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SUMMARY: 
We have developed a low-cost, 3D-printed microfluidic device and an open-source Python-based software that can generate programmable concentration gradients. We have validated this customizable platform using osmometry and colorimetric analysis, enabling reproducible osmotic exposure studies and biomedical assays with materials costing under $5 and consumer-grade 3D printing.

ABSTRACT: 
Microfluidic devices offer precise control over solution mixing and gradient generation, essential for cell-based assays in cryobiology and biomedical research. However, traditional fabrication methods are time-consuming, costly, and require specialized expertise, which limits accessibility. To address these challenges, we developed a cost-effective, reliable, and fully 3D-printed microfluidic device workflow to facilitate rapid and inexpensive prototyping using a consumer-grade printer and biocompatible plastic resins. Here, we demonstrate this workflow with a fluidic mixing device capable of generating programmable concentration gradients and solution combinations. Commercial mixing devices cost more than $300 each and cannot be customized. By utilizing affordable resin materials and an innovative open-channel design sealed with transparent adhesive tape, we overcame common fabrication issues such as channel clogging, enabling rapid and reproducible fabrication of complex microfluidic architectures, all at a materials cost of less than $5. Here we demonstrate this workflow, integrating dual-syringe pumps to create linear osmotic gradients, ranging from iso-osmotic (~300 mOsm/kg) to hyperosmotic (~9,000 mOsm/kg) conditions, followed by a return to isotonicity over defined intervals. To ensure automation and reproducibility, we developed an open-source Python-based software tool that precisely regulates syringe pump activation, flow rates, and gradient timing. The device's performance was validated through continuous osmometric measurements, which confirmed both the linearity and accuracy of gradient generation, and colorimetric measurements to confirm mixing efficacy. This accessible and cost-effective microfluidic platform significantly improves the reproducibility of osmotic exposure studies and shows potential for various biomedical applications, including drug screening and precise chemical modulation.

INTRODUCTION: 
Microfluidic devices have become essential for controlling concentrations and chemical environments in cell-based assays, osmotic stress studies, and drug administration experiments in biomedical research, cryobiology, and other diagnostic applications1,2. These devices allow for the precise control of fluid flow and concentration at the micrometer scale. For instance, microfluidic devices have been used for the addition and removal of cryoprotective agents during the cryopreservation of cells to prevent osmotic damage3. Similarly, these microfluidic devices are also used to establish serial dilutions of antibiotics to test antimicrobial susceptibility against resistant organisms4. This allows the identification of optimal drug combinations for treating antimicrobial-resistant (AMR) infections. Moreover, it enables live cell imaging and monitoring, reduces reagent consumption, and facilitates precision in concentration gradients, in contrast to macroscopic techniques, such as the Boyden chamber, which provide coarser and static gradients with no real-time cell monitoring1,5. These capabilities enable mimicking in vivo-like chemical environments in vitro for the high-resolution studies of cell behavior, cell migration, cell invasion assays, drug response, and toxicity testing.

Despite the advantages of microfluidic devices, traditional microfabrication techniques for these devices (e.g., photolithography and polydimethylsiloxane (PDMS) molding) are often time-consuming, expensive, and require specialized equipment and expertise6. Therefore, creating a new device through soft lithography can take days of work, and iterative design changes are also labor-intensive6. Recently, 3D printing has become a rapid prototyping alternative to overcome these limitations. However, early adoption of 3D-printed microfluidics was limited by the cost of high-resolution printers (often ≥ $10,000), and inexpensive units do not provide enough resolution7. The improvement in low-cost LCD-based stereolithography has significantly advanced this field as the consumer-grade printers (often ~$150–$500) now offer microscale (~20–50 μm) resolution, sufficient for many microfluidic applications5. Considering these advancements, the overall goal of our work was to establish a cost-effective and efficient workflow for fully 3D-printed microfluidic devices that can generate controlled concentration gradients without the typical barriers of fabrication complexity8. We aimed to develop a rapid and reliable method for producing custom microfluidic model systems by leveraging a consumer-grade LCD 3D printer and biocompatible resin, making it accessible to a wide range of laboratories.

