors and Actuators


To enable real-time monitoring and control of fluidic processes, sensors and actuators can be integrated directly into and onto the fluidic circuit. These components may include temperature sensors, spectral sensors, force sensors, flow sensors, peristaltic pumps, piston pumps, air pumps, and valves, all of which can be controlled by a microcontroller, programmable and accessible by WiFi [34,35]. The integration of sensors and actuators allows for the precise regulation of fluid flow, temperature, and other environmental parameters. This may involve non-invasive sensors such as light and temperature monitoring through or in proximity to the device or sensors that receive an input that was in the device, such as a CO2 sensor monitoring gasses from the exhaust of the system.




2.4.4. Control and Monitoring


Control of the macrofluidic device is attained through a combination of established infrastructure and tailored solutions. We used a spectral sensor (AS7262 Visible Breakout, Sparkfun, Boulder, CO, USA) and an LED (5 mm orange LED) to measure optical density in 600 NM as an indicator for bacterial growth [34]. Mammalian cell cultures require temperature regulation and a 5% CO2 environment. We achieved this by housing the macrofluidic device in a CO2 incubator. For precise aeration control within the macrofluidic device, we employed an air pump linked to an esp-32 microcontroller, enabling programmable adjustments. This setup not only facilitated precise control over aeration but also enabled the IoT-based management of the air pump [35].






3. Results


3.1. Laser Welding Validation Assay


In our study, we conducted a calibration test to assess the effectiveness of laser welding in bonding PAPE bilayers. The design featured a 1 cm weld (Figure 3a–c) which underwent testing using an Instron testing machine. We observed that the weld demonstrated increased maximum as we increased the power of the laser; however, as we increased the power of the laser, the films’ structural integrity was compromised due to heat damage. We found that, at 20–30% power at 80% speed and Z = 8 mm (Figure 3d), the welds were sufficiently strong, and importantly, the PAPE bilayer remained intact despite the heat generated by the laser (see Supplementary Figure S2). This suggests that this specific power setting is optimal for achieving strong welds without causing thermal damage to the materials being bonded (see Supplementary Figure S2). In addition to evaluating laser welding, we also assessed the performance of PAPE to hold gasses under compression, and we designed a 3 cm airbag usingAdobe Illustrator, as seen in Figure 3e, filling them up with air and sealing them with a manual heat sealer. Then, we programmed the Instron machine to conduct maximum compression over the air bag in order to evaluate sealing (Figure 3f). Our findings reveal that similar airbags exhibit surprising resistance to compression. Even after undergoing maximum compression, some airbags maintained their original shape and did not break (Figure 3g), indicating their durability and ability to withstand significant pressure. The calibration performed in these tests measuring force under pressure and by stretching coupled with visual evaluation of deformations allowed us to have consistent results from the laser welding process.




3.2. Sterility


The production process of the film we used renders it sterile on the inside due to several key factors inherent to the manufacturing method. Firstly, during the production process, plastic pellets are heated and extruded in high pressure to form a thin tube, while the polyethylene and polyamide flakes undergo intense heating and stretching, which effectively kills any microorganisms present within the material. This high-temperature treatment, often exceeding sterilization thresholds, eliminates bacteria, viruses, and other contaminants that may have been introduced during handling or storage. As the extruded film tube is cooled, it is continuously wrapped into a roll. In this roll, the inside of the tube creates the area between the layers. As long as they are compressed tightly against each other, sterility between the sheets is maintained, which we evaluated by storing LB broth for prolonged periods of time without contamination [34,35]. proving it suitable for various applications where sterility is paramount. The introduction of ports, liquids, solids, and gasses (See Figure 2) has to be performed in a laminar flow hood with sterile or sterilized components.




3.3. Designs for Cultivation of All Kingdoms of Life


The efficient fabrication method and inherent sterility allows for the fabrication of applications relating to all kingdoms of life. We illustrate examples that we evaluated and some that are in the works to demonstrate the versatility of this method.




3.4. Microorganisms in Suspension


As outlined in [34], the system enables the culture and monitoring of E. coli. The peristaltic pump actuates the liquids, resulting in a solution that is constantly monitored and maintained in a constant temperature. However, to culture yeast, the inclusion of an airlock valve is necessary to let gasses out while maintaining sterility. Therefore, we copied the design of a standard plastic airlock and included it in the fluidic design (Figure 4a), which showed how a function is carried out by a design that would otherwise require purchasing an additional component. Furthermore, the system facilitates the cultivation of microalgae, such as Chlorella spp., utilizing the air pump for aeration and agitation (Figure 4b).




