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Abstract
The recent trend of expanding online education in science and engineering creates the need for remote experiential learning 
opportunities. Microfluidic devices show great promise in fulfilling that need because they are small, transportable, cheap, and 
use safe volumes of reagents to complete experiments. The rapid increase of microfluidic devices for point-of-care diagnostics 
serves as a proof of concept for remote learning applications. This perspective highlights potential scenarios and issues that 
need to be considered in translating multimodal microfluidics into educational settings. Several educational scenarios are 
developed, and a Strengths, Weaknesses, Opportunities, and Threats gap analysis highlights the barriers and opportunities 
for implementing microfluidics in the classroom or in online education formats. Providing students with microfluidic com-
petencies in increasing diverse educational formats will create new opportunities as the microfabrication and diagnostics 
industries continue to grow.

Keywords  Biomicrofluidics · Digital learning · Remote educational experiences · Lab classes · Remote learning · Active 
learning

Introduction

As the need for experiential learning both inside and out-
side the classroom continues to increase, microfluidics show 
promise to advance remote learning opportunities. Micro-
fluidics or Lab-on-a-chip technologies with precise control 
of nano- or microliters of liquids allow researchers and edu-
cators to scale down experiments, moving the domain of 
experimentation from a lab room to a miniaturized device 
that can be shipped anywhere [1]. For example, microfluidic 
devices coupled to smartphones provide a platform for point-
of-care DNA analysis [2, 3].

Biochemical and pharmaceutical industries are increas-
ingly utilizing high-throughput systems coupled with 
machine learning techniques and control systems to create 
intelligent microfluidic devices [4, 5]. The microfluidics 
global market size is predicted to grow to $30–45 billion in 

2025 from $15 billion in 2020 (11–22% compound annual 
growth) [6–8]. With this growing global microfluidics mar-
ket, students need training to work in this interdisciplinary 
field. 3D printed and open-source microfluidic accessories 
such as flow pumps and microscopes facilitate activities 
where students build control systems cheaply [9–14]. There-
fore, next-generation lab-classes (in-person or remote) will 
benefit from the addition of microfluidic technologies.

Several challenges have limited the impact of micro-
fluidics outside of dedicated research laboratories to date 
[1]. First, most microfluidic innovation is communicated in 
engineering specific publications and are not being com-
municated to medical and biological researchers interested 
in specific applications [15]. Second, there are key barri-
ers due to complexity and cost of design and fabrication. 
In particular, external pumps and pneumatic flow systems 
often require additional considerations and significant cost. 
Finally, microfluidic devices must demonstrate a superior 
solution to the given problem compared to other technolo-
gies. Here, we review several microfluidic advances that 
increase the ease of use of microfluidics. We also highlight 
low-cost and open-source solutions that can resolve some 
of the key barriers to microfluidic adoption, particularly for 
educational needs.

 *	 Jeremiah Zartman 
	 jzartman@nd.edu

1	 Chemical and Biomolecular Engineering Department, The 
University of Notre Dame, Notre Dame, IN, USA

2	 Bioengineering Graduate Program, The University of Notre 
Dame, Notre Dame, IN, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s43683-023-00117-3&domain=pdf
http://orcid.org/0000-0001-7195-7203


268	 M. Levis et al.

1 3

This short perspective is organized into three main sec-
tions. First, we discuss several applications of microfluidics 
in the classroom. In discussing classroom applications, we 
present subsections highlighting point-of care microfluidics, 
microfabrication, and advanced topics on high-throughput 
devices and microfluidic process controls. Second, we pro-
vide a gap analysis, highlighting the unique challenges for 
the expert teaching of microfabrication versus teaching the 
applications of microfluidics. Third, we conclude by indi-
cating future directions. In discussing the potential uses of 
microfluidics as an experiential learning aid, we focus on 
low-cost and easy to implement solutions to engage students 
in active learning in the classroom and remote settings.

Educational Applications of Microfluidics

Multiple courses such as general or analytical chemistry, 
and transport phenomena have benefited from the use of 
microfluidics in the classroom [16] (Table 1). For example, 
molecular interdiffusion, an important topic for advanced 
chemistry classes, is easily demonstrated with microflu-
idic mixers [17]. In this activity, students learn concepts of 
passive diffusion and laminar flow (characterized by low 
Reynolds numbers). In experiential skill building classes 
(labs), students learn microfabrication to design and use 
micromixers with food dye and water. Students then analyze 
the recorded data using the freely available ImageJ platform 
[17]. This hands-on experience engages the students while 
teaching them how to design efficient mixers. Such micro-
fluidic activities teach students about enzyme kinematics.

Concepts related to fluidic properties such as viscosity are 
naturally demonstrated using microfluidic devices [18]. For 
example, a two-inlet microfluidic device allows students to 
calculate the viscosity of fluids with the use of a high-speed 
camera from a smartphone to measure the relative widths 
of fluids in a two-inlet device [18]. This technique can ena-
ble a modular course activity to illustrate viscosity at the 
undergraduate and graduate level using only a smartphone, 
a simple microfluidic device and low volume of liquids. The 
volume of liquids could be important for safety protocols 
that require small volumes to be safe. The simple setup of 
the experiment allows for the experiment to take place while 
completing coursework remotely.

Overall, microfluidics are very useful for investigating 
transport phenomena such as laminar flow and the balancing 
of multiple transport mechanisms such as convection and 
diffusion (as characterized by the Peclet number, which is 
the ratio of mass transport due to convection to that of dif-
fusion) [19]. The relative predominance of transport mecha-
nisms are different at the micro level than the macro level, 
but such a difference can be difficult to understand. Macro 
transport phenomena are easily demonstrated in a traditional 

classroom setting, while microfluidic devices help to more 
clearly teach transport at a smaller scale (Table 1—Trans-
port) [20].

Analytical chemistry techniques such as chemical 
and electrophoretic separations are effectively taught in 
undergraduate laboratories with microfluidic devices [16] 
(Table 1—Analytical Chemistry). As a second example, 
students designed and fabricated microfluidic devices to 
visualize electrophoretic separations and then separated 
food dyes in the course of a 3-hour undergraduate lab 
[21]. Photolithography-based fabrication with photomasks 
printed on transparency sheets was cheap and easy enough 
that students were able to create multiple backup devices for 
their separations. In another application of microfluidics, a 
paper microfluidic utilized colorimetric analysis to quantify 
amino acid content within a sample [22] (Table 1—Analyti-
cal Chemistry). ImageJ software is an ideal software choice 
to quantify the chemical separations and the colorimetric 
readings in such analytical microfluidic devices [22, 23]. 
This is due to the extensive online help documentation, free 
download, and intuitive interface.

In addition to engineering courses, biology classes also 
benefit from integration of microfluidics with topics such 
as binding kinetics and binding affinities (Table 1—Biol-
ogy) [16, 24]. For example, DNA separations can be dem-
onstrated in undergraduate labs using microfluidics [25]. 
After extracting DNA and performing PCR, resulting data 
are analyzed using an Agilent Bioanalyzer.

Undergraduate general chemistry experiments performed 
with microfluidics provide students with experience with 
reactor configurations that are relevant to many industrial 
processes (Table 1—General Chemistry) [20, 26]. In many 
traditional synthetic chemistry labs, reactions are run in 
batches in a beaker or other container. In many industrial 
processes, however, most chemical syntheses are performed 
in a continuous process. Microfluidic devices allow students 
to simulate continuous reactions on a small scale. The reduc-
tion in reagent volume decreases safety hazards of running 
continuous processes [26]. For example, acid base titrations 
can be performed in microfluidic devices [27]. Microfluidics 
allow lab instructors to reach the same results of traditional 
experiments with lower overhead cost [28]. In addition to 
titration experiments, students can also design pH detecting 
and monitoring devices that can be adapted to students of 
varying educational stages [29, 30].

Microfluidic experiments can also be used to teach 
chemistry to high school students. For example, micro-
fluidic devices can be created using Shrinky Dinks and 
can be used to study acid base chemistry [30]. Experi-
ments with such devices introduce students to acid-base 
neutralization through mixing in a device with curved 
channels and the design process for microfluidic systems. 
Implementing microfluidics in the classroom requires an 
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upfront investment of the instructor’s time to adapt the 
mode of learning, but that time can yield a return in terms 
of student engagement and adaptability due to the small, 
modular nature of such devices. There are opportunities 

for further educational research into the benefits of includ-
ing a hands-on microfluidic component with a class versus 
the potential consequences of costing extra lecture time. 
This cost is likely worth the investment to include active 

Table 1   Examples of microfluidics implemented in educational settings with corresponding techniques involved and associated learning out-
comes

Microfluidics modules have been implemented at a variety of educational levels from high school to graduate level courses. Device fabrication 
does not always happen within the classroom and can be constructed by the instructor or purchased online [16] (Fintschenko et al. [16] includes 
a table of online resources to purchase microfluidics for education). Some devices require additional accessories for the implementation and col-
lection of data from within the device. Finally, each module had a variety of learning outcomes, the significant ones are outlined above. Exam-
ples of implemented microfluidics modules spanned across general chemistry, analytical chemistry, biology, and transport courses
a Designates methodologies that may be easily implemented for remote learning.

Educational level Source/made by Key components Learning goals

Transport Laminar Flow [16] Upper Undergraduate Purchased Pump, Imaging Visualize laminar flow at 
a microscale and apply 
the Navier-Stokes 
equationa

Viscosity [18] Upper Undergraduate Instructor Pressure Sensor, Pump, 
Imaging

Measure viscosity of 
different fluids using 
viscosity equations and 
linear regression

Peclet Number [19] Upper Undergraduate Instructor Pump, Imaging Determine Peclet num-
bers and demonstrate 
their significancea

Micromixers [17] Undergraduate Students Imaging, Process 
Controls

Understand molecular 
interdiffusion using 
Reynolds, Peclet and 
Fourier Numbers

Biology Binding Kinetics Undergraduate Purchased Pump, Process Controls Determine binding 
kinetics in undergradu-
ate biology labs

Nucleic Acid Detec-
tion [2]

Upper Undergraduate Instructor Imaging Understand how to 
perform diagnostic 
techniques such as 
PCRa

Microfluidics for Micro-
bial Ecology [31]

Graduate Student Pump, Imaging, Glucose detection, 
Viscometer, Flow in 
a porous medium, 
droplet formation

Separations Undergraduate Students Pump, Imaging,
Process Controls

Test reproducibility of 
chemical separations

Analytical chemistry Colorimetry [22] Undergraduate Students Imaging,
Process Controls

Design microfluidics for 
colorimetric analysis 
in analytical chemistry 
labs

Quantification [22, 32] Undergraduate Purchased Pump, Imaging Quantify relevant 
chemical compounds 
in analytical chemistry 
labs

Titrations Highschool/ Under-
graduate

Students N/A Perform a titration, 
evaluate and present 
results

General chemistry Continuous Reactions Upper Undergraduate Students Pump Design a microfluidic 
device for a continu-
ous organic synthesis 
reaction and asses the 
product
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learning pedagogical approaches that microfluidics afford 
regardless of synchronicity (something that accompanying 
videos can facilitate).

Adapting Biosensing Point‑of‑Care Microfluidics 
for Educational Activities

The portability of microfluidics also can enable remote 
education opportunities. For instance, point-of-care (POC) 
diagnostic microfluidic devices [33] and wearable real-time 
biosensors [34] can be adapted for biology and bioengineer-
ing wet lab courses that are taught remotely. As an example, 
the advent and development of isothermal PCR-like amplifi-
cation have been integrated with smartphone-coupled micro-
fluidic devices [2, 35]. Devices that are developed for use 
in the field hold promise for instructional data collection 
with remote learning (Fig 1). Such devices reduce the need 
for specific lab-designated space/machinery and can replace 
traditional PCR methods [36].

Furthermore, there are a number of commercially avail-
able isothermal nucleic acid detection (LAMP) kits that have 
been coupled with microfluidics for nucleic acid detection 
[37]. One example is a smartphone-based multiplex 30-min-
ute viral nucleic acid test that uses a nasal swab specimen 
to quickly (~ 30 min) detect viral DNA with loop-mediated 
isothermal amplification (LAMP) [2]. This method has a 

detection limit close to commercial thermocyclers, 5.5 × 104 
copies per mL, i.e., ~ 18 copies/cycle [2]. This smartphone 
device could be extended by integrating an assay similar to 
the assay developed for SARS-CoV-2 and HIV to be used 
for COVID or HIV/AIDs investigations [38]. These devices 
functionalities can also be adapted for educational experi-
ences to train the next generation of scientists and engineers. 
Specifically, such a lab course activity could be designed in 
which students isolate and conduct nucleic acid testing of 
bacteria such as E. coli within prefabricated, 3-D printed 
devices. The reagents for such detection devices are provided 
by Sun et al. [2], the protocol to create such a device is pro-
vided by Chen et al. [3], and a portable COVID-19 specific 
detection device is described in Ganguli et al. [39]. Such 
approaches integrated within college sophomore/junior-
level biology labs would allow remote students to complete 
lab-type data collection for nucleic acid testing outside of 
a traditional classroom setting. Additional options include 
adapting current educational PCR labs, such as miniPCR, 
toward the remote microfluidics platform [40].

Democratization of Microfabrication for a Broad 
Spectrum of Research and Teaching Labs

Simple and cost-effective methods of microfabrication allow 
researchers and educators to incorporate microfluidics into 

Fig. 1   Examples of bio-
microfluidic devices developed 
for point-of-care diagnostics. 
A Analysis of pressure-driven 
membrane preconcentration 
for point-of-care assays [41]. 
Reproduced from Ref. [41] with 
permission from AIP. B Dispos-
able silicon-based all-in-one 
micro-qPCR for rapid on-site 
detection of pathogens [35]. PE 
film is polyethylene film. Repro-
duced from Ref. [35] under 
Creative Commons License.
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their workflow and curricula. Traditionally, microfluidic 
devices have been created with photolithography, a tech-
nique that requires multi-million-dollar clean rooms and 
extensive training (Table 2). This presents a high entry bar-
rier to develop and utilize microfluidics, thus limiting this 
approach to users that can afford the cost of time in a clean 
room [10]. Three dimensional (3D) printing and laser cut-
ting have also been used to produce microfluidics, but these 
methods require specialized equipment that some schools 
and universities do not have (Table 2) [42]. 3D printing 
often lacks the resolution required for biosensing and cell 
separation applications. Sensing often requires very small 
amounts of fluids, and 3D printers lack the resolution to 
create devices with such small channels. Inkjet printing pro-
vides a resolution of ~ 5 μm as an alternative to traditionally 
3D printed microfluidics [43]. The devices as described by 
Su et al. (2016) are fabricated via inkjet printing on paper. 
Paper-printed devices have applications in electronics, and 
the microfluidic devices can be printed onto virtually any 
substrate (Table 2). This technique allows for rapid fabrica-
tion with low cost and high precision. While there have been 
great advances in developing new methods of fluidic fabri-
cation that enable educational tools for remote educational 
experiences, there remains a need for low-cost prefabricated 
microfluidics kits available at scale.

Traditional 3D printing techniques make certain configu-
rations such as serpentine channels difficult to fabricate. The 

layer-by-layer deposition requires support structures beneath 
each feature, which must be removed before use [46]. A new 
technique of 3D printing using DLP/SLA (digital light pro-
cessing/stereolithography apparatus) resin instead of PDMS 
(Polydimethylsiloxane), which is used in traditional photo-
lithography, can create more complex microchannels and 
intersections of channels [46]. As a test case, the 3D print-
ing method led to the creation of a device containing spiral 
microchannel with right-angled triangular cross-section for 
cell separation which was technically impossible to fabri-
cate using standard lithography. In addition to the complex 
structure of these microfluidic devices, DLP/SLA 3D printed 
devices are capable of withstanding much higher amounts of 
pressure (up to 150 psi) as compared to PDMS, which can 
withstand pressures of ~ 50 psi [46]. Furthermore, for cell 
culture applications, it can be difficult to fabricate devices 
using polystyrene (PS), the standard substrate of choice for 
many protocols. A new method of fabrication without the 
previously necessary toxic reagents was used to make high 
strength bonds of PDMS and PS to create leak free and toxin 
free microfluidics for cell culture [48]. In addition to the 
developments of microfabrication techniques, there have 
also been optimization of microfluidic devices for delicate 
applications, such as tissue dissociation [49]. Such microflu-
idic devices need to be highly optimized for disassociation 
techniques. Certain materials such as PDMS are not optimal 
for the high-flow and high-pressure requirements of tissue 

Table 2   Overview of fabrication techniques and associated costs and challenges to implement.

a Designates methodologies that may be easily implemented for remote learning.

Fabrication 
technique

Listed resolution Technical limita-
tions

Capital cost 
(approx. 2021 
costs)

Reagent/
supply cost 
(approx.)

Time to 
fabricate 
device

Barriers to 
implement in 
class

Suggested imple-
mentation

Etched tape and 
glass cover 
slips [44]

~ 1 mm Low resolution, 
and limited 
applications

$10 $0.50 1 hour Too simple for 
many applica-
tions

Individual student 
fabrication

Pasta/PDMS [42] ~ 1 mm Low resolution $20 $5 1 day Multiple day 
process

In-class or remote 
individual 
fabricationa

3D printing [10, 
45, 46]

10 µm Limited channel 
shapes

$400–4000 $25 2 days More challeng-
ing design 
process

Designs submitted 
to an instruc-
tor for remote 
printinga

Paper microflu-
idics

(ink jet printing) 
[43]

5 µm Some expensive 
equipment and 
materials

$30,000 $0.10 5 hours High initial cost Asynchronous or 
instructor fabri-
cated devicea

Xurography [14, 
47]

25 µm Requires align-
ment of layers 
by hand

$400 $1 2 hours Low yield Design submit-
ted to instruc-
tor or group 
fabricationa

Photolithography 15 nm Expensive and 
significant 
training

$1000–10,000 $50 1 week Multi-day fabri-
cation process

Highest level—
graduate focused 
class
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dissociation [50]; rather polyimide film is preferred. Both 
the shape of the microchambers and device materials influ-
ence the relative success of cell retrieval from dissociation. 
Materials such as PDMS are affordable. However, the tech-
niques of fabrication and associated required machinery still 
limit affordability and access.

Traditionally, microfluidic devices are fabricated in a 
clean room on equipment that require extensive training 
to use [51–53]. Alternative methods of fabrication such 
as xurography or razor cutting take advantage of low cost 
desktop cutting plotters, and microfluidic devices are able 
to be created with a large number of design possibilities 
and high precision with intuitive consumer software [54]. 
Xurography exhibits lower feature resolution (≥ 25 μm) than 
photolithography (≥ 15 nm) but the conceptualization to 
completed fabrication time can be reduced to a few minutes, 
which allows for rapid prototyping [55]. Xurography-based 
microfluidic devices lend themselves to introduce microflu-
idic fabrication in undergraduate classes [56].

Fabrication is a hurdle for most undergraduate classes 
because many traditional techniques require a long-time 
frame (multiple days/weeks) and significant expertise 
because they involve training on delicate expensive machin-
ery, which precludes many applications in the undergraduate 
class setting or in remote learning scenarios. To overcome 
this barrier, fabrication methods are needed at low cost and 
high iterability to integrate well into an educational setting. 
One proposed solution uses easily accessible affordable 
items such as pasta, petroleum jelly and PDMS to create 
microfluidics for a class [42]. In this technique, pasta is 
molded into different shapes after soaking and dried into 
a variety of 2D and 3D configurations. The desired pasta 
shape is then placed in petroleum jelly and PDMS is poured 
over the top of the pasta in the petroleum jelly and allowed 
to cure. The PDMS then is peeled away from the pasta and 
petroleum jelly to reveal the channels with the defined geom-
etry. This novel technique lowers the barrier to entry for 
microfluidic study in undergraduate labs and research labs 
interested in working with microfluidics, because students 
can create microfluidic devices without training on any 
equipment or software. This is an example of a simplified 
microfabrication technique that introduces students to micro-
fluidics and microfabrication. A potential drawback of this 
method is that there is no computer automated design aspect, 
and the physical mold is the only ‘copy’ of any design and 
is not repeatable at scale.

Recently, the Crone and Carpick groups at University of 
Wisconsin used microfluidic devices to conduct an under-
graduate lab in micro- and nano-scale mechanics [56]. Sim-
ple glass coverslip microfluidic devices were tested and opti-
mized in the labs. These classroom activities highlight how 
low-cost microfluidics are powerful tools for diagnostics and 
research in the developing world. For example, paper-based 

microfluidic devices enable the diagnosis of patients with-
out a trained expert, access to power, or expensive tests 
[57]. Advantages of these low-cost devices include provid-
ing more analytical power to areas with limited access to 
important chemical reagents, power, and highly trained per-
sonnel. Additionally, microfluidic device fabrication allows 
students to gain experience with the iterative engineering 
design process. Due to limited access to pre-designed kits, 
the use and fabrication of microfluidics are primarily do-
it-yourself (DIY). Microfluidics integrated with traditional 
learning requires a time commitment from instructors that 
may involve significant troubleshooting. Despite this poten-
tial use of time the use of microfluidics increases the pos-
sibility of active learning.

Advanced Topics: Educational Opportunities 
Utilizing High‑Throughput Devices

Recently, high throughput devices have synergized with 
machine learning techniques, including AI, for a host of 
data-driven observation and modeling applications (Fig 2A) 
[4]. For example, microfluidic devices allow for the scale-
up of organ/organism culture throughput. Microfluidics can 
control the chemical, mechanical, and electrical environment 
of culture chambers [58]. Frequently used model systems 
include C. elegans, Drosophila, and zebrafish, which share 
several complementary features that make them amenable 
to studies in microfluidic devices [59–62]. However, these 
organisms are larger than micro-scale cells (or small parti-
cles). These meso-scale samples require a specific toolkit to 
sort and manipulate whole-organism sized samples for high 
throughput experimental assays.

Recently, an acoustofluidic device was created that auto-
mates label-free blood sample sorting (Fig 2B) [63]. Notable 
advances include the use of low-cost polystyrene (as opposed 
to glass or silicone), which allow for twelve parallel channels 
to sort blood samples, while maintaining the sensitive dis-
crimination of cell types that had been previously developed 
in single-channel devices. This sample sorting is extended 
to automated sorting of C. elegans and other whole-animal 
samples [59, 64]. Differences in size and fluorescence allow 
for imaging, analysis, and autonomous sorting of samples 
without requiring immobilization or physical contact. The 
continuous sorting was able to reach nearly 100% efficacy 
sorting worms at different ages with minimal toxicity. Com-
panies such as Carolina Biological Supply Company allow 
educators to purchase such model organisms for study [65]. 
Additionally, mechanical actuation and pressure flow actu-
ated devices have been created to automate controlled per-
turbations on living systems (reviewed in detail here [66]). 
Specifically, Fig 2C shows another acoustofluidic device 
for probing quantitative cell mechanical properties, which 
is coupled with a computational mechanical model. A 
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LiNbO3 ferroelectric/piezoelectric substrate is used to gen-
erate the surface acoustic waves for contact free perturba-
tions and associated measurements within the device [67]. 
These devices provide many examples of the diversity of 
novel microfluidic devices that can be translated to provide 
cutting-edge hands-on educational experiences that combine 
biology and engineering. For example, blood sorting with 
acoustofluidics can be mimicked for remote learning with 
the use of sorting microspheres. These can be imaged with 
an iPhone and analyzed with FIJI or other free software. 
Thresholds can be adjusted and measurements of efficacy 
sorting due to size or fluorescence sorting can be quantified. 
Speakers from a smartphone can induce flow disturbances 
in microfluidic devices [68]. Due to the flexible resolution 
requirements for creating channels and features that are 
needed for larger living organisms, these devices can be 
adapted using low-cost microfluidics [14, 61].

Advanced Topics: Syringe Pumps and Process 
Controls are Key to Microfluidic Usage

A key issue for low cost and transportable microfluidics is 
the controlled regulation of fluid flow. Generally syringe 
pumps, as opposed to peristaltic or recirculation pumps 
are used, because of their ability to reliably perfuse incred-
ibly small volumes [69]. These pumps cost on the order of 
thousands of dollars for a commercial model (e.g., Harvard 
Apparatus Pump 11 Elite infuse-only single syringe pump). 

A lower end syringe pump can cost in the range of a few 
hundred dollars (e.g., New Era Pump Systems NE-300 Just 
Infusion Syringe Pump) [70]. These lower cost pumps are 
limited in their use for infusing small volumes, the user must 
know the dimensions of their syringes (pre-programming 
and programmability not included), and target volumes can-
not be set. A commercial syringe pump (Harvard Apparatus) 
is standard for research purposes and was used for example, 
in the microfluidic viscometer described in the section on 
“Educational Applications of Microfluidics.” For microflu-
idic experiments to be fully cost effective for remote learning 
applications, their accessories must also be cost effective as 
well. To this end, a number of research groups have designed 
DIY solutions that reduce the cost of said pumps tenfold 
to hundreds of dollars [11–13, 69]. This cost could still be 
prohibitive for some classes and requires more development 
to lower costs or would require avoiding class projects that 
require fluidic pumps (See Table 1—Components).

Such DIY pumps are controlled by microchips such as 
an Arduino and made from a combination of 3D printed 
parts and off-the-shelf hardware. The designs are available 
free online through sites such as GitHub [71]. Another key 
advantage is that these devices can be assembled in under 
an hour, thus enabling the use of these syringe pumps for a 
classroom or remote learning situation [11]. These syringe 
pumps are becoming increasingly sophisticated in that they 
contain control systems capable of maintaining constant 
pressure throughout time with either PID (proportional, 

Fig. 2   High throughput microfluidics, synergies with AI, and devel-
opments in acoustofluidics. A High throughput microfluidic devices 
paired with high content imaging on microscopes are particularly 
synergistic with artificial intelligence. Figure panel summarizes Ref. 
[4]. B Scalable high-throughput acoustophoresis in arrayed plastic 

microchannels demonstrates the use for blood sorting [63]. Reprint 
from Ref. [63] with permission from AIP. C Acoustic erythrocytom-
eter for mechanically probing cell viscoelasticity [67]. Reproduced 
from Ref. [67] under Creative Commons License.
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integral, and derivative error) or bang-bang control methods 
(Fig 3A) [69]. Even more recently these pumps have been 
integrated with more functionality to control both pressure 
and valve opening/closing within the platform (Fig 3B) [72]. 
The Patcher Lab even includes designs of a corresponding 
DIY microscope to replace the need for purchasing a tradi-
tional light microscope (Fig 3C, D) [11]. These examples of 
open source and low-cost pumps and integrated microfluidic 
platforms lay the foundation for increased accessibility and 
adoption of microfluidic technologies. Recently, reinforced 
latex balloons have also been incorporated into microflu-
idic devices to provide pressure driven flow [73]. Despite 
the advantages of DIY microfluidic control systems, they 
still require time and training to build, so there is still a 
need for commercially available low-cost pumps to allow 
microfluidic control systems to be financially conducive to 
classroom settings.

Challenges and Emerging Opportunities 
for Microfluidics in Education

Translating low-cost microfluidic fabrication techniques 
and open-source devices can enhance course learning out-
comes, both in traditional and remote learning modalities. 
Microfluidic approaches increase the ways in which stu-
dents learn both basic and advanced topics by providing 
visual and interactive examples of several topics on a small 
scale. As experiential tools, microfluidics lower barriers to 
demonstrating key concepts in chemistry, biology, phys-
ics, and engineering. Microfluidic modules can increase 
student involvement and thus motivation through active 
learning pedagogy [74]. Additionally, hands-on experi-
ence with microfluidic devices correspondingly leads to 
new opportunities for employment, commercialization, 
and entrepreneurship in the growing microfabrication 
industry [8].

While promising to enhance learning experiences, imple-
mentation of microfluidics into courses still requires sig-
nificant work. There are two potential educational thrusts 

Fig. 3   Open source and low-cost flow pumps, control systems, and 
microscopes for use with microfluidic devices. A A low-cost ($110) 
feedback-controlled syringe pressure pump for use with microfluidic 
devices using PID and Bang-Bang methods to regulate pump pressure 
[69]. The liquid containing syringe is held in place by the 3D printed 
syringe pump parts, shown in black. These parts connect to a step-
per motor, depicted with gray and black stripes. When this stepper 
motor is actuated, the syringe pushes liquid through Tygon tubing, 
which passes through a piezoresistive pressure sensor before entering 
a microfluidic channel. The electrical signal from the sensor is passed 
to an instrumentation amplifier, shown with the dark blue rectangle, 

before being transmitted and received by analog pins on an Arduino 
microcontroller. In response to these signals, the Arduino actuates 
the syringe pump via a stepper motor driver, closing the feedback 
loop. Reproduced from Ref. [69] under Creative Commons License. 
B All-in-one automated microfluidics control system with integrated 
pressure control and solenoid valves [72]. Reproduced from Ref. [72] 
under Creative Commons License. C and D Poseidon System syringe 
pump (C) and microscope (D) are open source and made from 3D 
printed and consumer parts [11]. Reproduced from Ref. [11] under 
Creative Commons License.
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for microfluidics in education. First, microfluidics/micro-
fabrication experts may seek to incorporate microfluidics 
into courses via design and implementation projects or fab-
rication labs. Second, instructors without specific expertise 
in microfluidics/microfabrication may want to incorporate 
demonstrations of key topics in the courses they teach. Each 
of these educational objectives will have distinct barriers to 
implementation (Fig. 4).

Gap Analysis: Teaching Microfabrication Remotely/
Online

A subset of instructors may already use microfluidics in 
their research or perform micro-fabrication in their graduate-
level courses. For this expert population, the open source 
and 3D-printable microfluidic systems may provide a route 
to introducing microfluidics into lower-level courses or in 
remote teaching scenarios. Here, we highlight a variety of 
microfluidic applications that inspire extensions for existing 
lab or design course. In many cases, microfabrication does 
not require a clean or semi-clean room. A variety of materi-
als can be used at equally diverse price points. Examples 

like the PETL system demonstrate how students can design 
microfluidic devices on their laptops and then submit for 
fabrication [14]. Subsequently, they will receive the com-
mercially fabricated product in the mail. The key barriers 
to implementation for this scenario are how best to sim-
plify microfabrication utilized in research for course activi-
ties. The highlighted examples of microfluidics provide a 
resource to encourage the translation of microfabrication in 
the classroom.

Gap Analysis: Teaching Microfluidic Applications 
Remotely/Online

Many educators are seeking tools and experiential (active 
learning) opportunities for general science and engineer-
ing courses, including remote/hybrid lab courses. Here, the 
need is to continue to advance course instruction in line 
with industry needs and pedagogical standards. For instruc-
tors who want to incorporate microfluidics in their classes, 
the greatest challenge to implementation is to identify out-
of-the-box prefabricated tools. Here, a solution from the 

Fig. 4   Strengths, Weaknesses, 
Opportunities, and Threats 
(SWOT) Analysis for the imple-
mentation of microfluidics into 
courses.
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microfluidic ChipShop, Lab Smith, or the PETL Fluidics 
company provide prepared educational kits that can be used 
by instructors or students themselves to show key concepts 
or to learn about microfluidic control systems (see Table 1, 
“Purchased” microfluidic chips) [75–77]. In each case, the 
key challenges to overcome are the time and cost required 
for implementation. Further advancements through “hack-
able” microfluidic systems will lead to creative, and cheaper 
solutions.

Future Directions

There are both benefits and challenges in using microfluid-
ics as educational tools. All classes are limited in terms of 
the content that can be covered. Introducing a microfluid-
ics component necessarily reduces time for discussion of 
other topics. Most microfluidic modules are still DIY as 
many microfluidic technologies are still emerging. Multiple 
researchers have noted the quiescent promise of microflu-
idics (see Beebe 2002; Sackman 2014) [1, 15]. Microflu-
idics are rounding the corner of mass appeal/interest and 
are accelerating in research, industry and market size [6, 8, 
9]. 3-D printing took off when there was a surge in open-
source technologies that allowed for ‘hackability’ that drove 
the prices down from the increased innovation. Similarly, 
microfluidics are now moving into the space of open-source 
and low-cost options. Even though several low-cost research 
devices have been developed, it can still be expensive and 
time consuming to incorporate microfluidic exercises within 
a class. Due to the existing constraints and lack of commer-
cial kit options, many class environments are not presently 
suited to include microfluidics. However, low cost and open-
source microfluidics are advancing at a rapid rate that will 
only decrease barriers to implementation in and out of the 
classroom [9]. Overall, these factors suggest that microflu-
idic labs have significant potential to provide students with 
remote experiential learning opportunities with strong learn-
ing outcomes.
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