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SUMMARY: 27 

Here we present a protocol to design and fabricate custom microfluidic devices with minimal 28 

financial and time investment. The aim is to facilitate the adoption of microfluidic technologies 29 

in biomedical research laboratories and educational settings. 30 

 31 

ABSTRACT: 32 

Microfluidic devices allow for the manipulation of fluids, particles, cells, micro-sized organs or 33 

organisms in channels ranging from the nano to submillimeter scales. A rapid increase in the use 34 

of this technology in the biological sciences has prompted a need for methods that are accessible 35 

to a wide range of research groups. Current fabrication standards, such as PDMS bonding, require 36 

expensive and time consuming lithographic and bonding techniques. A viable alternative is the 37 

use of equipment and materials that are easily affordable, require minimal expertise and allow 38 

for the rapid iteration of designs. In this work we describe a protocol for designing and producing 39 

PET-laminates (PETLs), microfluidic devices that are inexpensive, easy to fabricate, and consume 40 

significantly less time to generate than other approaches to microfluidics technology. They 41 

consist of thermally bonded film sheets, in which channels and other features are defined using 42 

a craft cutter. PETLs solve field-specific technical challenges while dramatically reducing obstacles 43 
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to adoption. This approach facilitates the accessibility of microfluidics devices in both research 44 

and educational settings, providing a reliable platform for new methods of inquiry. 45 

 46 

INTRODUCTION: 47 

Microfluidics enables fluid control at small scales, with volumes ranging from microliters (1 x 10-48 
6 L) to picoliters (1 x 10-12 L). This control has been made possible in part due to the application 49 

of microfabrication techniques borrowed from the microprocessor industry1. The use of micro-50 

sized networks of channels and chambers allows the user to take advantage of the distinct 51 

physical phenomena characteristic of small dimensions. For example, at the micrometer scale, 52 

fluids can be manipulated using laminar flow, where viscous forces dominate inertial forces. As a 53 

result, diffusive transport becomes the prominent feature of microfluidics, and can be studied 54 

quantitatively and experimentally. These systems can be properly understood using Fick’s laws, 55 

Brownian motion theory, the heat equation, and/or the Navier-Stokes equations, which are 56 

important derivations in the fields of fluid mechanics and transport phenomena2. 57 

 58 

Because many groups in the biological sciences study complex systems at the microscopic level, 59 

it was originally thought that microfluidic devices would have an immediate and significant 60 

impact on research applications in biology2, 3. This is due to diffusion being dominant in the 61 

transport of small molecules across membranes or within a cell, and the dimensions of cells and 62 

microorganisms are an ideal match for sub-millimeter systems and devices. Therefore, there was 63 

significant potential for enhancing the way in which cellular and molecular experimentation is 64 

conducted. However, wide adoption of microfluidic technologies by biologists has lagged behind 65 

expectations4. A simple reason for the lack of technology transfer may be the disciplinary 66 

boundaries separating engineers and biologists. Custom device design and fabrication have 67 

remained just outside of the capabilities of most biological research groups, making them 68 

dependent on external expertise and facilities. Lack of familiarity with potential applications, 69 

cost, and the time required for design-iteration are also significant barriers for new adopters. It 70 

is likely that these barriers have had the effect of disrupting innovation and preventing the 71 

widespread application of microfluidics to address challenges in the biological sciences.  72 

 73 

A case in point: Since the late 1990’s soft-photolithography has been the method of choice for 74 

the fabrication of microfluidic devices. PDMS (polydimethylsiloxane, a silicone-based organic 75 

polymer) is a widely used material because of its physical properties, such as transparency, 76 

deformability, and biocompatibility5. The technique has enjoyed great success, with lab-on-a-77 

chip and organ-on-a-chip devices continually being developed on this platform6. Most of the 78 

groups working on these technologies, however, are found in engineering departments or have 79 

strong ties to them4. Lithography usually requires clean-rooms for the fabrication of molds and 80 

specialized bonding equipment. For many groups, this makes standard PDMS devices less than 81 

ideal due their capital costs and lead-time, particularly when there is a need to make repeated 82 

design modifications. Furthermore, the technology is mostly inaccessible to the average biologist 83 

and to students without access to specialized engineering laboratories. It has been proposed that 84 

for microfluidic devices to be widely adopted, they must mimic some of the qualities of materials 85 

commonly used by biologists. For example, polystyrene used for cell culture and bioassays is 86 

inexpensive, disposable, and amenable to mass production. In contrast, industrial manufacturing 87 



of PDMS-based microfluidics has never been realized because of its mechanical softness, surface 88 

treatment instability, and gas permeability5. Because of these limitations, and with the goal of 89 

solving technical challenges using customized devices built “in-house”, we describe an alternative 90 

method that utilizes xurography7–9 protocols and thermal lamination. This method can be 91 

adopted with little capital and time investment. 92 

 93 

PETLs are fabricated using polyethylene terephthalate (PET) film, coated with the 94 

thermoadhesive ethylene-vinyl acetate (EVA). Both materials are widely used in consumer 95 

products, are biocompatible and are readily available at minimal cost10. PET/EVA film can be 96 

obtained in the form of laminating pouches or rolls. Using a computer-controlled craft cutter 97 

commonly found in hobbyist or craft stores, channels are cut out of a single film sheet to define 98 

the device’s architecture11. The channels are then sealed by applying additional film (or glass) 99 

layers that are bonded using an (office) thermal laminator (Figure 1A). Perforated, self-adhesive 100 

vinyl bumpers are added to facilitate access to the channels. Fabrication times range from 5 to 101 

15 min, which allows rapid design iteration. All the equipment and materials used to make PETLs 102 

are commercially accessible and affordable (<350 USD starting cost, compared to thousands of 103 

USDs for lithography). Therefore, PETLs provide a novel solution to two main problems posed by 104 

conventional microfluidics: affordability and time effectiveness (See PDMS/PETL comparison in 105 

Supplementary Tables 1, 2).  106 

 107 

In addition to providing researchers with the opportunity to design and fabricate their own 108 

devices, PETLs can be easily adopted in the classroom because they are simple and intuitive to 109 

use. PETLs can be included in high school and college curricula8, where they are used to help 110 

students better understand physical, chemical and biological concepts, like diffusion, laminar 111 

flow, micromixing, nanoparticle synthesis, gradient formation and chemotaxis. 112 

 113 

In this work we illustrate the overall workflow for the fabrication of model PETLs chips with 114 

different levels of complexity. The first device is used to facilitate imaging of cells and micro-115 

organs in a small chamber. The second, more complex device consists of several layers and 116 

materials, and is used for research in mechanobiology9. Lastly, we built a device that displays 117 

several fluid dynamics concepts (hydrodynamic focusing, laminar flow, diffusive transport and 118 

micromixing) for educational purposes. The workflow and device designs presented here can be 119 

easily tailored for a large range of purposes in both the research and classroom settings. 120 

 121 

PROTOCOL: 122 

 123 

1. Design 124 

 125 

1.1. Identify an application for the devices and list the channel/chamber components that will be 126 

required.  127 

 128 

NOTE: All devices will require input and output channels. Devices used for microscopy will require 129 

an imaging chamber. More complex devices will require channels and chambers situated in 130 

multiple layers.  131 



 132 

1.2. Start by hand-drawing each layer, considering how the device’s functionality is affected by 133 

the superposition of the layers.  134 

 135 

1.3. Draw the final designs on a computer using any software that allows for drawing lines and 136 

shapes.  137 

 138 

1.3.1. Draw each layer separately using black, solid lines and shapes devoid of shades. Line 139 

thickness of 6 or more points are recommended. At this stage, the dimensions of channel and 140 

chamber features are less important than the overall proportions.  141 

 142 

1.3.2. Use the copy-and-paste function when creating features and superimposing layers. See 143 

Figure 1B for examples of layer drawings.  144 

 145 

1.4. Import each layer into the craft cutter software (Figure 1C). Do this by making a screen 146 

capture of the drawn design and using a drag and drop approach. 147 

 148 

1.4.1. Create a new document in the craft cutter software (free download). Drop the image file 149 

on the mat displayed. The software will recognize most image files.  150 

 151 

1.4.2. Enlarge the image to facilitate processing by pulling from a corner. The design can now be 152 

recognized by the software using the trace function.  153 

 154 

NOTE: Users may produce de novo designs directly on this software (use drawing tools in design 155 

palette). 156 

 157 

1.5. To trace the design, select the Trace icon (shape of a butterfly) on the right side of the 158 

window and completely select the imported designs. 159 

  160 

1.5.1. Select the Trace Preview option labeled outline. Adjust (if needed) the Threshold and Scale 161 

settings to adjust the yellow trace to match the design.  162 

 163 

1.5.2. Select Trace from the Trace menu once the yellow trace matches the design. The channels 164 

are now shown as a red contour. If the red contour matches the design, the imported image can 165 

be selected and deleted. The design is now imported and ready for sizing. 166 

 167 

1.6. Size the device by selecting the traced design and by using the grid provided by the software. 168 

Pull to change the width and length of channels and chambers.  169 

 170 

NOTE: The software provides measurements, and small lines can be drawn temporarily (use 171 

design palette on the left side of the window) to measure dimensions within the device. 172 

Functional channel-width dimensions range from 100 µm to 900 µm. Dimensions will often have 173 

to be adjusted after testing initial prototypes. It is important that all layers are sized 174 

proportionally, to ensure proper alignment during assembly. 175 



 176 

1.6.1. After the design is properly sized, select the square tool on the shape drawing menu to 177 

draw a square/rectangle around each layer of the device. This shape should be of the same size 178 

for all layers. See Figure 1C for examples.  179 

 180 

1.7. Create a separate top layer containing access ports to the channels. Simple designs will 181 

consist of a main (middle) channel layer, a bottom sealing layer (often glass) and a top layer that 182 

should contain circular perforations to access the channels (inlets/outlets).  183 

 184 

NOTE: Designs containing more than three layers will require inlet/outlet perforations in multiple 185 

layers (See Figure 1C, Figure 5A). These perforations may be already included in the design, or 186 

can be added at this time.  187 

 188 

1.7.1. Select the drawing tool on the left side of the screen. Draw circles over the inlet and outlet 189 

ports of the design.  190 

 191 

1.7.2. Copy and paste both the original design and the circles. Erase the channels from the 192 

underlying device.  193 

 194 

NOTE: This leaves the inlet/outlet ports in the right position corresponding to the original design. 195 

Shapes may also be added to the periphery of each layer to aid with aligning.  196 

 197 

1.8. Arrange all layers to be cut on the displayed mat. The device is now ready for cutting. 198 

 199 

2. Cutting 200 

 201 

2.1. Apply a single PET/EVA film (or other material) of preferred thickness (3 mil is standard) onto 202 

the adhesive cutting mat. Make sure the adhesive (opaque) side faces up and the plastic (shiny) 203 

side faces down.  204 

 205 

NOTE: Use clean gloves to avoid introducing oils and microparticles to the layers. 206 

 207 

2.2. Flatten the film against the mat (Figure 1D), removing all air that may have been trapped. 208 

This can be done using gloved hands or a roller.  209 

 210 

2.3. Align the edge of the cutting mat to the line indicated on the cutter. Load the mat by pressing 211 

Load Mat on the cutter. Keep the setting on the cutting blade between 3 and 5, depending on 212 

the film thickness. 213 

 214 

2.4. Connect the cutter USB cable to the computer.  215 

 216 

2.4.1. Select the SEND tab and select a cutting setting.  217 

 218 



NOTE: A multitude of settings are available on the cascade menu. The -Sticker Paper, Clear- is a 219 

setting that works well with PET/EVA film that has a thickness of 3–5 mil (75–125 μm). Modify 220 

settings for different materials and save custom settings for future use. 221 

 222 

2.5. Click Send. Cutting will begin (Figure 1E). Make sure there is enough room in the back of the 223 

cutter for the mat to move unimpeded. When the cutter is finished, unload the mat by selecting 224 

Unload on the cutter. Do not pull the mat out before unloading. 225 

 226 

3. Alignment 227 

 228 

3.1. Place the cutting mat next to a clean surface. With gloved hands, use a pair of tweezers to 229 

lift each layer of the microfluidics device off the cut mat (Figure 1F). Be especially careful around 230 

turns and bends in the channel; these are especially delicate and susceptible to tearing and 231 

warping. 232 

 233 

3.2. Place the layers of the microfluidics device onto a clean surface. Order them according to 234 

their top-to-bottom position in the device (Figure 1G, Figure 2A, Figure 5A and Figure 7A). 235 

 236 

3.3. Cut small (~3 mm x 10 mm) pieces of double-sided tape that will be used to temporarily 237 

attach the layers together. 238 

 239 

3.4. Superimpose the layers one by one, starting with the bottom layer. Add a small piece of 240 

double-sided tape to a corner between the layers, away from any channels or inlets/outlets 241 

(Figure 1G, arrow). The tape, although not required, immobilizes the layers and assures they will 242 

not shift during lamination. Use a wire jig to facilitate the alignment of layers in devices with more 243 

than 4 layers (Supplementary Figure 3). 244 

 245 

3.5. Ensure that the adhesive (matte-EVA) side of the film always faces the inside (within-layers 246 

portion) of the device.  247 

 248 

CAUTION: Exposed adhesive will melt against the internal parts of the laminator and adhere to 249 

them, resulting not only in the loss of the device but also affecting the future performance of the 250 

laminator. 251 

 252 

3.6. Once all layers have been superimposed, inspect the device. There should be at least one 253 

EVA side in between all layers, and no EVA should be exposed. When introducing non-EVA coated 254 

materials (e.g., polyvinyl chloride (PVC) film, glass), a film coated with EVA on both sides might 255 

be needed, particularly in the case of more complex devices (Figure 5). 256 

 257 

4. Lamination 258 

 259 

4.1. Turn on and set the laminator to the desired thickness setting. Some laminators offer 3 and 260 

5 mil settings, while some do not. For any device with 4 or more layers, use the 5-mil setting. 261 

 262 



4.2. Once the laminator is ready, run the device through the laminating rollers (Figure 1H–I). 263 

Place the end to which double sided tape has been added for best results.  264 

 265 

NOTE: When fabricating devices of five or more layers, they may be run through the laminator 266 

more than once. 267 

 268 

4.3. Recover the laminated device.  269 

 270 

NOTE: It is advisable for devices to be large enough as to make easy their recovery from the 271 

laminator. This consideration does not affect the size of the channels or chip architecture, it 272 

simply calls for a “frame” that can easily go through the laminator without remaining inside. 273 

 274 

5. Inlet/outlet ports 275 

 276 

5.1. Use a rotary tool and a 1/32 in. drill bit to cut a small hole through the center of a furniture 277 

bumper. Alternatively, use a 1 mm biopsy punch to perforate the bumpers. 278 

 279 

NOTE: A drill press is recommended. Although sizes vary, 2 mm x 6 mm-diameter bumpers are 280 

recommended. Avoid simply “stabbing” the bumper. Unless material is removed, the bumper 281 

will seal again (Supplementary Figure 1). The perforations as indicated above are meant to 282 

interface with polyetheretherketone (PEEK) tubing, a pipette and tip, or a blunt needle (16–18 283 

G). Larger perforations can be achieved using revolving punch pliers (Supplementary Figure 1). 284 

These are useful when the bumper is used as a “reservoir” for liquids or other biologicals.  285 

 286 

5.2. Make sure that the orifice is completely clear by removing any debris (caused by drilling or 287 

punching) with a pair of small tweezers.  288 

 289 

5.3. After the inlet/outlet ports are successfully cleared, carefully align the bumpers with the 290 

inlet/outlet ports on the laminated device (Figure 1J–K). This step is essential to having proper 291 

flow of liquids in and out of the device. Hold the bumper behind the device, position the adhesive 292 

face facing the open inlet/outlet on the device, then align and adhere. Device assembly is now 293 

completed. 294 

 295 

6. Testing 296 

 297 

6.1. Access the channel/chamber architectures through the perforated bumpers (ports). There 298 

are several options regarding how to introduce fluids and biologicals into the devices. 299 

 300 

6.2. Use laboratory or medical/surgical tubing by attaching it to a plastic connector (e.g., Luer 301 

adaptors) or to a blunt needle. A standard pipette and tip or PEEK tubing without adaptors can 302 

also be used (Supplementary Figure 2).  303 

 304 

6.3. Perform infusion or drawing of fluids with syringes and tubing using syringes or peristaltic 305 

pumps.  306 



 307 

NOTE: There are many options in the market, starting at ~300 USD at the time of writing.  308 

 309 

6.4. Set different flow rate settings according to the device and experiment.  310 

 311 

NOTE: We routinely use flow rate settings in the range of 0.01–100 µL/min, but other rates can 312 

be used.  313 

 314 

[Place Figure 1 here]  315 

 316 

REPRESENTATIVE RESULTS: 317 

In addition to low cost and rapid iteration, PETL technology can be easily customized to solve 318 

specific challenges. First, we describe a simple device consisting of a glass coverslip, a chamber 319 

layer, a channel layer, and an inlet/outlet layer (Figure 2). This device was designed to facilitate 320 

the imaging of cells and micro-organs under constant flow. Culture medium is replenished at low 321 

flow rates to encourage nutrient and gas exchange. The round chamber features a glass bottom, 322 

which allows for imaging using an inverted microscope. There are at least two reasons for the 323 

use of glass in this device. The first one is optics. PET and EVA are thermoplastics used for their 324 

optical transparency and flexibility, and can be used as an interface for imaging (particularly at 325 

low magnifications9. Light transmittance of PET in the visible spectrum ranges from 87 to 90%12 . 326 

Glass, however, has better optical properties and is the standard used in biological imaging. The 327 

second reason to use glass is that the cells so far tested (mammalian cell lines), tend to attach 328 

more readily to it than to (untreated) PET/EVA. 329 

 330 

[Place Figure 2 here] 331 

 332 

The dimensions of the channels and chamber in this device are worth describing. Height in PETLs 333 

is always a function of film or layer thickness. Commercially available PET/EVA has a thickness 334 

measured in thousandths of an inch (1 mil ≈ 25 µm). Therefore, channel and chamber heights are 335 

usually multiples of 25 µm. Standard PETLs are built using 3 or 5 mil PET/EVA film, which results 336 

in features having a height of 75 or 125 µm. The device shown in Figure 2 has channels with a 337 

height of 75 µm, and a chamber defined by two layers, with a total height of 150 µm. It should 338 

be noted, however, that layers can be composed of different materials (e.g., glass, foil, PVC, 339 

paper) and can present varying thickness, usually ranging from 25 to 250 µm.  340 

 341 

[Place Figure 3 here] 342 

 343 

The nature of PETL fabrication allows for significant complexity in fluid path design. The simple 344 

chamber device consists of four layers containing features in two levels of the z-axis (channel and 345 

top of the chamber in one level, bottom of the chamber in the second level). An advantage 346 

provided by PETLs is the ease with which 3-dimensional channel/chamber architectures can be 347 

built. Addition of features like cooling or heating channels, dialysis membranes, electrical circuits 348 

or pressure lines (see Figure 5) is achieved by connecting multiple layers in three dimensions. A 349 

caveat so far encountered is the limit on the number of layers that can be laminated. Heat 350 



transfer necessary for EVA curation has been found insufficient in devices with an overall 351 

thickness above 800 µm. This limitation can be addressed in some devices. In many instances, it 352 

is possible to laminate every time a new layer is added. This is not possible when a new layer 353 

requires the thermoadhesive (EVA) to face the outside of the device.  354 

 355 

[Place Figure 4 here] 356 

 357 

The study of cells in culture benefits from tools that provide dynamic state conditions like 358 

constant flow or mechanical stimuli. Figure 3 provides an example in which a mammalian cell line 359 

is cultured and imaged in a simple chamber device. Medium can be constantly exchanged during 360 

imaging, allowing not only for maintaining ideal growth conditions, but also for the controlled 361 

introduction of chemical stimuli while imaging in real time. This is also true for the imaging of ex-362 

vivo micro-organs, as shown in Figure 4. Channel and chamber structures may be designed with 363 

specific dimensions to fit different biological specimens, from organs or tissues to whole 364 

organisms (e.g., Drosophila embryos and imaginal discs or C. elegans).  365 

 366 

[Place Figure 5 here] 367 

 368 

Mechanical perturbation of biological specimens improves our understanding of cellular 369 

physiology and sheds light on processes such as embryonic development and differentiation. 370 

Figure 5 describes a PETL device consisting of a simple channel/chamber array and a compression 371 

chamber. It consists (in its simplest form) of six layers, one of which is a PVC film. The PVC film 372 

deflects when air pressure is applied, causing it to compress specimens within the chamber. This 373 

device is an example of the use of materials other than PET/EVA, and it has been successfully 374 

employed9 in replacing PDMS/glass devices utilized to study mechanical load on Drosophila 375 

micro-organs13 (as shown on Figure 6). PETL devices are reusable. However, because of the low 376 

cost of fabrication, reduced footprint, and the potential for delamination after continuous 377 

manipulation or washing, we recommend the use of new devices at the start of every procedure. 378 

 379 

[Place Figure 6 here] 380 

 381 

Because of the ease of fabrication of PETL devices, we have explored their use in educational 382 

settings like chemistry, biology and engineering classrooms and teaching laboratories. An 383 

example of an educational PETL is shown in Figure 7. The device is designed to display some of 384 

the basic features of fluid flow at the micro scale (e.g., laminar flow). It consists of four layers of 385 

5 mil PET/EVA film (Figure 7A) and a channel architecture that includes three converging input 386 

channels and a serpentine structure. Circular “depressions” or “down” steps have been added to 387 

the path to promote micromixing14. Using a syringe pump, phenol red solution is infused through 388 

the outer ports while pH 9 solution is infused through the center port. Hydrodynamic focusing15 389 

is visualized with the outer fluid flow forcing the inner flow into a smaller stream (Figure 7C). 390 

Laminar flow in the device prevents convective mixing, and gradual diffusive mixing is shown 391 

along the length of the channel (arrows). Devices like the one shown can be used to teach 392 

concepts (e.g., diffusion, laminar flow) in fluid dynamics and biotransport. Alternatively, students 393 



may be invited to design and fabricate their own devices, a project that can be undertaken in a 394 

regular laboratory session lasting two to three hours8.  395 

 396 

[Place Figure 7 here] 397 

 398 

FIGURE AND TABLE LEGENDS: 399 

 400 

Figure 1: Fabrication. (A) An office laminator and a craft cutter are the only two pieces of 401 

equipment required for fabrication. Both are available online or at crafts/office supplies stores. 402 

Other required tools include scissors and tweezers. (B) Channel and chamber architectures can 403 

be composed digitally using any software program that includes drawing tools (vector graphics 404 

may be preferred by some users, but are not required). Lines and shapes are drawn in black with 405 

a white background. The file or a screen capture of the design can be imported into the craft 406 

cutter software by dragging and dropping. (C) Craft cutter software is available free to download 407 

and is required to control the cutter. The software acquires the design and allows for 408 

modifications, like sizing. It also provides drawing tools. (D) The cutting mat carries the film for 409 

cutting. It is slightly adhesive, allowing for immobilization of the materials to be cut. The figure 410 

shows four different materials ready for loading: 3 mil-thick PET/EVA film (top), 5 mil-thick 411 

PET/EVA film (middle), 6 mil-thick EVA/PET/EVA (bottom left) and PVC film (bottom right). (E) 412 

Cutter is open to display blade (in black) unit and loaded mat. (F) After cutting, individual layers 413 

are lifted using tweezers. Cut outs of channels and chambers remain attached to the mat and are 414 

later removed and discarded. (G) Individual layers are aligned and superimposed for lamination. 415 

Small pieces of double-sided tape (arrow) are often used to aid in aligning and prevent layer 416 

shifting during lamination. (H, I) The device is fed at the top of the laminator and recovered 417 

through the slot. Lamination provides a robust seal, leaving channel paths open. (J, K) In order to 418 

access the channels, it is necessary to add perforated, self-adhesive vinyl bumpers. Image in (J) 419 

displays the “reverse” approach for alignment, in which the bumper is placed from the back, 420 

allowing visual alignment of the inlet/outlet with the bumper perforation. 421 

 422 

Figure 2: Simple chamber for inverted microscopy. (A) The device consists of one glass layer and 423 

three PET/EVA layers (3 mil thick). A glass coverslip (24 mm x 60 mm) is the bottom layer. The 424 

next layer features the bottom of the imaging chamber. The next layer features the top-half of 425 

the chamber and connects it to the in/outlet channel. Thus, the height of the channel is only 75 426 

µm, while the height of the chamber is 150 µm. The width of the channel is determined by the 427 

user (500 µm is shown here). The top layer seals the chamber/channel path and provides access 428 

to the inlet/outlets. The superimposed layers are shown to the right. (B) The finished device is 429 

shown infused with red dye for visualization. Loading can be achieved using a micropipette and 430 

tip, laboratory or medical/surgical tubing outfitted with a blunt needle, or PEEK tubing, as shown. 431 

(C) The channel/chamber design can be iterated in one single device (e.g., to facilitate 432 

observation of several individual specimens). 433 

 434 

Figure 3: Cell imaging. (A) The simple chamber PETL can be used for short term culture of 435 

adherent cells. Cells adhere to the glass exposed in the chamber and can be observed using an 436 

inverted microscope. (B) Rat basophils were stained with Hoechst (blue) and plasma membrane 437 



(red) fluorescent dyes for visualization on an inverted confocal microscope. (C) Bright field image 438 

of cells in a simple chamber device. (D) Phase contrast image. White scale bar is 200 µm. 439 

 440 

Figure 4: Micro-organ imaging. (A) The simple chamber PETL is used to image a wing disc of the 441 

embryo of Drosophila melanogaster (2x magnification). The wing disc dimensions are 442 

approximately 90 µm x 250 µm x 500 µm. One or several organs can be imaged through the 443 

coverslip window. Increased magnifications of another wing disc are shown in (B) 20x/0.75-air, 444 

(C) 40x/1.30-oil, and (D)100x/1.49-oil objectives using a spinning disc confocal microscopy. 445 

 446 

Figure 5: Mechano-PETL. The simple chamber PETL is modified by adding a compression 447 

chamber. (A) The device consists of seven layers featuring four different materials: a glass bottom 448 

layer (coverslip, not shown), four PET/EVA 3 mil layers (channel/chamber layers, spacer layer and 449 

inlet/outlet layer), an EVA/PET/EVA 6 mil layer (channel/chamber sealing and PVC adhesion) and 450 

a deformable PVC layer (for compression). (B, C) The specimen channel/chamber path is 451 

visualized using red dye. The compression channel/chamber path contains only air. (D) Air 452 

pressure is manually (or mechanically) applied to the compression path, resulting in the 453 

expansion of the PVC film at the top of the chamber. The expansion displaces the dye in the 454 

chamber. 455 

 456 

Figure 6: Mechanobiology imaging. (A) A DE-cadherin::GFP expressing Drosophila wing disc is 457 

imaged within a mechano-PETL using a spinning disc confocal microscope at 20x magnification. 458 

(B) Pressure through the membrane above the chamber can be applied by actuating an air-filled 459 

syringe manually or using a syringe pump. The ideal gas law is used to estimate the amount of 460 

force applied to the membrane9. Disc pouch area (white dotted line) increased by approximately 461 

30% (red dotted line) with the application of ~4 psi.  462 

 463 

Figure 7: PETLs in the classroom. (A) The device is fabricated using four layers of 5 mil PET/EVA 464 

film. The second layer (from right to left) features circular chambers that will be positioned under 465 

the channel path. (B) The finished device has been loaded with the pH indicator phenol red (2 466 

mM, yellow) and a transparent pH 9 solution (center channel). Phenol red turns magenta when 467 

in contact with basic solutions. The boxes indicate areas shown in (C) through (F). (C) 468 

Hydrodynamic focusing. (D, E) laminar flow and diffusion. (E, F) micromixing. White scale bar is 2 469 

mm in all panels. 470 

 471 

Supplementary Figure 1: Bumper/port perforation. (A) A drill press setup holding a rotary tool 472 

facilitates bumper perforation. Drill bits of sizes 1/32” and 3/64” are used. (B) The process is 473 

efficient, and large numbers of bumpers can be processed in a short amount of time. (C) Biopsy 474 

punch perforation is an alternative to drilling. (D) A revolving punch plier is used for larger 475 

perforations. These perforations can be used to load large specimens (by liquid withdrawal 476 

instead of infusion) or as media reservoirs.  477 

 478 

Supplementary Figure 2: Tubing. (A) Laboratory or medical/surgical tubing (1/32” ID, 3/32” OD) 479 

is the simpler option. It is flexible and easy to cut. It requires the use of (18 G) blunt needles. (B) 480 

One of the needles is attached to the syringe using the (pink) Luer adaptor, which is removed 481 



from a second needle so it can be fitted to the tubing. (C) Researchers already familiar with PEEK 482 

tubing (0.010” ID, 1/32” OD) may use it with PETLs. (D) PEEK fittings. (E) Syringe pump set up is 483 

the same for both types of tubing. (F) Laboratory or medical/surgical tubing set up will require 484 

perforations with a 3/64” drill bit, while PEEK tubing will need 1/32” perforations. Perforations 485 

made with a 1 mm biopsy punch can accommodate both sets of tubing. 486 

 487 

Supplementary Figure 3: Alignment using a wire jig. The design of the device can include 488 

perforations that may serve as guides for the alignment of several layers. Wire jigs are 489 

commercially available for around 20 USD. 490 

 491 

Supplementary Figure 4: Size limitations. Although craft cutters are able to cut straight channels 492 

that are ~100 µm in width (A), the accuracy of the cut patterns is greatly diminished for features 493 

that measure 150 µm or less (B). The dimensions next to the shapes indicate channel width.  494 

 495 

Supplementary Table 1: Time and cost for fabrication of microfluidic chip in PDMS. 496 

*Manufacture time when wafer/mold is readily available and PDMS can be cured using an oven. 497 

Any design modification represents a delay of several days. 498 

 499 

Supplementary Table 2: Time and cost for fabrication of PETL microfluidic chip. 500 

 501 

DISCUSSION: 502 

While microfluidics are increasingly present in the toolbox of laboratories around the world, the 503 

pace of adoption has been disappointing, given the potential for its positive impact16. Low cost 504 

and high efficiency of microfluidic device fabrication are essential to accelerate adoption of this 505 

technology in the average research laboratory. The method described here uses multiple film 506 

layers to create two and three-dimensional devices at a fraction of the time and cost required by 507 

lithographic methods. Standard lithography costs thousands of dollars (USD) to start-up, and 508 

requires days to fabricate, PETL fabrication startup cost is less than 350 USD and devices can be 509 

fabricated in minutes. This facilitates their adoption not only in the research laboratory but also 510 

in settings where rapid iteration is advantageous (e.g., prototyping for standard PDMS devices), 511 

or where the industrial production of inexpensive, disposable devices is required. For example, 512 

PETLs can be fabricated using biodegradable materials, and may be adapted for their use in the 513 

healthcare field, making them ideal as diagnostics tools. They can be used in the classroom, either 514 

as pre-fabricated learning materials or as a creative challenge, in which students design, fabricate 515 

and test their own devices.  516 

 517 

PETL fabrication is meant to be uncomplicated. It is, however, helpful to identify critical steps and 518 

current limitations of this technique. Some users will find that gas exchange in PETL devices is 519 

reduced in comparison to PDMS devices, which is compensated for by having continuous flow of 520 

media during experimentation. Another limitation is sizing. Channels and other features smaller 521 

than 150 µm are below the resolution limit of the cutter (Supplementary Figure 4). We 522 

recommend working with channels with a width in the range of 200–900 µm. These limits are 523 

flexible, and tend to vary particularly at the upper threshold. For example, channels with a height 524 

of 75 µm will collapse when the width of the channel is 950 µm or more, but remain open if the 525 



height increases. Although the architecture of the device will vary according to the application, 526 

we routinely use channels with a height of 75 or 125 µm, and a width of 400–600 µm.  527 

 528 

Attention to detail when aligning layers and bumpers is important. Most of the few complications 529 

arising from PETL fabrication are a result of alignment issues. Exposed EVA at the time of 530 

laminating can adhere to the internal rollers and make them unusable. Fluid infusion may be 531 

blocked by an ill-positioned bumper. Fortunately, PETLs are not only cheap but are also rapidly 532 

built, therefore faulty devices can be easily replaced or modified.  533 

 534 

PETLs can withstand infusion flow rates similar to those used in other microfluidic devices. 535 

Although 0.01 to 100 µL/min is the range used by our group, flow rates of up to 500 µL/min (and 536 

perhaps higher when using hand-actuated micropipettes) can be used. We have found that PETLs 537 

can withstand pressures in the range of 30 to 57 psi8. Syringe pumps are recommended for most 538 

experimental settings, although they are not an absolute requirement. In the classroom, burettes 539 

were used to test student’s devices15. Peristaltic pumps are useful in certain settings like cell 540 

culture, particularly since gas exchange is limited in PETLs. PDMS may be more advantageous in 541 

this regard, although leaching may be a concern5. We have attempted to produce hybrid 542 

PET/EVA-PDMS, yet EVA will not directly adhere to PDMS; it is possible that surface modification 543 

of the latter (e.g., plasma treatment or surfactant treatments) may solve this issue. Another 544 

approach that can be compared to PETLs is the micro machining of channels using CO2 laser 545 

ablation17, 18 of PMMA. We have found that laser cutting is incompatible with PET/EVA film, since 546 

the heat produced tends to cure EVA and to produce uneven channel edges. The use of adequate 547 

laser equipment might also significantly increase fabrication costs.  548 

 549 

In summary, PETLs offer multiple advantages over current technologies: (i) Costs are significantly 550 

lower than traditional methods due to the use of consumer-grade materials and equipment, 551 

making it easily accessible to both researchers and students. (ii) Devices can be designed, cut, 552 

and assembled within minutes, which allows for rapid prototype iteration and facilitates time-553 

effective experimentation. (iii) Multiple devices can be fabricated simultaneously, allowing for 554 

high throughput production. (iv) A variety of materials can be incorporated, adding versatility and 555 

allowing extensive customization. Current and future development of new functionalities using 556 

this technology rests in the creativity and requirements of new users. Wide adoption of PETL 557 

microfluidic devices will likely result in the inclusion of new materials and configurations, as users 558 

develop novel designs and approaches for their particular needs. 559 
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Name of Material/Equipment Company Catalog Number Comments/Description

Biopsy punch (1mm) Miltex 33-31AA
Optional, replaces rotary 

tool set up

Blunt needles Janel, Inc. JEN JG18-0.5X-90
Remove plastic and attach 

to Tygon tubing

Coverslips Any 24 x 60 mm are preferred

Cutting Mat and blades
Silhouette America 

or Nicapa

www.silhouetteamerica.co

m/shop/blades-and-mats
Re-use/Disposables

Double-sided tape Scotch/3M 667
Small amounts, any width 

or brand

PEEK tubing IDEX/any 1581L 

Different configurations 

available. Consider using 

Tygon tubing intead, if not 

already using PEEK

PET/EVA thermal laminate film
Scotch/3M & 

Transcendia

 TP3854-200,TP5854-100 & 

transcendia.com/products/

trans-kote-pet

3 - 6 mil (mil = 1/1000 

inch) laminating pouches 

or rolls.

PVC film - Cling Wrap Glad / Any Food wrapping

Rotary tool-drill Dremel/Any 200-121 or other

1/32 and 3/64" drill bits 

from Dremel 

recommended

Rubber Roller Speedball 4126
To facilitate adhesion, any 

brand will work

Scissors & tweezers Any

Fiskars-Inch-Titanium-

Softgrip-Scissors |Cole-

Parmer –# UX-07387-12

Quality brands are 

recommended
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Silhouette CAMEO Craft cutter Silhouette America 

www.silhouetteamerica.co

m/shop/cameo/SILHOUETT

E-CAMEO-3-4T

Preferred craft cutter

Silhouette Studio software Silhouette America 
www.silhouetteamerica.co

m/software

Controls the craft cutter 

and provides drawing 

tools (free download MAC 

and PC)

Syringe Pump
Harvard Apparatus 

or New Era
70-4504 or NE-300

Pumps are ideal, pipettes 

or burettes can be used.

Syringes Any 1-3mL

Thermal laminator Scotch/3M TL906
Standard home/office 

model

Tygon tubing (E-3603) Cole-Parmer EW-06407-70 Use with blunt needle tips

Vinyl furniture bumpers
DerBlue/3M/ 

Everbilt

Clear, self-adhesive (6 x 2 

mm and 8 x 3 mm)

Round bumpers are 

recommended
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deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Dear Editor:  

 

We would like to thank you and the reviewers for the valuable feedback.  We have revised the 

text to match the formatting and grammatical standards as requested. In particular, we have 

added two SI figures in response to reviewer #1 and two tables to compare fabrication times for 

PETLs to PDMS devices. Furthermore, the results and discussion has been expanded to respond 

to reviewer #2’s comments. Additions are marked in blue text so that they may easily be identified. 

Specific responses are included below. We hope that you will find the updated manuscript ready 

acceptable for publication in JOVE. 

 

Sincerely, 

Jeremiah Zartman 

 

 

Editorial Comments:  

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammatical errors. 

We thank the editor for this comment and have thoroughly proofread the manuscript before this 

submission.  

 

2. Protocol Language: Please ensure that ALL text in the protocol section is written in the 

imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do 

this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may be 

added as a “Note”, however, notes should be used sparingly and actions should be 

described in the imperative tense wherever possible. 

1) Examples NOT in the imperative voice: 6.1,6.2, 6.3, 6.4 

We thank the editor for this comment and have changed the tense of the writing in the protocol 

section as requested.   

 

3. Discussion: JoVE articles are focused on the methods and the protocol, thus the 

discussion should be similarly focused. Please ensure that the discussion covers the 

following in detail and in paragraph form (3-6 paragraphs): 1) modifications and 

troubleshooting, 2) limitations of the technique, 3) significance with respect to existing 

methods, 4) future applications and 5) critical steps within the protocol.  

We thank the editor for this comment and have expanded the discussion section, lines 483 to 

539.  

 

4. Figures: Please reference Supplementary Figs 1 and 2 in text. 

Supplementary Figure 1 is referenced in section 5.1 and 5.2 on lines 264 and 268.  

Supplementary Figure 2 is referenced in section 6.2 on line 287. 

Supplementary Figure 3 has been added and is referenced in section 3.2 on line 232. 

Supplementary Figure 4 has been added and is referenced in the discussion on line 503.  
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5. Commercial Language: JoVE is unable to publish manuscripts containing commercial 

sounding language, including trademark or registered trademark symbols (TM/R) and the 

mention of company brand names before an instrument or reagent. Examples of 

commercial sounding language in your manuscript are Tygon. 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial 

sounding language in your manuscript with generic names that are not company-specific. 

All commercial products should be sufficiently referenced in the table of 

materials/reagents. You may use the generic term followed by “(see table of materials)” to 

draw the readers’ attention to specific commercial names. 

Commercial language of words like Tygon have been replaced throughout the entire document. 

 

6. If your figures and tables are original and not published previously or you have already 

obtained figure permissions, please ignore this comment. If you are re-using figures from 

a previous publication, you must obtain explicit permission to re-use the figure from the 

previous publisher (this can be in the form of a letter from an editor or a link to the editorial 

policies that allows you to re-publish the figure). Please upload the text of the re-print 

permission (may be copied and pasted from an email/website) as a Word document to the 

Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please 

also cite the figure appropriately in the figure legend, i.e. "This figure has been modified 

from [citation]." 

We thank the editor for this comment. All the figures are original to this manuscript. 

 

 

Comments from Peer-Reviewers: 

Reviewers' comments: 

Reviewer #1: 

 

Manuscript Summary: 

The authors proposed and demonstrated a method of constructing multi-layer microfluidics device 

by heat-bonding layers of plastic films. PET films coated with EVA are cut to the designed shape 

and are bonded to form multiple chambers and channels. Other materials, such as PVC film, can 

also be used to construct devices, allowing actuation and (potentially) sealing. The proposed 

method is quicker and cheaper than the conventional way of soft lithography using an etched 

wafer and PDMS. Detailed instructions are given with plenty of demonstrations and examples. 

 

Overall comment: 

The method is promising and has potential in education and research. The versatility and 

scalability distinguish the method from conventional PDMS fabrication. The methods and 

protocols are detailed and easy to follow. I have a few comments that I hope would be 

helpful to the authors. 

We thank the reviewer for this thoughtful commentary and appreciation for the potential of this 

methodological article. 

 

Major Concerns: 



 

1. My major concern is the resolution of the device as the author pointed out in the 

discussion section. Although it is suggested that anything less than 100um should not be 

attempted, I see no detailed discussion supporting that number. I believe a figure 

comparing the design geometry (the CAD file), and the final product at different shapes 

(straight, curved, intersecting channels) and different scale (100um, 1mm, 1cm, etc) 

would be very informative. 

We thank the reviewer for this comment and have included a new Fig. SI 4 that highlights the 

resolution of cutting at different size scales.  

 

2. The proposed method based its merits on exceeding soft lithography in cost and time. 

A table illustrating the time and cost required to make a device using either method side-

by-side would serve as an excellent aid to motivate the proposed method. 

We thank the reviewer for this comment and have included additional tables in the revised 

manuscript. They are included below. The table compares fabrication times for PDMS and PETL 

microfluidic devices.  

 

Supplementary information table 

 

PDMS/Glass-based 
Procedure 

TIME COST 

Mask printing (outsourced) 2-5 days  $50-$100 

Photoresist/lithography 
(outsourced) 

2-14 days $300 - $500 

PDMS pouring/curing 1-2 days $100 (material) 

Bonding 30 minutes - 1 hour $900-$15,000 (equipment) 

Total 0.5* - 22 days $1500 - $16,000 

*Manufacture time when wafer/mold is readily available and PDMS can be cured using an oven. 

 

PETL-based Procedure TIME COST 

Design sizing 5 minutes $0 

Cutting 1 minute $250 (equipment) 

Aligning 5 minutes $2 (tape roll) 

Laminating 10 seconds $35 (equipment) 

Total 12 minutes <$300 

 



3. Based on the previous point, further comparing details would be nice to have. For 

example, what's the bond strength/max pressure? What's the stiffness of the material? 

Optical transparency? Reusability? 

 

We thank the reviewer for this comment and have expanded the results and discussion sections 

to include some of these parameters: 

 

Lines 516-519: PETLs can withstand infusion flow rates similar to those used in other 

microfluidic devices. Although 0.01 to 100 µL/min is the range used by our group, flow 

rates of up to 500 µL/min (and perhaps higher when using hand-actuated micropipettes) 

can be used. We have found that PETLs can withstand pressures in the range of 30 to 57 

PSI8.  NOTE: we have measured the burst pressure empirically using nitrogen gas.  

 

Lines 303-306: There are at least two reasons for the use of glass in this device. The first 

one is optics. PET and EVA are thermoplastics used for their optical transparency and 

flexibility, and can be used as an interface for imaging (particularly at low magnifications). 

Light transmittance of PET in the visible spectrum ranges from 87 to 90% (REF Oya et 

al.). Glass, however, has better optical properties and is the standard used in biological 

imaging. 

 

Lines 356-358:  PETL devices are reusable. However, because of the low cost of 

fabrication, reduced footprint, and the potential for delamination after continuous 

manipulation or washing, we recommend the use of new devices at the start of every 

procedure. 

 

4. Although the proposed method is intended to replace PDMS as a low-cost low-

turnaround solution, there might be opportunities in integrating PETL with PDMS, since 

PDMS is still the go-to material in microfluidics. Please comment on whether it is possible 

to bond PDMS to the PET/PVA films. 

 

We thank the reviewer for this comment and have acknowledged that it is possible to integrate 

PDMS into the PETL platform with surface modifications. Lines 520-526 have been reproduced 

below.  

“We have attempted to produce hybrid PET/EVA-PDMS, yet EVA will not directly adhere 

to PDMS; it is possible that surface modification of the latter (e.g. plasma treatment or 

surfactant treatments) may solve this issue.16, 17 
 

Minor Concerns: 

 

1. (Section 1.3) I believe a vector graphics software (instead of any software) should be 

used and therefore should be mentioned.  

 

We thank the reviewer for this comment and have modified the text. Any graphics software is 

compatible with the silhouette software used for cutting, vector graphics are useful although not 



necessary. Although there are advantages (e.g. management of dimensions) in the use of vector 

graphics, a) features are imported properly by the craft cutter software without the use of vector 

graphics and b) not every researcher has access to vector graphics software. 

 

Lines 383-385: Channel and chamber architectures can be composed digitally using any 

software program that includes drawing tools (vector graphics may be preferred by some 

users, but are not required). 

 

2. (Section 3.3-3.4) Another way of (more accurate) alignment is to cut out >2 small holes 

in all the layers and then insert metal pins to align the films. 

We  have included an SI figure (Fig. S4) that shows how one could use a wire jig to aid in aligning 

layers of the device.  

 

3. (Section 4) It is unclear what's the drawback of laminating layer-by-layer vs laminating 

all layers at the same time. Laminating layer-by-layer might address the concern at line 

335 on the limitation on device thickness. Please comment. 

We thank the reviewer for this comment and have included that devices may be laminated layer 

by layer, unless an EVA layer faces outward, which will damage the laminator. Lines 332-334 are 

reproduced below:  

 “In many instances, it is possible to laminate every time a new layer is added. This is not 

possible when a new layer requires the thermoadhesive (EVA) to face the outside of the device.”  

 

4. (Section 5.3) Can be avoided by using a puncher instead of a drill. In fact, the authors 

pointed the option of using a puncher in other places such as the supplementary figures. 

Please comment. 

 

We thank the reviewer for this comment and have included clarification in the text that debris can 

occur due to either drill or punching. Also, biopsy punches used for small perforations lose 

sharpness quickly and are not cheap to replace. They are certainly an alternative, although we 

prefer the rotary tool.  

 

 Lines 261-272 are reproduced below:  

 

“5.1 Use a rotary tool and a 1/32” drill bit to cut a small hole through the center of furniture 

bumpers. A drill press is recommended. Although sizes vary, 2 mm x 6 mm-diameter 

bumpers are recommended. Alternatively, use a 1 mm biopsy punch to perforate the 

bumpers. Avoid simply “stabbing” the bumper. Unless material is removed, the bumper 

will seal again (Fig. S1).  

 

5.2 The perforations as indicated above are meant to interface with polyetheretherketone 

(Peek) tubing, a pipette and tip, or a blunt needle (16-18G). Larger perforations can be 

achieved using revolving punch pliers (Fig. S1). These are useful when the bumper is 

used as a “reservoir” for liquids or other biologicals.  

 



5.3 Make sure that the orifice is completely clear by removing any debris (caused by 

drilling or punching) with a pair of small tweezers.” 

 

 

Reviewer #2: 

 

This article presented the overall workflow for the fabrication of model PETLs chips with different 

levels of complexity. The first device is used to facilitate imaging of cells and micro organs in a 

small chamber. The second, more complex device consists of several layers and materials, and 

is used for research in mechanobiology. Lastly, they built a device that displays several fluid 

dynamics concepts for educational purposes. 

 

It can be accepted after some minor revisions: 

 

1. There are quite few spelling mistakes and sometimes sentences do not make sense. 

Please improve English. 

We thank the reviewer for the observation. We have copy edited the manuscript and have 

improved the writing.  

 

2. Avoid using "simple". 

We have altered the description to reduce usage of the word “simple.” However, the method is 

much more simple than standard photolithography methods, so we have not completely 

eliminated this apt description of the method. 

 

3. Please give the performance parameters of PET, as well as the manufacturer. 

We have listed the manufacturer as requested, and although they have declined to provide us 

with more information, we have now added some of the known PET and EVA parameters to the 

text. Please see lines: 304-307 and 516-519. 

 

4. It is a suggestion to increase author's analyzed and compared information to provide 

reader deeper content and direction in the research field. 

We thank the reviewer for the suggestion. We have expanded the discussion and added 

additional tables that compare the fabrication methods of PETL and PDMS based devices. See 

supplementary tables, reproduced in Major comment #2 for Reviewer 1.  

 

5. Critical commentary is needed from the author who eventually recommends directions 

for further research. 

We thank the reviewer and have expanded the discussion section of the paper to include critical 

commentary (Lines 503-506, 521-529) as well as future research directions (Lines 538-543).  

 

6. This work has cited lots of valuable publications, however, some recent related 

references should be cited as: 

 



Rapid prototyping of whole-thermoplastic microfluidics with built-in microvalves using laser 

ablation and thermal fusion bonding. Sensors and Actuators B: Chemical, 2018, 255: 100-

109. 

 

CO2 laser ablation of microchannel on PMMA substrate for effective fabrication of 

microfluidic chips. International Polymer Processing, 2016, 31(2): 233-238. 

 

Rapid fabrication of a four-layer PMMA-based microfluidic chip using CO2-laser 

micromachining and thermal bonding. Journal of Micromechanics and Microengineering, 

2016, 26(10): 107001. 

 

Hydrophilic surface modification of PDMS for droplet microfluidics using a simple, quick, 

and robust method via PVA deposition. Microsystems & nanoengineering, 2017, 3: 16091. 

 

Using orthogonal experimental method optimizing surface quality of co2 laser cutting 

process for PMMA microchannels. International Journal of Advanced Manufacturing 

Technology, 2017, DOI: 10.1007/s00170-016-8887-7. 

 

We thank the reviewer for pointing out these additional references, which we have included in the 

manuscript: 

 

Lines 530-533: “Another approach that can be compared to PETLs is the micro machining 

of channels using CO2 laser ablation16, 17 of PMMA. We have found that laser cutting is 

incompatible with PET/EVA film, since the heat produced tends to cure EVA and to 

produce uneven channel edges. The use of adequate laser equipment might also 

significantly increase fabrication costs”. 
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Procedure

TIME COST

Mask printing (outsourced) 2-5 days  $50-$100

Photoresist/lithography (outsourced) 2-14 days $300 - $500

PDMS pouring/curing 1-2 days $100 (material)

Bonding 30 minutes - 1 hour $900-$15,000 (equipment)

Total 0.5* - 22 days $1,500 - $16,000

PDMS/Glass 
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Procedure

TIME COST

Design input/sizing 5 minutes $0

Cutting 1 minute $250 equipment $10 material

Aligning 5 minutes $2 (roll of double sided tape)

Laminating ~10 seconds $35 (equipment)

Total 12 minutes $300

PETL
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