Here, we present a 3D-printed microfluidic device capable of mixing solutions, generating continuous and programmable concentration gradients, and forming solution combinations and programmable concentration gradients. The device is fabricated through desktop stereolithography and assembled completely, utilizing an open-channel design that is completely sealed with a transparent adhesive film resin-induced channel obstruction is a widely reported challenge in microfluidic stereolithography9,10; however, this approach develops a robust, leak-proof microfluidic device without requiring specialized surface treatment or bonding equipment and overcomes the common problem of uncured resin obstructing the small channels during printing11. Furthermore, by using inexpensive, UV-curable resins, each device can be rapidly produced for only a few dollars in materials. Another advantage is that its design is not fixed; it can be easily modified and reprinted, unlike commercial devices that cost hundreds of dollars each and cannot be customized12–14. 

For controlling solution concentration, the 3D-printed device was integrated with dual syringe pumps (one for each input solution) controlled by an open-source Python script, as previously described for microfluidic applications15. This allows the precise regulation of flow rates, gradient steps, and timing in an automated fashion.15 Flow rates in our system typically range from a few microliters to 30 µl/min per inlet, within which uniform mixing was consistently achieved, while maintaining minimal shear stress. Using this system, we generated linear concentration profiles spanning from roughly iso-osmotic (~300 mOsm/kg) to extreme hyperosmotic (~9,000 mOsm/kg) conditions and back to isotonic, over defined time intervals. Continuous osmometer readings confirmed that the generated gradients were linear and accurate, and a simple colorimetric assay verified efficient mixing of the input solutions. These results validate that complex, time-varying concentration gradients can be reproducibly achieved with our fully 3D-printed platform, highlighting its potential to improve the throughput and standardization of osmotic exposure studies at a fraction of the usual cost.

This 3D-printed microfluidic platform demonstrates the recent advances toward "lab-on-a-chip" solutions that provide resolution sufficient for many cell-based microfluidic applications 16,17. Moreover, experts predict that additive manufacturing is expected to become a leading method for microdevice fabrication as advances in printer technology and materials persist6. A key advantage of our approach is that accessibility does not come at the expense of performance. Consistent with prior studies demonstrating low-cost microfluidic fabrication strategies18,19, these affordable printers produce device features that are comparable to many commercial industrial-grade systems in terms of reliability and accuracy7. Researchers can thus adopt this method with confidence that it will meet the precision requirements of most applications. This platform can be tailored to a variety of needs, from automating multi-step cryoprotectant addition/removal, to screening drug responses to various concentration ranges and delivering precise chemical modulation in organ-on-chip models16. Particularly, the printed resolution sizes (around 100 μm channel dimensions) are sufficient for many biological assays16, providing a good range for typical cell or particle length-scales. In summary, by significantly reducing fabrication time, cost, and expertise requirements, this fully 3D-printed microfluidic platform allows investigators to prototype and implement custom microfluidic solutions efficiently. While manual post-processing steps like surface polishing and adhesive tape sealing are still required, the overall workflow remains accessible and time-saving compared to conventional microfabrication methods.

PROTOCOL: 

1. Designing the microfluidic mixing slide

1.1. Using a suitable CAD software (e.g., AutoCAD 3D or TinkerCAD, AutoDesk, Inc), design a serpentine microchannel with two-channel inlets and a mixing Y-shaped junction, followed by a pathway to facilitate effective mixing and provide adequate channel length for diffusion. Combine the channel elements into a single region.

1.2. Create a rectangular slide (85 mm x 28 mm x 3 mm) to serve as the base substrate. Then, subtract the previously designed serpentine microchannel from the top surface of the slide to form an open channel structure with proper depth and width.

1.3. Create each threaded connector port (1/4″-28 UNF) for 1/16″ OD tubing as a separate feature and merge it with the slide body, ensuring that the internal UNF threading matches the fittings precisely. 