3.5. Animal Cell Lines


The macrofluidic device for cultivating bovine stem cells on scaffolds provides a controlled environment for cell growth (Figure 4c). It features a cap for manual media replacement and liquid handling, ensuring optimal conditions for stem cell proliferation. This device is designed to accommodate small scaffold structures, facilitating cell adhesion and proliferation. It features controllable overhead aeration defined by user input via the wireless user interface. It is suitable for laboratory use, offering researchers a versatile tool for studying cell behavior and tissue engineering applications. The device is laser-printed and ports are added in sterile conditions in a laminar flow hood, as described in [35]. Once the ports are assembled, gasses can be introduced and removed constantly through the filters, and liquids can be added or removed in a laminar flow hood under sterile conditions.




3.6. Plants


The macrofluidic device for rooting epiphytes creates an ideal environment for root development; it takes inspiration from a standard vase. As seen in (Figure 4d), two holes are used for mounting on flat surfaces with two vacuum suction cups. Optionally, sensors on such a device can monitor conditions like temperature and humidity for optimal growth; in addition, they may allow for control over water, nutrients, and airflow. This compact design is convenient for home or laboratory use, promoting efficient rooting of epiphytes. This design offers solutions for research in root formation, the design of which can help researchers measure the length of roots over time under different conditions.




3.7. Design Mimicry for Existing Macrofluidic Infrastructure


Laser-printed macrofluidics can be designed based on existing devices; here, we demonstrate three common types of bioreactors and their representation in a 2D macrolfuidic design. The airlift bioreactor can be functional due to its already vertical position (Figure 5a). The introduction port for air is designed in a way that takes the air in above water level and introduces it at the bottom of the cylinder. A perfusion bioreactor with a media reservoir and a waste chamber can be modeled in 2D and work in a vertical system with peristaltic pumps (Figure 5b). This design of reservoir–pump–waste is constant throughout regenerative medicine research and would otherwise require using glassware, tubes, and peristaltic pumps. In this case, all of the fluid structure is printed in one go without connectors, reducing the risk of contamination. Finally, by designing two large connected chambers one over the other, and by applying force with a linear actuator on the entire surface area of the lower chamber, we can create a temporary submersion bioreactor wherein cultivation occurs in the upper chamber (Figure 5c).These bioreactors are useful for the cultivation of mammalian cell lines on macro carriers or for the rapid multiplication of plant cultures.




3.8. Design for Bioprocess—Media Replacement and Perfusion through a Scaffold


The design of this macrofluidic device encompasses a perfusion bioreactor system, featuring a dedicated port for scaffold introduction. Coupled with a peristaltic pump mechanism regulating media flow from the reservoir through the scaffold area to the waste chamber, this setup enables precise control over nutrient delivery and waste removal (Figure 5b).





4. STEM Education


Additionally, we used the MSUB in multiple educational settings. The affordability, rapid and easy prototyping and manufacture, in addition to the closed/self-contained nature of these systems make them a good fit for use with learners of all ages. Students can design new experiments or interact with an experiment that was already designed.



4.1. Algae Oxygen Monitoring


A student was interested in monitoring algae oxygen production and iterated designs to achieve their goal. The device needed to address the critical aspects of aeration for mixing and the supplementation of essential gasses such as oxygen and carbon dioxide to sustain microalgae growth. In essence, the student was tasked with creating a sophisticated system that could efficiently nurture microalgae while harnessing their metabolic byproduct—an endeavor that not only required technical expertise but also ingenuity and perseverance in problem solving (see Supplementary Figure S1a).




4.2. Inquiry-Based Learning for Bacterial Fermentation


As presented in [36], students were left to interact with an MSUB that allowed for the cultivation of e.coli and monitoring via IoT on an online interface the optical density of the liquid in the MSUB over the fermentation process. The students could chose the temperature, the speed, and the direction of the magnetic peristaltic pump. The students were studying by preforming a scientific process, while actively participating and self-exploring various aspects, critical hallmarks of inquiry-based learning.




