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SUMMARY: 27 
Here we present a protocol to construct a pressure-controlled syringe pump to be used in 28 
microfluidic applications. This syringe pump is made from some additively manufactured body, 29 
off-the-shelf hardware, and open-source electronics. The resulting system is low-cost, 30 
straightforward to build, and delivers well-regulated fluid flow to enable rapid microfluidic 31 
research. 32 
 33 
ABSTRACT: 34 
Microfluidics has become a critical tool in research across the biological, chemical, and physical 35 
sciences. One important component of microfluidic experimentation is a stable fluid handling 36 
system capable of accurately providing an inlet flow rate or inlet pressure. Here, we have 37 
developed a syringe pump system capable of controlling and regulating the inlet fluid pressure 38 
delivered to a microfluidic device. This system was designed using low-cost materials and 39 
additive manufacturing principles, leveraging three-dimensional (3D) printing of thermoplastic 40 
materials and off-the-shelf components whenever possible. This system is composed of three 41 
main components: a syringe pump, a pressure transducer, and a programmable 42 
microcontroller. Within this paper, we detail a set of protocols for fabricating, assembling, and 43 
programming this syringe pump system. Furthermore, we have included representative results 44 



that demonstrate high-fidelity, feedback control of inlet pressure using this system. We expect 45 
this protocol will allow researchers to fabricate low-cost syringe pump systems, lowering the 46 
entry barrier for the use of microfluidics in biomedical, chemical, and materials research. 47 
 48 
INTRODUCTION: 49 
Microfluidic tools have become useful for scientists in biological and chemical research. Due to 50 
the low volume utilization, rapid measurement capabilities, and well-defined flow profiles, 51 
microfluidics has gained traction in genomic and proteomic research, high-throughput 52 
screening, medical diagnostics, nanotechnology, and single-cell analysis1-4. Furthermore, the 53 
flexibility of microfluidic device design readily enables basic science research, such as 54 
investigating the spatiotemporal dynamics of cultured bacterial colonies5. 55 
 56 
Many types of fluid injection systems have been developed to accurately deliver flow to 57 
microfluidic devices. Examples of such injection systems include peristaltic and recirculation 58 
pumps6, pressure-controller systems7, and syringe pumps8. These injection systems, including 59 
syringe pumps, are often composed of expensive precision engineered components. 60 
Augmenting these systems with closed-loop feedback control of pressure in the output flow 61 
adds to the cost of these systems. In response, we previously developed a robust, low-cost 62 
syringe pump system that uses closed-loop feedback control to regulate outputted flow 63 
pressure. By using closed-loop pressure control, the need for expensive precision-engineered 64 
components is abrogated9. 65 
 66 
The combination of affordable 3D-printing hardware and a significant growth in associated 67 
open-source software has made the design and fabrication of microfluidic devices increasingly 68 
accessible to researchers from a variety of disciplines10. However, the systems used to drive 69 
fluid through these devices remain expensive. To address this need for a low-cost fluid control 70 
system, we developed a design that can be fabricated by researchers in the lab, requiring only a 71 
small number of assembly steps. Despite its low-cost and straightforward assembly, this system 72 
can provide precise flow control and provides an alternative to commercially available, closed-73 
loop syringe pump systems, which can be prohibitively expensive. 74 
 75 
Here, we provide protocols for the construction and use of the closed-loop controlled syringe 76 
pump system we developed (Figure 1). The fluid handling system is composed of a physical 77 
syringe pump inspired by a previous study11, a microcontroller, and a piezoresistive pressure 78 
sensor. When assembled and programmed with a proportional-integral-derivative (PID) 79 
controller, the system is capable of delivering a well-regulated, pressure-driven flow to 80 
microfluidic devices. This provides a low-cost and flexible alternative to high-cost commercial 81 
products, enabling a broader group of researchers to use microfluidics in their work. 82 
 83 
PROTOCOL: 84 
 85 
1. 3D-printing and assembly of syringe pump 86 
 87 
1.1. Prepare and 3D-print the syringe pump components. 88 



 89 
1.1.1. Download the .STL design files from the Supplemental Files of this paper. 90 
 91 
NOTE: There are six .STL files, titled ‘JoVE_Syringe_Clamp_10mL_Size.stl’, 92 
‘JoVE_Syringe_Platform.stl’, ‘JoVE_Syringe_Plunger_Connectors.stl’, 93 
‘JoVE_Syringe_Pump_End_Stop.stl’, ‘JoVE_Syringe_Pump_Motor_Connector.stl’, and 94 
‘JoVE_Syringe_Pump_Traveler_Push.stl’, in the Supplemental Files. These files correspond to 95 
the 3D-printed components of the syringe pump. 96 
 97 
1.1.2. Prepare these files for printing by opening them in a software package dedicated to the 98 
conversion of .STL model files to executable instruction sets for the 3D-printer being used. 99 
Ensure that the proper software is being used as some printers will require proprietary 100 
software, whereas others may be able to print directly from the .STL file. 101 
 102 
1.1.3. Print the plastic components using acrylonitrile butadiene styrene (ABS) with a high-103 
quality 3D-printer setting. If other common 3D-printing materials are being used, such as 104 
polylactic acid (PLA) or other thermoplastic elastomers, make sure that the finished mechanical 105 
properties (e.g. elasticity, yield strength) are comparable to ABS. 106 
 107 
1.1.4. Detach the printed parts from the printing platform of the 3D-printer. Remove the 108 
printed supporting structure from the finished parts. 109 
 110 
NOTE: The supporting structure is designed by the printer-specific software used to convert 111 
the .STL model files to the executable instruction set for the 3D-printer. The amount and the 112 
structure of the supporting material may vary based on the software used. 113 
 114 
1.1.5. Smooth the printed components by sanding any rough edges using sandpaper. For best 115 
results, use sandpaper with a grit size below 220. Make sure all components are smooth before 116 
assembling. 117 
 118 
1.1.6. Ensure that all seven parts have been printed. 119 
 120 
NOTE: These parts have been named the following: (I) Motor Connector, (II) Traveler Push, (III) 121 
End Stop, (IV) Syringe Platform, (V) Syringe Clamp, (VI) Syringe Plunger Male Connector and 122 
(VII) Syringe Plunger Female Connector. The Roman numeral for each component is referred to 123 
in Figure 2A. A detailed list of the mechanical parts for the assembly is found in the Table of 124 
Materials. 125 
 126 
1.2. Assemble the syringe pump (Figure 2). 127 
 128 
1.2.1. Fasten the stepper motor to a threaded rod using a motor shaft Z-axis flexible coupler 129 
with set screws. Before continuing, make sure that rotating the stepper motor shaft drives the 130 
threaded rod without slippage. 131 
 132 



1.2.2. Connect the syringe platform to the motor connector by firmly pressing the syringe 133 
platform’s connection pegs into the mating holes on top of the motor connector. 134 
 135 
1.2.3. Attach the assembled part in step 1.2.1 with the part in step 1.2.2 by fastening four 16 136 
mm screws through the motor connector. 137 
 138 
1.2.4. Insert two linear ball bearings and a 0.8 mm hex nut into the openings located on the 139 
bottom of the traveler push. 140 
 141 
1.2.5. Align the threaded rod on the motor connector through the 0.8 mm hex nut in the 142 
traveler push. 143 
 144 
1.2.6. Insert the two linear shafts through the traveler push and the motor connector. 145 
 146 
1.2.7. Place two hex nuts in the hexagonal spaces of the motor connector piece, and then use 147 
two 16 mm screws to tighten the connections, securing the linear shafts from moving. 148 
 149 
1.2.8. Insert the ball bearing into the middle opening of the end stop. 150 
 151 
1.2.9. Connect the end stop with the assembled components from step 1.2.7. 152 
 153 
1.2.10. Place two hex nuts in the hexagonal spaces of the end stop piece, and then use two 16 154 
mm screws to tighten the connections to affix the end stop to the assembly. 155 
 156 
1.2.11. Attach the syringe plunger female connector piece to the traveler push piece using two 157 
steel lock nuts and two 16 mm screws. 158 
 159 
1.2.12. Place a 10 mL syringe on the top of the pump. Ensure the head of the plunger is aligned 160 
into the notch of the syringe plunger female connector piece and the top of the syringe barrel is 161 
fixed into the slot of the motor connector. 162 
 163 
1.2.13. Insert the syringe plunger male connector piece into the syringe plunger female 164 
connector. Ensure that there is a tight fit between the male and female components, securing 165 
the plunger in place. 166 
 167 
1.2.14. Connect the syringe clamp to the syringe platform using two hex nuts and two 35 mm 168 
screws, ensuring the syringe barrel is fixed into the slot of the syringe clamp. 169 
 170 
2. Microfluidic device preparation 171 
 172 
2.1. Fabricate master molds using photolithography. 173 
 174 
NOTE: A procedure detailing the design and fabrication of master molds for microfluidic device 175 
fabrication may be found in previous literature12. 176 



 177 
2.1.1. Using the preferred computer-aided design (CAD) software, create the required drawings 178 
for a photomask and print it onto a glass or quartz plate. 179 
 180 
NOTE: Other materials may be acceptable based on the requirements of the mask aligner used. 181 
The printing of these photomasks is typically completed by a third-party vendor. 182 
 183 
2.1.2. Use photolithography methods to create a master mold from the photomask. Perform 184 
this procedure in a cleanroom environment. 185 
 186 
2.1.3. Expose the fabricated master mold to a fluorosilane vapor in a vacuum desiccator. 187 
 188 
NOTE: This process facilitates the release of polydimethylsiloxane (PDMS) from the master 189 
mold when fabricating microfluidic devices. To treat the master mold, add three drops of 190 
fluorosilane to a beaker and place the beaker in a vacuum chamber. 191 
 192 
2.1.4. Apply a vacuum for 1 min. Close the vacuum chamber but keep the master mold in the 193 
chamber for 30 min to allow for the deposition of fluorosilane. As a safety precaution, perform 194 
this procedure in a fume hood to limit exposure to the hazardous fluorosilane vapor. 195 
 196 
2.2. Fabricate PDMS devices. 197 
 198 
2.2.1. Weigh the PDMS pre-polymer in a weigh boat. Although the desired thickness of the final 199 
PDMS device may vary, 30 g of pre-polymer works well for a master mold of 100 mm in 200 
diameter. 201 
 202 
2.2.2. Measure and add a curing agent in a 1:10 ratio to the pre-polymer. For a master mold of 203 
100 mm in diameter, add 3 g of a curing agent. 204 
 205 
2.2.3. Mix the pre-polymer and curing agent vigorously by hand using a disposable spatula. 206 
After 30 s, check that there are small, regularly separated air bubbles in the solution, indicating 207 
the pre-polymer and curing agents are well-mixed. 208 
 209 
2.2.4. Place the master mold in a culture plate and carefully pour the PDMS mixture on top of 210 
the master mold. 211 
 212 
NOTE: The desired thickness of the PDMS device may vary depending on its application. 213 
 214 
2.2.5. Degas the mixture in a vacuum desiccator for 1 hr. Ensure that no bubbles are observable 215 
within the mixture. If there are any bubbles present, release the vacuum pressure quickly, and 216 
then reapply a vacuum. Allow the mixture to sit for at least 10 min after this procedure. 217 
 218 
2.2.6. Move the PDMS mixture to an oven set at 90 °C. Allow the mixture to cure for 30 min. 219 
 220 



2.2.7. Remove the PDMS from the master mold. Cut the PDMS into the desired dimensions 221 
using a razor blade. Wear gloves to limit the PDMS exposure to contaminants. 222 
 223 
2.2.8. Punch holes for inlet and outlet ports with a 23 G dispensing needle. To facilitate this 224 
process, file the needle with a metal file or sandpaper to sharpen the blunt ends. Ensure that 225 
the punctuated cylinder of PDMS is removed from the needle after every puncture. 226 
 227 
NOTE: Needles with different sizes can be used for punching holes. Ensure the size is slightly 228 
bigger than the needles used in step 3 of this protocol. 229 
 230 
2.2.9. Wash the PDMS with filtered deionized water and air-dry the PDMS using an air or 231 
nitrogen source fitted with a 0.2 μm filter. 232 
 233 
NOTE: The exact pressure is not critical, and a pressurized gas source from a building’s central 234 
system works well for this step. 235 
 236 
2.2.10. Clean a No. 1 borosilicate cover glass substrate with a surfactant, such as a powdered 237 
detergent, and air-dry it using a pressurized air source fitted with a 0.2 μm filter. Clean it 238 
thoroughly as cover glass is often coated with a hydrophobic lubricant and is unable to bind to 239 
PDMS unless it is properly cleaned. 240 
 241 
2.2.11. Using pressure-sensitive tape, lightly touch the PDMS to remove any residual dust. To 242 
ensure the molded features are not compromised, do not press with large amounts of force on 243 
the tape. 244 
 245 
2.2.12. Place the PDMS device and a cleaned cover glass into an oxygen plasma cleaner for 1 246 
min. Ensure the color from the plasma cleaner chamber is bright magenta during the process. 247 
Make sure that the PDMS device has its molded features exposed, face-up, in the plasma 248 
cleaner. 249 
 250 
2.2.13. Take the PDMS and the cover glass from the plasma cleaner and place the cover glass, 251 
face-down, onto the PDMS device. 252 
 253 
NOTE: This will cause the cover glass and the PDMS to bond almost immediately. If the binding 254 
is not visible, gently press the cover glass to the PDMS in a section of PDMS devoid of molded 255 
features. This should cause bonding to occur between the PDMS and the cover glass. 256 
 257 
2.2.14. Put the PDMS device in an oven at 90 °C for at least 12 h to ensure the PDMS and the 258 
cover glass are well-bonded. 259 
 260 
3. Feedback-controlled syringe pump system assembly 261 
 262 
3.1. Remove 80% of the length of the wire insulation and shielding from a pressure sensor’s 263 
electrical cable using a razor. Be gentle when cutting to ensure the wires are not compromised 264 



above the desired length. Once the insulation and shielding are removed, connect the wires to 265 
male rectangular connectors. 266 
 267 
3.2. Using a similar approach to the previous step, remove 1 - 2 cm of the wire insulation from a 268 
stepper motor’s leads and connect the wires to male rectangular connectors. 269 
 270 
3.3. Affix the syringe onto the inlet side of the pressure sensor. Connect a 22 G dispensing 271 
needle onto the outlet side of the pressure sensor. 272 
 273 
3.4. Slide one end of 0.51 cm diameter tubing over the 22 G dispensing needle attached to the 274 
pressure sensor. 275 
 276 
3.5. Slide the other end of 0.51 cm diameter tubing over a 22 G dispensing needle that can be 277 
connected to the microfluidic device. Connect the needle to the inlet port of the microfluidic 278 
device. 279 
 280 
3.6. Connect the outlet port of a microfluidic device to a waste disposal reservoir using a 22 G 281 
needle and 0.51 cm diameter tubing, similar to the inlet port’s connection. 282 
 283 
3.7. Assemble the electronic circuit on a prototyping breadboard according to the diagram in 284 
Figure 3. 285 
 286 
NOTE: This breadboard serves to condition the signal from the pressure sensor to be monitored 287 
by a microcontroller. Other compatible microcontrollers may be used to monitor the pressure 288 
sensor signal. 289 
 290 
3.8. Connect the wires from the stepper motor with the stepper motor driver. Connect the 291 
wires from the pressure sensor and the stepper motor driver with the breadboard according to 292 
the schematic in Figure 3. 293 
 294 
3.9. Connect the output signal from the breadboard with the analog input pin on the 295 
microcontroller. 296 
 297 
3.10. Connect the logic input pins from the stepper motor driver with the digital pins on the 298 
microcontroller. The STEP input on the stepper motor driver is connected with a pulse width 299 
modulated (PWM) port of digital pins on the microcontroller, denoted by a ‘~’ sign. 300 
 301 
3.11. Connect the power supply with the breadboard according to the diagram in Figure 3. Set 302 
the power supply to 10 V for the breadboard and the stepper motor driver. 303 
 304 
4. Pressure sensor calibration 305 
 306 
NOTE: Based on the amplifier chosen in this paper, the formula to calculate the gain is G = 5 + 307 
(200k/RG) with RG = R1 and G = amplifier gain. The amplifier gain here is approximately 606. This 308 



value can be changed by changing the resistance used for R1. In addition, as the logic level of 309 
the microcontroller board is 5 V and the instrumentation is powered with 10 V, a simple voltage 310 
divider circuit, R2 and R3, is used to safeguard the output signal to be no more than 5 V. 311 
 312 
4.1. Download and install the appropriate integrated development environment (IDE) for the 313 
microcontroller. 314 
 315 
4.2. Download the controller code titled ‘Pressure_Sensing.ino’ from the Supplemental Files. 316 
Use this code is to acquire the pressure signal from dual pressure sensors. 317 
 318 
NOTE: The microcontroller and controller code used in this paper include analog input pins with 319 
a 10-bit resolution which read the analog signals from the pressure sensor every 200 ms to 320 
actuate the stepper motors. The number in the bracket of analogRead() corresponds to the 321 
analog input pin connected to the output signal from the voltage divider circuit in the pressure 322 
sensor circuit in Figure 3. The delay variable represents the interval at which the signal is 323 
reevaluated and the output accordingly, in ms. 324 
 325 
4.3. Apply known pressures to the inlet of the sensor with the outlet capped and measure the 326 
resulting output signal. 327 
 328 
NOTE: A simple method to calibrate the pressure sensor uses a reservoir with water held at 329 
varying heights. The resulting gravitational pressure detected will allow one to calibrate the 330 
pressure sensor. 331 
 332 
4.4. Plot the diagram with the calibration pressure applied (Pa) on the x-axis and the pressure 333 
signal (V) on the y-axis to get a numerical value of the y-intercept. 334 
 335 
4.5. Apply this numerical value in the controller code, such as the sensor1Offset and 336 
sensor2Offset variables in the ‘Dual_Pump_PID_Control.ino’ code of the Supplemental Files, to 337 
calibrate the pressure value in the feedback control system. 338 
 339 
5. Capturing images from the microfluidic device 340 
 341 
5.1. Connect a microcontroller to an open-source single-board computer via a serial interface so 342 
that the image captured by the microcomputer triggers pressure measurements to be taken by 343 
the microcontroller. 344 
 345 
5.2. Connect a camera module made for the single-board computer to one of the eye-pieces of 346 
a stereomicroscope. Here, a 20X magnification is used to image the microfluidic devices. 347 
 348 
6. Controlling syringe pressure pumps 349 
 350 
6.1. Open the IDE for the open-source microcontroller. Download the Timer.h13 and 351 
AccelStepper.h14 libraries to the microcontroller’s IDE library directory. 352 



 353 
6.2. Download the controller code titled ‘Dual_Pump_PID_Control.ino’ from the Supplemental 354 
Files. This code is used to control the feedback-controlled syringe pump system with two 355 
pumps. 356 
 357 
6.3. Program the controller code so that it fits the experiment being conducted. Modify the 358 
control parameters or the timing parameters to fit the desired response and duration of the 359 
experiment. Compile and upload the code to the microcontroller before running the 360 
experiment. 361 
 362 
NOTE: In the controller code, setPoint1/2 values are used to change the pressure level and 363 
stepper1/2Out values are used to adjust the pump speed. The last two values in the 364 
AccelStepper stepper1/2 column correspond to the port number on the microcontroller. The 365 
milliTiming variable dictates the frequency of reading the analog signal from the pressure 366 
sensors and the printTiming variable dictates the frequency of outputting speed and pressure 367 
values to a serial monitor for inspection. All units are in ms. The maxError variable is 368 
determined from the logic level of the microcontroller board. A value of 5 is used here as the 369 
microcontroller in this protocol is 5 V. 370 
 371 
6.4. Turn on the power supply for the syringe pumps system. Set the voltage to 10 V for the 372 
stepper motor power supply. 373 
 374 
7. Tuning the PID Controller parameters 375 
 376 
NOTE: The ideal controller parameter values may vary depending on the application and the 377 
microfluidic device geometry. For example, for long-term studies (hours), a lower proportional 378 
constant (Kp) may be preferable to minimize overshoot at the expense of response time. These 379 
tradeoffs depend on experimental conditions and objectives. 380 
 381 
7.1. Tune the controller, using a manual approach, by first adjusting the proportional constant 382 
(Kp) to improve the response time of a step function. 383 
 384 
NOTE: Although algorithmic approaches may be used, manual tuning works for the microfluidic 385 
applications shown in this paper. 386 
 387 
7.2. Next, alter the integral (Ki) and differential (Kd) parameters to minimize the overshoot and 388 
ensure a set-point stability. 389 
 390 
7.3. Set the PID values for the Kp, Ki, and Kd variables in the controller code of the 391 
Supplemental Files. 392 
 393 
REPRESENTATIVE RESULTS: 394 
Here, we present a protocol for the construction of a feedback-controlled syringe pump system 395 
and demonstrate its potential uses for microfluidic applications. Figure 1 shows the connected 396 



system of the syringe pump, pressure sensor, microfluidic device, microcontroller, pressure 397 
sensor circuit, and stepper motor driver. Detailed callouts for the syringe pump assembly are 398 
shown in Figure 2 and the electronic circuit schematic for pressure sensing is presented in 399 
Figure 3. The process of tuning the controlling parameters is shown in Figure 4. Finally, a 400 
representative result of controlling inlet pressure in a two-inlet Y-shaped microfluidic device is 401 
shown in Figure 5. 402 
 403 
FIGURE AND TABLE LEGENDS: 404 
 405 
Figure 1: Setup of the feedback-controlled syringe pump system. This image shows the setup 406 
of the syringe pump system. The syringe contains the solution for injection and is actuated by 407 
the 3D-printed syringe pump. As (A) the piezoresistive pressure sensor is connected with (B) 408 
the syringe pump and (C) the microfluidic device, the pressure from the device is detected and 409 
converted into an electrical signal to (D) the pressure sensor circuit with instrumentation 410 
amplifier once the liquid is delivered through the tubing. The signal from the pressure sensor is 411 
read by (E) the open-source microcontroller board which then transmits the necessary signal to 412 
(F) the stepper motor driver to control the actuation of the syringe pump. (G) A power supply 413 
and (H) a laptop is needed to operate and program the system. 414 
 415 
Figure 2: Assembly photo for the 3D-printed syringe pump. This figure shows the step-by-step 416 
instructions for the 3D-printed syringe pump assembly, with photos corresponding to the 417 
procedure in step 1.2 of the protocol. (A) This image shows the materials for the syringe pump 418 
assembly. (B) This image shows how the stepper motor is connected to the threaded rod (step 419 
1.2.1). (C) This image shows how the part from step 1.2.1 of the protocol is connected to the 420 
part from step 1.2.2 of the protocol (step 1.2.3). (D) This image shows the assembly of the 421 
traveler push piece (step 1.2.5). (E) This image shows how the end stop is connected (step 422 
1.2.10). (F) This image shows how the syringe plunger female connector piece is connected to 423 
the assembled components (step 1.2.11). (G) This image shows the assembly of the syringe 424 
plunger male connector piece (step 1.2.13). (H) This image shows how the syringe clamp is 425 
connected (step 1.2.14). 426 
 427 
Figure 3: Illustration for the microcontroller and pressure sensor circuit. The circuit allows the 428 
microcontroller board to measure amplified pressure signals from the pressure sensor. (A) This 429 
is the assembly photo for the circuit. (B) This figure shows the circuit board layouts. 430 
 431 
Figure 4: Tuning of control parameters. The PID controller used to regulate the syringe pump 432 
fluid pressure may be tuned by modifying the proportional (Kp), integral (Ki), and differential 433 
(Kd) parameters. Here, we show how tuning (using Kp) will help to reduce the response time. 434 
Further tuning (using Ki and Kd) can help to ensure a setpoint stability and reduce overshoot. In 435 
this protocol, controllers are primarily tuned using a manual trial-and-error approach. 436 
 437 
Figure 5: Control of inlet pressure for a laminar flow microfluidic device. A Y-shaped 438 
microfluidic device is fabricated following the procedure detailed in step 2 of this protocol. The 439 
device features two inlet ports and one outlet port. Two syringe pump systems are assembled 440 



to control the inlet pressures. One of the syringes is loaded with a blue dye and the other is 441 
loaded with water. (A) These images of the fluid flow resulting from the same pressure provided 442 
by both pumps are captured using the approach detailed in step 6 of this protocol. (B). This 443 
figure shows how the inlet pressures are monitored and controlled using the PID controller 444 
tuned in Figure 4. Close adherence to the set point can be observed. Shorter (s) and longer (h) 445 
experiments have demonstrated similar results. 446 
 447 
DISCUSSION: 448 
Here, we presented a new design for a syringe pump system with closed-loop pressure control. 449 
This was accomplished by integrating a 3D-printed syringe pump with a piezoresistive pressure 450 
sensor and an open-source microcontroller. By employing a PID controller, we were able to 451 
precisely control the inlet pressure and provide fast response times while simultaneously 452 
maintaining the stability about a set point. 453 
 454 
Many experiments using microfluidic devices require a precise fluidic control and exploit a well-455 
characterized laminar flow profile. Examples where a stable flow profile is important include 456 
experiments that explore temporal and spatial concentration gradients15 and generate precise 457 
fluidic encapsulations for further analysis16. By using a PID controller to maintain the high-458 
performance response, the system described in this protocol produces the flow regulation and 459 
long-term stability necessary to study such laminar flow experiments. 460 
 461 
However, it is important to recognize that microfluidic devices and experiments involving them 462 
have subtle variations and differences. For instance, different microfluidic geometries (channel 463 
width and height) may necessitate different flow profiles. As a result, the parameters for the 464 
PID controllers must be tuned accordingly. Additionally, some experiments may require a tight 465 
regulation of the pressure ranges. In these cases, the pressure overshoot may not be 466 
acceptable. As such, the PID control parameters must be tuned so that the overshoot is 467 
minimized, usually at the expense of response time. 468 
 469 
Due to the low-cost production of this syringe pump system, researchers should be able to 470 
rapidly develop microfluidic experiments. The estimated cost for a 3D-printed syringe pump, 471 
microcontroller, and pressure sensor circuit is approximately US$130. In contrast to 472 
commercially available alternatives, such as peristaltic and recirculation pumps, this syringe 473 
pump system provides a flexible and straightforward platform that may be adapted to a variety 474 
of laboratory uses. Although not discussed here, simpler control strategies, such as the bang-475 
bang controller, may be used for long-term microfluidic studies. Additionally, the syringe pump 476 
systems may be used to apply a vacuum pressure to a control volume. 477 
 478 
One potential limitation of this syringe pump system using a PID controller is the reliance on a 479 
constant power supply. Because the PID control method requires the constant energization of 480 
the stepper motor, there is a relatively large power requirement. In contrast, the bang-bang 481 
controller only energizes the stepper motor when necessary, using substantially less power. 482 
This power requirement may be mitigated by developing a hybrid control structure that 483 
implements a PID controller to initially reach a set-point range, and then de-energizes the 484 



stepper motor coils once the pressure value is within a given set-point range. Alternatively, a 485 
simple bang-bang controller may be used as well. 486 
 487 
Additionally, this syringe pump system allows for a flexible performance and control by altering 488 
the size of both the stepper motor and the syringe itself. In previous experiments, we have 489 
used syringes of 1 mL, 5 mL, 10 mL, and 30 mL. Naturally, each syringe pump may necessitate 490 
slightly different PID controller parameters and would, therefore, require individualized 491 
parameter tuning. However, this flexibility allows the syringe pump system described in this 492 
protocol to be used in a range of applications. 493 
 494 
It should be noted that a common area of microdevice failure is an inability to effectively bond 495 
the PDMS to the cover glass. For the microfluidic device fabrication, the power of the plasma 496 
cleaner should be optimized if the binding is ineffective. Also, any lubricants or impurities on 497 
the cover glass’ surface should be removed prior to the bonding to ensure a strong bond with 498 
the PDMS. Thoroughly washing and removing any dust from the PDMS component should help 499 
to ensure a good seal is formed between the PDMS and the glass. 500 
 501 
The low-cost, feedback-controlled syringe pump system presented here allows researchers to 502 
manipulate the fluid profile with a high degree of stability in a flexible manner. By integrating 503 
the pressure sensing module with simple PID control methods, the system is able to provide 504 
high-performance pressure-driven flow control. This tool can be broadly applied across many 505 
research fields where microfluidics tools are in use. 506 
 507 
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