2. Preparing the design for printing

2.1. To prepare for the 3D printing process, import the designed microfluidic slide assembly STL files into open-source slicing software, such as CHITUBOX Basic v2.3.1 (Shenzhen CBD Technology Co. Ltd, China). 

2.2. Load printer-specific predefined configuration and resin profiles settings (Phrozen_Sonic_Mini_8K_Power_Resin_SG_00.cfgx) in the slicing software. Import the complete printer and resin settings file from the accompanying GitHub repository via: Slice Settings > Import Settings.

NOTE: A complete guide to 3D resin printing is outside the scope of this work; however, most 3D printer manufacturers provide guides on how to tune resin settings and position prints for success, i.e., https://phrozen3d.com/blogs/tutorials/resin-print-failures.

2.3. Adjust the model orientation to around 45–50° relative to the build plate (46.67° used here), to get the best printing results. This position prevents suction problems during printing and keeps small channels and holes clear.

NOTE: Once the mixing slide STL is imported, the slide is placed flat on the printing surface before rotating the slide to allow resin to drain and minimize the risk of pressure that can be caused by hollow features being formed against a flat surface.

2.4. Add the structural support for the slide by using the auto-support feature in the slicing software. Ensure that the channel faces away from the print head visible in the Chitubox main window. Then, increase the distance between the slide and the print plate to 5 mm using the translation button and menu found on the left side of the Chitubox main screen. This gap will allow for support structures and a support raft for the prined part. 

2.5. Then, add the additional supports manually, increasing the density of support pieces at the point closest to the print head and adding supports on both sides of the slide to ensure the part remains in a static position as it is raised through the viscous resin. 

2.6. Carefully review the auto-generated supports and add extra supports manually as needed to enhance stability, particularly around complex features such as edges and channels.

2.7. Slice the model and carefully examine each layer, making sure there are no visible gaps between slices. 

2.8. Click the Island detection button via: Slice > Island Detection to find unsupported regions that can cause printing errors. If isolated regions are detected, repeat the slicing process.

2.9. Once the model passes the island inspection without isolated areas detected, save the prepared model file as a ".ctb" file onto a USB drive, making it ready for 3D printing.

NOTE:  The Resin settings were imported from the manufacturer's recommendation and tested using the XP Finder model provided by the manufacturer and can be found on https://phrozen3d.com/pages/phrozens-xp-finder-and-rp-tester-test-model-download-and-tutorials. Since settings can vary with ambient laboratory conditions and between printers, it is important to test these settings and, in some cases, make adjustments to account for intra-laboratory conditions. A complete settings file for the printer and resin can be found in the GitHub repository that accompanies this text, along with all code and any mentioned .stl file. Note that shrinkage and warping can also occur during printing. This can be offset to some degree by tweaking both resin settings, the print angle, and the distribution of support posts to match the laboratory ambient conditions. Note that the slide transparency is greatly affected by the angle at which layers are formed; however, since this slide is only used for mixing, not imaging, this was only a concern for ensuring sufficient clarity for colorimetry of mixing. This was achieved by ensuring the bottom of the slide was between 20 and 60 degrees relative to the print head plate. In this case the angle of 46.67 degrees was used as this angle provided a high degree of optical clarity based on layer alignment, while also not being so steep as to result in unsupported features during the print process, as varified using the Chitubox check for islands button which can be found in the slicing screen which apears after clicking on the Slice button. 

3. Printing and post-processing

3.1. Select the .ctb file corresponding to the microfluidic slide and connector assembly and initiate the print job.

CAUTION: While consumer resin-based 3D printers are meant to be used in home environments, resin materials can emit potentially hazardous volatile organic compounds (VOCs). Therefore, it is recommended to operate the 3D printer inside a chemical fume hood, or in an area with adequate ventilation.

3.2. Monitor the printing process periodically. A typical print of this design takes about 3–4 h depending on resin properties and printer speed.

3.3. After printing, carefully remove the printed device from the build plate using a plastic scrapper and immediately spray the printed model with 90% ethanol to remove uncured resin.

CAUTION: Uncured resin can cause severe chemical burns. Ensure that proper personal protective equipment (PPE) is worn, including gloves, a lab coat, and goggles, while handling devices until they are fully cured and cleaned. Ethanol used for washing printed samples should be handled in a well-ventilated area. Ensure wearing PPE, including gloves and eye protection.

3.4. While the print is still soft, verify that all small holes, channels, and threaded areas are clear and accessible. If necessary, gently use small tools, such as a pipette tip or fine-gauge needle, to clear any partially blocked or obstructed regions. Use compressed air or a syringe filled with ethanol to flush channels and confirm patency.

3.5. Completely immerse the printed model in 99% ethanol for 2–3 min, dissolving residual uncured resin and ensuring thorough cleaning of all microchannels and crevices.

3.6. Place the cleaned print in a UV curing chamber. Expose each side of the printed slide evenly to UV light for approximately 30 s per side. Uniform exposure prevents warping and ensures dimensional stability.

CAUTION: Always wear UV-protective safety goggles during UV curing procedures to prevent eye damage.

NOTE: The curing box contains a high-intensity 405 nm lamp. Since the part is mostly transparent and the lamp is held 10 cm above the part, curing occurs quickly. Experimenting with different lamp exposure durations has shown that 6 s of lamp time, followed by 3 s with the part rotated, is effective. The manufacturer recommends curing with either a medicure curing station set for 30 min and blank minutes, respectively. 

3.7. After curing, briefly immerse or rinse the print in ethanol, then place it into a sealed Ziplock bag containing ethanol to prevent drying and subsequent resin hardening in unintended areas. 

3.8. Place the sealed bag with ethanol and the cured model in an ultrasonic cleaner. Sonicate for 180 s to effectively remove any residual uncured resin or contaminants.

NOTE: Alternatively, commercially available wash-and-cure stations can be used to standardize the post-processing across laboratories.

3.9. After sonication, rinse the printed device thoroughly with distilled water.

3.10. Perform a final cleaning step by spraying and submerging the device again in 90% ethanol. If necessary, repeat the ultrasonic cleaning for an additional 180 s to ensure complete cleanliness.

3.11. After post-curing, polish the part's surface carefully with 440-grit sandpaper. Post-cure the threaded connectors that will be inserted into the mixing slide using the same process, with the caveat that 3 connectors are printed, washed, and post-cured simultaneously by placing them adjacent to each other on the printer, in the post-cure box, and within the ethanol-containing ziplocks. Rinse once more with distilled water and let it air dry or gently blow-dry with compressed air to remove any remaining water.

NOTE: Step-by-step images of the printing process is shown in Supplementary Figure 1.

4. Surface polishing and sealing the microfluidic channel

4.1. To achieve smoothness for clear visualization and good sealing, use a glass stone to polish the surface of the microfluidic slide.

4.2. First, use a 2.45 micron (6,000 mesh) glass stone (grit range ~1.5–2.3 µm) to polish the top surface until uniformly smooth. Then further enhance the surface finish by polishing with a finer 0.92 micron (16,000 mesh) stone (grit range ~0.76–1.5 µm). This will ensure an even smoother finish (Supplementary Figure 2).

4.3. Seal the microchannel using clear waterproof patch and seal tape. Ensure the tape completely covers the entire channel area while keeping connector holes and ports unobstructed (see Figure 1).

4.4. First, apply the tape from one side of the slide, then gently but firmly press with a thumb to ensure even adhesion and eliminate air bubbles.

4.5. Use sharp scissors or a knife to trim excess tape from the slide edges, ensuring the connector is cleanly cut and remains functional.

4.6. Bake the taped slide at 60 °C for 30 min to enhance bond strength.

4.7. After cooling, apply super glue gel to secure the connectors to the slide edge. Apply gentle pressure to each connector as the glue sets to ensure proper alignment, facilitating reliable tubing connections for fluid handling.

NOTE: Representative image of the printed device exhibiting sufficient optical transparency is shown in Supplementary Figure 3.

5. Fluid flow setup and testing

5.1. Load the desired test solutions into two separate syringes (labeled Syringe A and Syringe B; Figure 1). For gradient generation, use two solutions: (i) an isosmotic solution consisting of phosphate-buffered saline (PBS), and (ii) a hyperosmotic solution consisting of 40% (v/v) dimethyl sulfoxide (DMSO) with 1.2 M sodium chloride (NaCl) prepared in PBS. 

NOTE: The device created linear concentration gradients ranging from roughly iso-osmotic (~300 mOsm/kg) to extreme hyperosmotic (~9,000 mOsm/kg) conditions and back to isotonic, over defined time intervals.

5.2. Use precision gas-tight glass syringes for accurate fluid flow control and pressure regulation.  Attach syringes to the slide using 1/4″-28 fittings, ferrules, and 1/16″ OD PEEK tubing.

5.3. After securely attaching syringes and tubing to the microfluidic device, mount the syringes onto programmable precision syringe pumps.

5.4. Connect both Syringe Pumps (Pump A and Pump B) to each other using the provided network cable, ensuring synchronized operation.

5.5. Connect Pump A to a computer with an RS232 cable plugged into the computer's serial port. 

5.6. Set up Pump C downstream of the microfluidic device in withdrawal mode to maintain a steady flow and prevent pressure buildup.

5.7. Run the Python-based script to control the fluid flow from syringe pumps precisely. It will manage Pump A and Pump B to create a linear osmotic gradient from iso to hyper-osmotic conditions, followed by a return to iso-osmotic conditions over user-defined time intervals.

5.8. Adjust experimental parameters such as flow rate, gradient intervals, and total run time in the Python software to tailor experimental conditions for specific assay requirements. 

REPRESENTATIVE RESULTS: 
Figure 1 illustrates the overall setup of our device. 

[Place Figure 1 here].

In Figure 2A, we illustrate the detailed schematic of the microfluidic mixing device. Figure 2B–D shows the stereomicroscopic views of the 3D-printed microchannel, highlighting internal surface ridges and micro-topological features such as wedges and undulations (printing-induced surface features). These structures create localized flow disturbances, enhancing advection and secondary flow effects that improve the efficiency of passive mixing between fluid streams. 

[Place Figure 2 here]

Colorimetric assay: 
To confirm the device's mixing efficiency, a qualitative visual confirmation was done using yellow and blue food dyes introduced through the two inlets at equal flow rates. The progression of fluid mixing was observed under a stereomicroscope, as shown in Figure 3. Figure 3A–C display low-magnification images taken at sequential points along the serpentine microchannel: the initial interface of the fluids (Figure 3A), a zoomed-in view near the interface (Figure 3B), and a downstream area where mixing is complete (Figure 3C). In Figure 3A, the separate streams of yellow and blue dyes are clearly visible, showing minimal mixing at first glance. Figure 3B shows the beginning of diffusion at the fluid interface. Further downstream in the channel, shown in Figure 3C, the dyes appear thoroughly mixed, indicated by the uniform green color. Figure 3D–F provides corresponding high-magnification images of the regions outlined in Figure 3A–C. These images highlight the gradual narrowing of the fluid interface, ultimately resulting in a uniform, mixed solution. Overall, these visual observations verify the device's effectiveness in achieving efficient mixing under continuous-flow conditions. 

[Place Figure 3 here]

Osmometry profiling: 
To confirm that our microfluidic device accurately generates linear concentration gradients, we integrated two syringe pumps controlled by a custom Python-based software tool. Syringe pumps delivered solutions of iso-osmotic (300 mOsm/kg) and hyperosmotic (9000 mOsm/kg) concentrations of sucrose. The flow rates were adjusted automatically every 7 s to ensure a steady and smooth increase in osmolarity. The pumps were operated at a maximum flow rate of 30 μL/min per inlet to minimize shear stress on sensitive biological samples. Fluid was collected every minute as it exited the device into an ibidi slide channel well, and its osmolarity was measured with a freezing-point osmometer. Osmolarity measurements were performed using a freezing-point depression osmometer calibrated according to the manufacturer's protocol. As shown in Figure 4, osmolarity steadily increased over time, creating a distinct and reproducible gradient pattern. These findings verify the device's efficient mixing and gradient control abilities. Moreover, our system provides flexibility in adjusting higher osmotic concentrations, gradient durations, and timings for more controlled osmotic exposure experiments. 

[Place Figure 4 here]

FIGURE AND TABLE LEGENDS: 
Figure 1: System setup. From left to right, Python-based control software allows the creation of precise time vs concentration curves by varying the pumping rates of syringe pumps A and B. Fluid flows from glass syringes through polyether ether ketone (PEEK) tubing for mixing in the 3D-printed microfluidic mixer. These concentration vs. time curves are used for assays in a commercially available microfluidic culture system, and the media is then withdrawn from the system using a third syringe pump. 

Figure 2: Structural visualization and schematic layout of the 3D-printed microfluidic mixing device. (A) CAD schematic showing the microfluidic layout with two fluid inlets (1), a Y-shaped mixing junction (2), channel pathway (3), and a single outlet (4). The serpentine channel geometry is designed to promote mixing through extended residence time and repeated directional changes. Channel dimensions are 100 µm wide, 200 µm deep, with a total path length of approximately 60 mm from inlet to outlet. (B–D) Stereomicroscope images of the microchannel reveal fine surface striations, inner wall continuity, and a zoomed-in view of micro-topological features such as ridges and wedges. 

Figure 3: Colorimetric visualization of fluid mixing in the microfluidic device. (A–C) Microscopic images of fluid mixing within the serpentine microchannel, illustrating the progression from initial fluid contact to complete mixing. (A) Initial interface between two separately introduced fluids (yellow and blue dyes). (B) Zoomed-in view of the fluid interface, highlighting initial partial diffusion and interaction. (C) Downstream section demonstrating effective and complete mixing, visualized by the homogeneous green color formation. (D–F) Higher-magnification views corresponding to regions indicated by white boxes in panels (A–C) clearly display the progressive stages of mixing and color transition from unmixed to fully mixed conditions. The red inset shows the location on the mixer. 

Figure 4: Validation of osmolarity gradient generation in the microfluidic device. The plot displays the osmolarity profile over time, demonstrating a smooth and reproducible gradient. Each data point represents a single osmolarity measurement taken at one-minute intervals, while the shaded region shows the mean ± SEM of replicate measurements (n = 2). The solid line represents LOWESS smoothing, illustrating the consistent and accurate control of osmotic conditions.

Supplementary Figure 1: Step-by-step images of the printing process.

Supplementary Figure 2: Representative images of the printed sample before and after polishing.

Supplementary Figure 3: Representative image of the printed device exhibiting sufficient optical transparency. 

DISCUSSION: 
Microfluidics mixing chambers are typically expensive components manufactured with pre-set configurations. This manuscript demonstrates how rapid prototyping and custom code enable laboratories to rapidly develop mixing chambers, facilitating a wide variety of experimental setups.

We demonstrate that a 3D-printed mixing chamber with two input channels achieves complete mixing, under the tested flow conditions, as verified by colorimetric analysis and osmometry. We validate complete mixing using colorimetric analysis and osmometry. The osmotic measurements were further compared to calculated theoretical values based on mixture concentration. Colorimetric analysis and osomometry support that this slide performs as well as a commercial slide in mixing. The material cost of this slide is two orders of magnitude lower than that of commercially available alternatives, yet it achieves equivalent mixing.

The slide is printed using a biocompatible resin and sealed using an ethylene copolymer-based tape. Similar microfluidic slides, made of resin and attached to glass, were previously reported, but they were created using high-end commercial 3D printing17. Here, we build upon a growing body of prior work1,5,17 demonstrating that microfluidic resolution is now well within the reach of less expensive consumer devices. Slide printing required several design-test-redesign cycles to ensure successful resin printing, particularly with viscous dental resin, with careful consideration for the flow and drainage of excess resin during the printing process, particularly when using a 3D printer that does not include a heated resin vat. We utilize a modified manufacturer's post-cure procedure to remove any uncured resin, which is crucial for lab safety and the use of biological specimens. While it is possible to extend this slide design to utilize more ports and pumps, this will likely require several test prints before a working prototype can be created. However, a finalized design offers substantial cost savings, including the ability to manufacture disposable setups when necessary.
We highlight several key steps of the slide-making process where special care should be taken. First, the surface smoothness of the print is critical in achieving good adhesion between the tape and slide, and smoothness is maximized at specific angles relative to the print bed. For the printer used in our lab, this angle is 46.67 degrees; however, it is not always practical or feasible to print at such a steep angle, and because of this, it needs to be carefully sanded or polished to achieve a smooth finish. In some cases, it may be necessary to use a 3D printer with a heated vat or gently warm the resin before using. To achieve smaller channels than those used in this work in a resin print, it is crucial that the resin be warm to reduce its viscosity and allow liquid resin to flow out of the thin channels as initial curing occurs. Secondly, achieving good adhesion with the sealing tape requires avoiding air bubbles, which necessitates careful alignment and application. This process can be aided using vacuum or high-pressure setups that help remove air bubbles. To ensure reproducible results with this mixing slide and an equivalent pump system, special care should be taken when using tubing and syringes that minimize elastic deformation due to fluid pressure. We recommend using glass syringes and PEEK tubing, and this is particularly vital when dispensing volumes at the smallest or largest rates guaranteed by the syringe pump system. As a final note, this setup uses low-toxicity resins for working with biological samples. However, if reactive solutions such as strong bases or acids are used or the experimental duration is prolonged, resin leachates may affect results or contaminate experiments.

This 3D-printed slide is paired with a custom-coded syringe pump network for precise addition and subtraction of solutions during experimentation. By using asynchronously parallelized Python code, a network of syringe pumps can be controlled simultaneously; this solution is then thoroughly mixed to the desired concentration using a 3D-printed microfluidic mixing slide. This code and the design file for the slide are open-source, making it possible for other labs to produce and customize their iteration quickly.

We highlight several important points here when using the custom code provided with this work, which can be found hosted on our lab's GitHub. The custom code provided utilizes the built-in pump firmware to interpret commands sent over the RS-232 interface. Currently, this code relies on a Python script that requires manual configuration to ensure the correct port connection as well as syringe interior radii, note that pySerial, which is a dependency of this code, includes tools for finding the correct port; the GitHub where the code is hosted provides some advice for troubleshooting, as well as some scripted versions of these tools. The correct settings for all commonly used syringes can be found in the syringe pump user manual or from the syringe manufacturer. When networking multiple pumps together, it is essential to ensure that the address of each pump is set correctly. If they are connected in series, each pump should have a unique address, with the pump connected directly to the computer having the lowest possible numerical address. Due to the use of serial data transfer rates, the speed of computer-to-pump communication may be slower than the rate at which the software can issue commands; however, in practice, this has not been an issue. When customizing the code, it is highly recommended to consult the pump user manual for firmware commands and the documentation that accompanies pySerial, the Python library used for pump communication. Additionally, to match the desired solution concentration in terms of osmolality, the operator must provide the correct volumes themselves. In the case of dilute solutions, this can be approximated quite readily with some introductory chemistry; however, for non-dilute solutions, determining the mixing volume can be more complicated; for example, see the virial equation by Elliot et al20.

In the near future, continued developments in open-source microfluidics tools will enable rapid manufacture and customization of microfluidic components, including slides and dishes that hold biological specimens. By providing a low-cost, open-source mixing slide, we aim to enable other labs to leverage low-cost microfluidics, particularly when designing experiments that require a precisely controlled, dynamically changing concentration rate.
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