4.3. Experiment in a Bag


We designed a hands-on chemistry experiment for elementary school children. We devised a macrofluidic circuit for a lava lamp experiment wherein students mixed colored water, oil, and baking soda. The macrofluidic device necessitated no sensors or actuators. The student manually mixed the liquids by pushing them with their fingers, instigating a chemical reaction which showed that oil is lighter than water and that gas is lighter than both. The materials utilized were readily available in any kitchen and comprised water, baking soda, oil, and Red Dye 40 (see Supplementary Figure S1b).





5. Discussion


In comparison to existing fabrication tools like 3D printing such as DLP, SLA, and CNC machines utilized for building fluidic systems, laser-printed macrofluidic devices offer distinct advantages and novel capabilities. While 3D printing and CNC machining excel in creating three-dimensional structures with intricate geometries, they often entail longer fabrication times and higher costs, particularly for complex fluidic designs [37,38]. Laser printing macrofluidics only takes minutes while 3D printing will probably require hours or days depending on size. In addition, 3D-printed fluidics will require to go through sterilization and biocompatibility and leak assessments before being used.



Single-use bioreactors are increasingly being used in the production of high-value products [39,40], which may be due to business aspects and not due to the actual cost of production of these systems, and have potential applications in regenerative medicine [22,40]. Providing scientists with the means to produce single-use systems themselves may allow for more experiments for a reduced overall cost, and therefore more iterations that may lead to better outcomes.



Leveraging laser printing technology in macrofluidic device fabrication introduces a transformative approach, converting two-dimensional designs into functional three-dimensional fluidic systems. This innovative process involves strategically welding thermoadhesive films to seamlessly integrate intricate fluidic channels, chambers, and ports into the device [35]. By transitioning from 2D to 3D, macrofluidic devices achieve complex fluidic architectures rapidly and affordably, circumventing the constraints of traditional fabrication methods. These laser-printed macrofluidic devices offer exceptional versatility and scalability, facilitating the rapid prototyping of fluidic circuits with integrated sensors and actuators. This agility in both design and fabrication empowers the creation of customized fluidic systems tailored to specific applications, while also providing precise control over fluid manipulation and environmental conditions [34,35].



When compared to traditional machining of large fluidic systems using stainless steel, rubber O rings, glass and plastic connectors and tubing, laser macrofluidics is more suitable for rapid prototyping as it is made from one material that is more affordable than all those mentioned above [41]. In addition, the speed of fabrication is faster than for modern fluidic fabrication methods such as 3D printing, taking minutes instead of hours or days while maintaining the sterility of the chamber throughout the fabrication process; in addition, 3D-printed fluidics may be difficult to make waterproof and not be as smooth as a an extruded polymer, as both may have an impact on the designed bioprocess [42].



Moreover, in terms of sterility, biocompatibility with microorganisms, plants and animal cells and tissues, and usability, laser-printed macrofluidic devices can outperform their traditional counterparts. The blow film employed in their fabrication inherently upholds sterility, minimizing the risks of contamination and simplifying experimental setups [34,35]. They are unlike conventional fluidic systems where an autoclave is used when possible and sterilized with either gamma rays or ethanol and washing with a buffer when the parts are heat-sensitive [41,43], thereby enhancing operational efficiency and reducing downtime [21]. In all single-use bioreactors, the seals and motor coupling are critical for maintaining sterility [20]. Magnetic driving answers sterility demands in traditional systems while in MSUB this is achieved without coupling into an element in the bioreactor but rather by actively agitating the liquids by moving magnets through the film on a channel outside of the vessel. Figure 1b shows the macrofluidic design for a peristaltic pump [44].



The incorporation of manually sealable ports or those secured by zip ties maintains sterility while facilitating the introduction of liquids, solids, and gasses into chambers within the macrofluidic device without compromising sterility. This can be achieved either by working with sterilized elements in a biological hood or by introduction through a filter. Designing for existing infrastructure can involve directly translating the 3D fluidics of the existing device into a 2D representation, considering volumes and functionality, and maintaining a relatively constant or low distance between welding points. Alternatively, physical limitations over the film can be fabricated by pressing the fluid between the backboard and another board on the opposite side.



Laser-printed macrofluidics are heat-conducive, clear and flexible, allowing for sensors such as a thermometer, microscope, or a light sensor to measure temperature, optical density, or take images. Actuators such as the magnetic peristaltic pump we presented in previous works [34] can actuate the liquids without compromising sterility and connecting an off-the-shelf peristaltic pump, reducing chances of contamination.



Additionally, designs for functionality do not need to precisely replicate the 3D design of the existing device. Other designs may prove as or more effective; for example, a temporary submersion bioreactor could be horizontal rather than vertical and utilize a peristaltic pump instead of a piston (Figure 5c). In order to predict fluidics outcome in silico, Computational fluid dynamics (CFD) can potentially allow for furthering optimization of laser-printed macrofluidics.



While 3D printing and CNC machining remain indispensable for certain applications requiring intricate three-dimensional structures, laser-printed macrofluidic devices emerge as a compelling alternative for rapid prototyping of fluidic systems. Their ability to seamlessly translate 2D designs into functional 3D fluidic architectures, coupled with advantages in cost-effectiveness, sterility, and scalability, positions them as a potentially transformative tool in scientific research, biomedical engineering, and industrial applications.




6. Conclusions


Laser-printing macrofluidics offers a versatile and scalable approach for fabricating large fluidic circuits with integrated sensors and actuators. We present design guidelines for creating custom macrofluidic devices tailored to specific applications. Our study demonstrated the efficacy of high-resolution laser printing for rapid prototyping of macrofluidics on a polymer bi-layer, and the designs can allow for control over fluid and gas. The optimized fabrication process ensures that the devices are free from sterility and leakage issues. We optimize the fabrication process by testing the welds by stretching and compressing them in a testing machine. The laser-printed macrofluidic devices proved versatile in biological applications, successfully accommodating various cell types, including algal, yeast, and mammalian cells, as well as whole plants. The integration of sensors and actuators enhanced their functionality, allowing for real-time monitoring and control. The devices exhibited high mechanical robustness, maintaining integrity and functionality under dynamic conditions, crucial for practical applications. Additionally, laser printing is significantly faster than traditional 3D printing, further enhancing its suitability for rapid prototyping and iterative design processes. The ability to incorporate ports for liquids and gasses while maintaining sterility expands the operational capabilities of these devices. The scalable and cost-effective nature of the laser-printing approach makes it accessible for widespread use. Improved fluid and gas manipulation within the devices opens new possibilities for complex experimental setups, enhancing precision and reliability in biological experiments. These findings highlight the potential of laser-printed macrofluidics to support research and innovation in fluidic systems, offering powerful tools for advancing biomedical research, synthetic biology, tissue engineering, and STEM education by enabling precise manipulation and maintenance of diverse systems.




7. Patents


WO2020105044-BIOLOGICAL FLUIDIC SYSTEM.
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Figure 1. Design principles for macrofluidic devices. (a) A scheme describing the forces in the macrolfuidic device. Gasses go up, liquids are forced down by gravity, and the fluidic device provides a horizontal force both by holding the welded film by pegs and by the welds on the PAPE itself. (b) Image for Macrofluidic device for the cultivation of E. coli [34]. 
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Figure 2. Design and implementation of ports. Designs were created using Adobe Illustrator, where blue indicates welding areas and red indicates cutting areas. (a) Gas-filtered input/output port. (b) Liquid port for manual liquid handling, utilizing a modified 15 mL tube cap secured with a zip tie. (c) Large solid integration port, demonstrated by the introduction of a 10 × 10 cm sponge, sealed thereafter with a manual bag sealer. (d) Schematic representation of port dimensions and design considerations, where   D 1   represents the distance between two points,   D 2   represents the distance after the 2 sheets are separated, and h represents the height created by the separation of the sheets. 
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Figure 3. Calibration test for laser welding of PAPE bilayer using an Instron testing machine. (a) Design for a 1 cm weld. (b) Side view illustration of the 1 cm weld as it is tested in the Instron testing machine. (c) Image of the 1 cm weld as it is stretched until failure by the Instron testing machine. (d) A chart describing the maximum load at failure. (e) Design for an airbag. (f) The airbag is tested for maximum load by the Instron testing machine. (g) Strain vs stress on different airbags with the same design each color represents one experiment on one airbag. 
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Figure 4. Different organisms require different designs. (a) Airlock valve design and implementation for cultivation of Saccharomyces cerevisiae (purple: