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ABSTRACT
Microfluidic devices have become staple tools in biomedical research and have a promising
future as low cost, point-of-care (POC) diagnostic devices. Despite the advancements in
microfluidic device technology, the manipulation and fabrication of these systems can be tedious
and expensive. Repeatable techniques in which computer-aided designs are translated into
microfluidic systems in a matter of minutes are highly desirable both for researchers and
manufacturers. Laser ablation of tape substrates has shown promise in producing cost-effective,
rapidly manipulable devices, but the work done thus far has utilized continuous wave lasers that
perform suboptimally due to the relatively short wavelengths used and the introduction of joule
heating. There is a well-established need for a cost-effective rapid prototyping method for these
devices in biomedical research and for clinical applications. Thus, the goal of this project was to
fabricate microfluidic devices with drastically increased resolution by using a pulsed
femtosecond laser operating at wavelengths in the near ultraviolet, visible, and near infrared
spectra. Thus far, we have successfully developed a laser ablation platform and demonstrated
effective ablation of substrates with a consistent resolution as high as 80 µm. However, we have
not discovered a method to remove the soot deposition created in the ablation process. Multiple
avenues were explored for addressing this issue but none were fruitful.

Page 3 of 37

mm1@mmfluidics.company.com
(318) 880-3643

1. PROBLEM DEFINITION
Microfluidics is the science of manipulating volumes of liquid on the microliter scale
using channels, mixers, valves, and other microscale structures. The field is inherently
interdisciplinary; it is comprised of a coalescence of biology, chemistry, physics, and
nanotechnology. Microfluidic devices offer a multitude of advantages for low-cost, pointof-care (POC) testing compared with conventional diagnostic tools. These devices are
advantageous due to reduced spatial footprint, material costs and test times; they tend to
produce improved analysis resolution and sensitivity and exhibit low Reynold’s number
flow capabilities. The scale and benefits of microfluidics has led to its use in a number of
biological and chemical applications. Microfluidics has the potential to serve as the holy
grail of medicine in undeveloped countries, but it also brings convenience, accuracy, and
time-saving capabilities to researchers and physicians in well-funded settings. For
instance, the Xpert MTB/Rif assay is a point of care microfluidic device used to analyze
sputum samples of tuberculosis patients. The Xpert MTB/Rif uses nucleic acid
amplification tests to determine the presence and drug resistance of Mycobacterium
tuberculosis within 2 hours [1]. Moreover, the mChip, a device created to test whole
blood for HIV and syphilis in Rwanda, costs about 10 cents per chip and gives a 94-99%
accurate diagnosis in 15 minutes [2]. More recently, organ-on-chip (OOC) platforms
have provided researchers with opportunities to examine whole organ systems in vivo.
These systems are comprised of continuously-perfused cell-culture prototypes at the
tissue or organ level [3]. OOC’s allow for the close examination of organ physiology,
disease pathogenesis, and the the complex interactions occurring at the interface of
multiple organ systems [3]. Additional microfluidic assays include: chemical separations,
drug-development screens, chemical syntheses, molecular biology assays, and many
more [4]. Despite the numerous advantages of microfluidic devices, limitations exist in
the current methods of fabrication and the established materials in the field. To the best of
our knowledge, there is no rapid prototyping method capable of high resolution (<50
µm), repeatability, and optical transparency.
Inorganic materials such as glass and silicon were utilized as the first microfluidic
conduits. Glass is advantageous due to its optical transparency, high thermal
conductivity, and stable electroosmotic mobility. Despite such advantages, glass has a
much higher cost per unit than other materials, lacks gas permeability for biological
samples, and requires protective facilities for bonding the chips. To overcome the
limitations of inorganic materials, polymer-based chips were introduced.
Polydimethylsiloxane (PDMS) has become a popular elastomer used for microfluidic
device fabrication, as it is inexpensive, optically transparent, gas permeable, and easy to
manipulate. However, manipulation of the PDMS master mold is an expensive and
tedious process. PDMS chip fabrication can be simplified using a 3D printer, however,
most printing devices are limited to ~100 µm resolution. Microfluidics research is being
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directed towards the development of inexpensive, more commercially applicable devices.
Paper has been identified as a promising microfluidic conduit due to its wicking
properties, capillary flow, and operational autonomy from external filters and power
sources. Unfortunately, paper can only achieve chromatographic detection methods and
requires a specialized printer for patterning [5]. Inexpensive materials capable of
numerous detection methods and rapid device fabrication must be identified in order
maximize the benefits of microfluidic devices.
2. PROBLEM SOLUTION
Limited yet promising research has shown the viability of double-sided tape as a
microfluidic conduit [6][7]. Double-sided pressure-sensitive tapes have been shown to be
simple, reliable, and biocompatible microfluidic substrates. Patko et al. used a CO2 laser
to ablate optically transparent double-sided tape. Patko et. al fully integrated 24
microfluidic devices with 100 µm resolution over a 3 minute period at ambient
temperature. They were able to integrate planar optical waveguide-based sensor chips to
follow surface adsorption of proteins and measure the refractive index of aqueous
solution in the channel [6]. Similarly, Khashayar et. al were able to show the inexpensive,
reliable, and rapid fabrication of a double-sided tape-based microfluidic device. Their
results can be seen in figure 1. They fabricated 100 µm resolution device in 10 minutes.
Khashayar et. al were able to validate the mechanical stability and flow characterization
of samples through a double-sided tape microfluidic channel [7].

Figure 1. Cross sectional images of CO2 laser ablated microfluidic channel as achieved by Khashayar et.
al. (2017). (a) Height of 100 µm channel before bonding of cyclic olefin copolymer (COC) coverslip. (b)
Fully fabricated microfluidic device with double-sided tape substrate and COC base/cover [7].

The goal of our project was to improve upon Patko’s and Khashayar’s results,
incorporating elements from Suriano’s femtosecond work, and optimize the ablation of
double-sided, biocompatible tapes for microfluidic chip fabrication. A femtosecond laser
and focusing lens were used to improve channel resolution by taking advantage of the
reduction in focal spot size and Joule heating compared to continuous wave lasers, as
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seen in figure 2. Similar fabrication times were achieved using a linear motion system to
ablate the tape, and enveloping the double-sided tape within a glass base and polymethyl
methacrylate (PMMA) cover slide. The influence of laser power and translational speed
on the resulting ablation profile were studied. The biological compatibility and
mechanical stability of the chip were then assessed.

Figure 2. Schematic of difference between long-pulse and femtosecond laser ablation. As seen above, the
femtosecond laser (right) theoretically introduces no heat and thus, improves spatial resolution. Image
adapted from [9].

Other solutions to improving and optimizing microfluidic chip fabrication include 3D
printing, the exploration of a wider array of substrates, and the introduction of more
robust etching mechanisms. Double-sided tape is an optimal substrate due to its capacity
for ablation and its simplicity in fabrication. Unlike soft lithography, which requires the
use of a plasma cleaner to bind PDMS to its cover, the tape adhesive is the only bonding
mechanism required for device fabrication. Other polymers could be tested for ablation,
but fabrication using chemical bonding would be more difficult and expensive. A glass
slide was selected as the base of the microfluidic due to its optical transparency and
mechanical stability. A PMMA slide was selected as the cover of the microfluidic device
due to its optical transparency and malleability. One other novelty of the design is its
reusability. Methyl ethyl ketone (2-butanone) can be used to degrade the adhesive of
double-sided tape. By removing adhesive, the glass and PMMA slides may be reused
with new, inexpensive double-sided tape substrate. If desired, the device can also be left
intact and used multiple times. The ablated substrate will be disposable to allow for
inexpensive, rapidly adaptable microfluidic devices.
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Ablating the tape manually was considered, but Suriano et al. demonstrated that
increasing linear velocity of the substrate during ablation improved channel uniformity
[8]. The linear motion system improved channel resolution by moving the substrate at a
rapid, constant rate. A burst test, peel test, and absorbance assay are considered
respectable indicators of chip viability and thus were incorporated into planning at the
beginning of the project. However, after demonstrating successful ablation, efforts were
targeted at achieving optical transparency so flow testing was performed to demonstrate
viability.
3. GOALS AND OBJECTIVES
3.1 Develop laser ablation stage and use it to identify the optimal polymer (of 5) for femtosecond
laser ablation.
3.1.1 Use femtosecond pulses to ablate 5.0 x 104 µm long, 100 µm wide microchannel in
each of six polymers of interest at five different wavelengths between 750 nm and 1080
nm, defining optimal wavelength for each polymer.
3.1.2 Produce a microchannel in polymers of interest in which the microchannel width at
each point falls within 5% of the mean width.
3.1.3 Select polymer for further testing based on preliminary results; use said polymer to
achieve horizontal plane resolution of 20 µm abiding by same threshold outlined in
objective 3.1.2.
3.2 Manufacture an affordable, easily modifiable microfluidic device that maintains
biocompatibility and mechanical stability throughout various validation tests and biological
assay.
3.2.1 Create microchannels with diameters varying from 20 µm to 150 µm on each tape
and perform fluorescein absorption assays with 1% fluorescein. Quantify the
corresponding fluorescent channel diameter to validate the optimum substrate.
3.2.2 Increase translational slide speed by 0.1 mm/s increments to determine optimum
speed for device fabrication.
3.2.3 Perform burst flow tests on completed chip to determine maximum flow rate and
pressure and achieve flow rate of 5 µL/min prior to seal failure.
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4. METHODOLOGY
For the first four months of this project, the focus was on creating a laser ablation system.
This included identifying a cost-effective solution comprised of devices that were already
in the lab or that could be borrowed from others within the confines of the budget. We
identified a syringe pump as a potential source of controlled linear motion, but after
comparing the capabilities of those readily available, it became apparent that we would
only achieve horizontal motion at roughly 0.5 mm/s, which is relatively low compared to
experiments done previously [6][7]. We then moved on to the next possible option, which
was a Yaskawa servo motor integrated into a peristaltic pump. We decided to
disassemble this device and use the servo motor to drive a translational stage.
After wiring the motor amplifier and learning how to drive the motor, we explored
multiple linear stage options, the first two of which were insufficient in providing precise
movement. After scrapping these devices, we finally decided on purchasing the Misumi
stage mentioned later in this report, which is capable of achieving micron-level spatial
resolution. We explored multiple options for coupling this stage to the Yaskawa motor.
First, we coupled them directly using a set screw to attach the servo drive axis directly to
the axis of the Misumi stage. Both the motor and stage were fixed at their bases,
however, so the carriage of the stage experienced significant out-of-plane motion. We
purchased rubber tubing and connected the two axes as seen in Figure 3. This solution
drastically reduced the out-of-plane motion and allowed us to achieve consistent uniaxial
movement and, eventually, ablation. A more detailed synopsis of these devices and the
methods used to reach our final result are given below.
4.1 MOTOR AND STAGE SELECTION
4.1.1 Running the Yaskawa Motor
The Yaskawa servo motor is controlled manually with axial button controls. The motor is
connected to an amplifier or motor interface allowing control of output speed and the
direction of rotation as shown in Figure 3. Specifically the jog function was used to
control the speed of rotation as indicated by the amplifier panel display in Figure 3. The
input speed for the jog function is roughly 50 times more than the output speed. For
instance, if the jog speed is set to 1000 rpm there will an output of 20 rpm.
4.1.2 Coupling of Stage and Servo Motor
The servo motor was coupled to a linear actuator and the setup was used to ablate
microchannels into double-sided adhesive. The initial device was composed of an
actuator with spring loaded sliders that moved along a single rod as the motor spun.
Multiple issues with the setup including actuator rotation, loose rod end pieces, and
distortion of the bar prompted a more accurate stage. A Misumi uniaxial dovetail slide
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coupled to the servo motor is the current setup for the ablation stage. The stage and motor
are coupled by rubber tubing and a screw which eliminates any wobbling from the
previous setup. The slide has two linear guides to prohibit slide rotation and slipping. The
system can achieve consistent linear motion up to 3.0 mm/s.

Figure 3. Bird’s-eye photograph of ablation platform. The system consists of a servo motor coupled to a
linear dovetail slide using rubber tubing (red). Directly above, the beam encounters an objective lense on a
separate slide which allows us to manipulate the focal distance.

Figure 4. Photograph of Yaskawa Servo Motor, Stage, and Amplifier. (A) The motor and dovetail slide
setup show that the stage can move left and right along the screw. To combat the difficulty of aligning the
slide and motor, rubber tubing a screw were used as the coupling. (B) The power source and amplifier
allow control of speed and direction of stage movement. The jog mode is indicated in the display.

Page 9 of 37

mm1@mmfluidics.company.com
(318) 880-3643

4.2 FEMTOSECOND LASER
4.2.1 Laser Procedures and Setup
A Coherent Chameleon Ultra II femtosecond laser was used to ablate two crossing
channels into adhesives for use in a microfluidic device. The laser operates at
wavelengths of 680-1080 nm and the beam has a pulse width of 140 fs. The laser has a
repetition rate of 80 MHz and has an average maximum power of 3.5 W. Figure 4
displays the laser path from main table to ablation table. The beam will be reflected off
mirrors and passed through a focusing lens to ensure enough laser power at the point of
ablation. The stage and adhesive will rest under the focusing lens as shown in Figure 5.

Figure 5. Schematic of entire Laser Path. (A) The laser beam begins at the Coherent Chameleon II
apparatus and reflects off four mirrors. On the last mirror, the beam is directed to the left. (B) The beam
then travels through a power adjuster and hits the last mirror on the main table. The beam is directed
towards the ablation table on the left where the tape substrate will be positioned.
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Figure 6. Photograph of ablation setup and laser path on the ablation table. The laser beam passes through
the shutter from the main table and reflects off two fixed mirrors. The mirror above the stage is angled to
direct the beam towards the stage. The beam then passes through the lens and ablates the tape substrate.
The lens holder can be moved up and down to adjust for the focal point.

4.2.2 Justification of Femtosecond Laser
Laser ablation of polymers has proven to be a quick method for microfluidic device
fabrication. CO2 lasers have shown the effectiveness of laser ablation but have only
produced resolutions as high as 100 µm. A femtosecond laser and a focusing lens will be
used to achieve an optimal resolution of 20 µm which will improve the resolution of laser
fabricated microfluidic chips.
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4.3 ABLATION PARAMETERS
Wavelengths used for tape ablation ranged from 750-1080 nm and the average power
ranged from 0.25-0.62 W. Initially 680 nm was included in the wavelengths to test, but
limitations in laser safety eyewear prohibited testing the entire 680-1080 nm spectrum of
the laser. The long channel was approximately 5-5.5 cm in length and the shorter cross
channels were 1-1.5 cm as depicted in Figure 5. Both channels were initially created with
a resolution of around 100 µm. Resolution improved by tuning the laser parameters,
velocity, and focal distance.. The optimal linear speed for microfluidic device fabrication
using a femtosecond laser was determined by increasing the linear speed of the stage by
0.1 mm/s.

Figure 7. Rough schematic of the tape after laser ablation (Creo Parametric). All measurements shown are
in mm. This sketch pertains only to the double-sided adhesive, which after ablation will be placed between
a glass slide and a plastic cover slide. All well diameters are 1.0 mm and channel widths are 50 µm. The
centers of the wells are marked by the brown lines.

4.4 DETERMINING SUITABLE ADHESIVE
4.4.1 Absorption Test
An ideal microfluidic chip would have no absorption of fluids or solids. Performing
absorption tests on the adhesives helps determine which double-sided tape would be
appropriate for microfluidic applications. Fluorescent microscopy using fluorescein was
be used to image the microchannels. The concentrations of fluorescein rangee from 20
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µM to 20 mM and each channel was exposed for 5-10 minutes. Measurements were not
quantified as we did not achieve optical transparency.
4.4.2 Burst Test
The flow rate at which the microfluidic device fails is a crucial metric when marketing
this device and similar ones. This is the point at which an increase in flow rate will cause
a separation of the substrate and any components it is adhered to. Bursting causes
massive geometry changes and can completely deplete the efficacy of the device if
bursting occurs at flow rates below that which is desired. To test this, the device is
subjected to an increasing flow rate via inlet and outlet vessels; liquid is supplied via a
syringe pump. The flow rate is increased, beginning at 500 µL/min and rising to a desired
value of 5.0 mL/min due to its prevalence in literature [5]. The point at which adhesion is
lost will be noted and five trials will be performed for each respective microfluidic
system. Again, this validation test is necessary, but only once the chip is optically
transparent. Thus, burst testing was not performed on any ablated chips.
4.4.3 Automated Channel Uniformity Measurements
Attempts were made to use MATLAB image processing capabilities to measure the
quality of ablated channels. An example of a brightfield image can be seen in Figure 7A
below. The image was converted into a matrix using the MATLAB “imread” function.
Using the MATLAB “double” and “mat2gray” functions, the image was converted to
grayscale with all pixel values between 0 and 1. An empirical pixel threshold of 0.08 was
determined to be the cutoff value for black and white masking. Every pixel with a value
above 0.08 was set to white and below 0.08 was set to black using the “imbinarize”
function. By taking the complement of the mask, the channel became a single, white,
connected object (Fig. 7B). The MATLAB “regionprops” function was utilized to
quantify the area of each “object” in the image. Objects below an area of 16000 pixels
and above 23000 pixels were set to black, successfully excluding “objects” that were not
the channel (Fig. 7C). A skeleton of the channel was acquired using the “skel” string
associated with the MATLAB “bwmorph” morphology function (Fig. 7D). The skeleton
was expected to be a single line going through the center of the identified channel. The
perimeter of the channel was acquired using the MATLAB “bwperim” function (Fig. 7E).
Interior holes in Fig. 7E were removed using the “noholes” string, however, it is not
pictured. The X and Y values for each point on the perimeter and skeleton were acquired
using the MATLAB “bwboundaries” function. Ideally, the distance between each point
on the perimeter and each point on the skeleton could have been acquired. Summing the
two smallest distances for each center point would be the diameter of the channel at that
point. The skeleton having vertical extensions did not allow for these measurements to be
feasibly acquired. Attempts to get a single point on the center line for each Y-coordinate
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were made, however, they were unsuccessful. Given the scope of the project, nonautomated measurements using ImageJ were determined to be sufficient.

Figure 8. MATLAB image analysis pipeline. (A) Original 20X magnification image of channel used for
image analysis development. (B) Black and white masking of original image with an empirical threshold
set at a pixel value of 0.08. (C) Identification and object exclusion by area to identify channel. (D) Channel
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skeleton identified by MATLAB “skel” morphology function. (E) Channel perimeter identified by
MATLAB “bwperim” function.

4.4.4 Manual Channel Uniformity Measurements
ImageJ was utilized to make manual width measurements along the length of imaged
channels. Images were opened in the ImageJ toolbar. A line was drawn on the burnt-on
scale bar to measure the length in pixels for 100 µm. Using the “Analyze” tool and “Set
Scale” sub-selection, the scale could be set and applied globally to all images. It was
determined that in 20X, 100X, and 200X magnification images, the scales were 0.11
µm/pixel, 0.78 µm/pixel, and 1.56 µm/pixel, respectively. The line tool was used to
measure the width of the channel from edge to edge. Measurements were taken every 200
µm, 100 µm, and 25 µm for 200X, 100X, and 20X magnification images respectively.
Using these approximate distances between measurements, 30 near random data points
were taken along the length of each channel. The width of each channel was determined
from 20X images, as that magnification included the greatest amount of channel. 100X
and 200X magnification images were used to qualitatively analyze channels and to
quantitatively analyze small sections of interest. Channel width measurements were
exported into EXCEL to acquire mean channel width and sample standard deviation.
Channels with lower mean channel width were determined to be higher resolution.
Channels with a lower standard deviation were determined to show greater uniformity.
4.5 LINEAR CHRONOLOGICAL METHODOLOGY
The experimental steps for the methodology of this project can be more clearly seen
below:
4.5.1 - Goal 1 - Identify optimal polymer for surface ablation via femtosecond laser pulses
through initial testing of all selected polymers.
1. Couple servo motor and linear stage and perform movement analysis with slow motion
camera to visualize any rotation or movement that is off-axis.
2. Cut three 6.0 cm x 1.0 cm samples of each tape and mount on stage for surface ablation
3. Direct fs laser at a focal point and move stage via Servo motor at 1.2 mm/s for 42
seconds to achieve a 5 cm x 100 µm channel. Repeat at 680 nm, 800 nm, 880 nm, 980
nm, and 1080 nm wavelengths at a laser power ranging from 500 mW to 1.5 W.
4. Image the microchannels under optical microscope in the lab for statistical analysis.
5. Quantify channel uniformity using MATLAB image processing to determine the length
between each antipodal point across the channel.
6. Perform statistical analysis to identify optimum polymer/wavelength pair for use in a
microfluidic device and optimize channel width using optical lenses and mirrors.
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4.5.2 - Goal 2 - Manufacture an affordable, easily modifiable microfluidic device that
maintains biocompatibility and mechanical stability throughout various validation tests and
biological assays.
1. Manually adhere substrate to glass slide base and silicon-based cover slide using the
adhesives with varying channel diameters.
2. Measure and compare channel diameter with imageJ and MATLAB analysis.
3. Compare channel diameter with and without a fluorescein solution using fluorescent
microscopy. Conduct absorption tests on each tape using 20 µM to 20 mM concentrations
of fluorescein. Determine which tape is appropriate for microfluidic device fabrication.
4. Perform a burst test by pumping phosphate buffered saline from 500 µL/min – 5.0
mL/min through the microfluidic device. Determine the burst pressure by recording
maximum internal pressure prior to seal failure.
5. Using a fluorescein assay achieve a maximum absorption of 5% of FITC-BSA. Achieve a
maximum adsorption to the channel walls of 1% of FITC-BSA. Differing concentrations
of BSA solution will be used to determine the validity of the microfluidic device.

5. RESULTS
5.1 PRELIMINARY EXPERIMENTS
Absorption tests were conducted on the five tapes: AR Care 92712, AR Care 90445, AR
Seal 90880, Uline double-sided film tape, and polyester double-sided tape from Grainger.
Each tape is composed of different acrylic adhesives, which were tested for viability in
microfluidic chip fabrication.
The tapes were cut with an average channel width of 132 µm using a blade. A glass slide
was adhered to one side of the tape and the channels for each tape were flooded with 20
mM fluorescein solution. After five minutes the channels were washed with phosphatebuffered saline (PBS) to remove excess fluorescein. The diffraction gratings used for
fluorescent light detection had specifications of 1200 lines/mm at 633 and 785 nm and
1800 lines/mm at 514 nm. Emission spectra were detected from 590-680 nm. Under
microscope viewing the Adhesives Research tapes were determined to be viable for
microfluidic device fabrication based on absorption assays (Figure 8). These tapes will be
further tested with thorough absorption assays including different fluorescein exposure
times and altering concentrations of fluorescein.
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A

B

Figure 9. Fluorescein absorbance assay. (A) Washed AR Care 92712 tape channel after 5 minutes of
saturation with 20 mM fluorescein solution. (B) Washed Uline Double-sided Film tape channel after 5
minutes of saturation with 20 mM fluorescein solution.

The mirror orientation was completed using an 805 nm multiphoton beam and the power
was adjusted to improve the beam travel distance. The beam was not powerful enough to
ablate tape after the setup so appropriate lenses and mirrors are required for improving
the beam power at the focal point. The new linear stage was coupled to the motor and
will achieve a desired linear speed of 1.2 mm/s.
5.2 CURRENT RESULTS
AR Care 90880 has been successfully ablated at powers ranging from 250 mW to 620
mW. The upper power limit has been set at 620 mW due to our preliminary findings and
the limitations of the laser equipment; we found that above 620 mW the achievable
resolution of the ablated substrate was below our desired resolution, so no tests were
performed above 620 mW. The channel walls are still heterogeneous during one run with
the laser with evidence of burning. At 250 mW an xy-plane channel resolution of ~40 µm
was achieved. This channel can be seen in Figure 9. Experiments were performed at
various laser powers in which the laser was allowed to run over the channel one to four
times, creating a uniform channel that still exhibited burning characteristics. The burning
discussed throughout this paper can be seen easily in Figure 10. At powers between 200450 mW, for unknown reasons, certain portions of the area of interest are ablated without
any sign of burning or soot deposition.
The burning produced during the ablation process was caused by soot deposition on the
walls of the channel, and in some cases it was caused by incomplete ablation of the
polymer within the microchannel. Heat deformation affected the microchannel walls
causing plastic deformation and incomplete burning that lead to soot deposition.
Images have been taken for each microchannel utilizing a light microscope and the
channel width was quantified using ImageJ. Currently the highest resolution we have
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achieved is ~40 µm with periods of ablation without burning.

Figure 10. Brightfield image of ablated microchannel. Ablation was performed at a power of 250 mW,
speed of 0.4 mm/s, and wavelength of 800 nm. Using ImageJ, the average diameter of the channel is 38.9
µm.

A

B

Figure 11. Brightfield images comparing clear slide versus ablated channel to show burning. (A) – a
Kimwipe was placed behind a glass slide and image was taken using inverted microscope. (B) – a similar
setup was used to image a glass slide with ablated substrate adhered to its surface. Black line in middle of
channel is clearly opaque as the white Kimwipe can not be seen at all in this region.
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Figure 12. Comparing mean channel width and laser power with λ = 800 nm, varying linear stage speeds
(v), and varying the number of ablation times.

Figure 13. Cross-sectional image of femtosecond laser ablated channel. AR 90880 tape ablated with 350
mW power, 800 nm light, and 0.5 mm/s linear stage speed.
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5.2.1 Effect of Linear Stage Speed on Ablated Channels
The effect of linear stage speed was identified early as an important parameter for
optimizing microfluidic channel fabrication. Suriano et al. (2011) identified that higher
linear stage speeds resulted in narrower channels when various polymers were ablated.
Experiments were conducted by varying linear stage speed and power. Laser wavelength
(λ = 800 nm), the absence of a liner, and the number of passes over the channel (1) were
held constant. Substrates were ablated with a linear stage speed of 1.5 mm/s at 345 mW
(Fig. 14), 430 mW (Fig. 15), 720 mW (Fig. 16), and 1230 mW (Fig. 17). Substrates were
also ablated at 0.5 mm/s at 250 mW (Fig. 18), 300 mW (Fig. 19), 350 mW (Fig. 20), 395
mW (Fig. 21), 485 mW (Fig. 22), and 550 mW (Fig. 23). Additionally, substrates were
ablated with a linear stage speed of 0.4 mm/s at 300 mW (Fig. 24), 350 mW (Fig. 25),
and 575 mW (Fig. 26). Plotting the mean channel widths and standard deviations showed
that increasing linear stage speed increased mean channel width (Fig. 12). It could also be
noted that intermediate power values resulted in less uniform channels. The results
observed were not expected. A slower linear stage speed results in longer laser contact
with the substrate, which should cause greater material deformation.

A

Figure 14. 147.14 ± 3.10 µm channel ablated into AR 90880 tape with 345 mW power, 800 nm light, 1.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 100X magnification image.
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A

B

Figure 15. 182.40 ± 9.66 µm channel ablated into AR 90880 tape with 430 mW power, 800 nm light, 1.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 100X magnification image.

A

Figure 16. 220.33 ± 6.16 µm channel ablated into AR 90880 tape with 720 mW power, 800 nm light, 1.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 100X magnification image.
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B

A

C
B

D
B

Figure 17. 190.70 ± 9.98 µm channel ablated into AR 90880 tape with 1230 mW power, 800 nm light, 1.5
mm/s linear stage speed and no liner. (A) Birdseye view. (B) 20X magnification image. (C) 100X image of
cross-channel. (D) 100X image of 450 µm well.

A

B

Figure 18. Network of channels ablated into AR 90880 tape with 250 mW power, 800 nm light, 0.5 mm/s
linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image of channel
with 35.72 ± 4.20 µm width.
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A

B

Figure 19. 117.96 ± 6.09 µm channel ablated into AR 90880 tape with 300 mW power, 800 nm light, 0.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image.

A

B

Figure 20. 134.14 ± 10.00 µm channel ablated into AR 90880 tape with 350 mW power, 800 nm light, 0.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image.

A

B

Figure 21. 139.58 ± 10.49 µm channel ablated into AR 90880 tape with 395 mW power, 800 nm light, 0.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image.
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A

B

Figure 22. 163.27 ± 15.15 µm channel ablated into AR 90880 tape with 485 mW power, 800 nm light, 0.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image.

A

B

Figure 23. 184.30 ± 11.87 µm channel ablated into AR 90880 tape with 550 mW power, 800 nm light, 0.5
mm/s linear stage speed and no liner. (A) 20X magnification image. (B) 200X magnification image.

A

B

Figure 24. 100.71 ± 7.60 µm channel ablated into AR 90880 tape with 300 mW power, 800 nm light, 0.4
mm/s linear stage speed and the tape liner off. (A) 20X magnification image. (B) 200X magnification
image.
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A

B

Figure 25. 113.32 ± 10.47 µm channel ablated into AR 90880 tape with 350 mW power, 800 nm light, 0.4
mm/s linear stage speed and the tape liner off. (A) 20X magnification image. (B) 200X magnification
image.

A

B

Figure 26. 176.29 ± 10.70 µm channel ablated into AR 90880 tape with 575 mW power, 800 nm light, 0.4
mm/s linear stage speed and the tape liner off. (A) 20X magnification image. (B) 100X magnification
image.

5.2.2 Effect of Multiple Laser Passes over Sample
AR 90880 was determined to be the optimal substrate for laser direct writing, however, it
was the thickest of the substrates purchased. It sometimes took multiple passes of the
laser to cut a channel completely through the tape. An experiment was conducted to
analyze the effects of multiple laser passes. Channels were ablated holding the laser
wavelength constant at 800 nm and the linear stage velocity constant at 0.4 mm/s.
Substrates were ablated with two passes of the laser at 250 mW (Fig. 27), 350 mW (Fig.
28), 390 mW (Fig. 29), 465 mW (Fig. 30), and 600 mW (Fig. 31). Substrates were
ablated with one pass of the laser at 390 mW (Fig. 28) and 465 mW (Fig. 29). Plotting
the mean channel widths and standard deviations showed that multiple passes of the laser
resulted in wider, less uniform channels (Fig. 12). Multiple passes of the laser would
expose the channel to more heat, resulting in more material deformation with each pass.
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A

B

Figure 27. 200X magnification images of AR 90880 substrates ablated with 800 nm light, 0.4 mm/s linear
stage speed, and tape liners off. (A) 66.06 ± 4.10 µm channel ablated with 250 mW power and run over
with the laser twice. (B) 100.33 ± 5.98 µm channel ablated with 350 mW power and run over with the laser
twice.

A

B

Figure 28. 200X magnification images of AR 90880 substrates ablated with 390 mW power, 800 nm light,
0.4 mm/s linear stage speed, and tape liners off. (A) 98.58 ± 8.81 µm channel ablated with the laser once.
(B) 108.10 ± 8.91 µm channel ablated with the laser twice.

A

B

Figure 29. 200X magnification images of AR 90880 substrates ablated with 465 mW power, 800 nm light,
0.4 mm/s linear stage speed, and tape liners off. (A) 112.02 ± 5.83 µm channel ablated with the laser once.
(B) 133.50 ± 11.97 µm channel ablated with the laser twice.
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Figure 30. 200X magnification image of a 145.20 ± 9.09 µm channel ablated into AR 90880 tape twice
with 600 mW power, 800 nm light, 0.4 mm/s linear stage speed, and tape liners off.

5.2.3 Effect of acrylic liner on laser ablation
From a visual, qualitative assessment of ablated microchannels there is no discernable
difference between ablated samples that had the acrylic liner attached during the ablation
process, and the samples that did not. Upon microscope analysis, however, it became
apparent that samples ablated with the liners attached had less uniform wall structure and
more plastic deformation visible in the surrounding polymer. Fig. 31-B showcased the
evident heterogeneous nature of the microchannel walls. Heat diffusion appeared to cause
bubbles of plastic deformation throughout the walls of the channel and also caused
extensive soot deposition. These observations were seen more clearly in Fig. 32 A and B.
Figure 31-A showcased plastic deformation at the vertices of a cross-channel with the
liner on, while figure 32-B was the same sample with the acrylic liner removed. When
the liner was removed a large amount of the apparent heat deformation seen in the image
was eliminated. All subsequent experiments of laser ablation with the acrylic liner on the
substrate supports the observations that the liner causes excess heat deformation (Fig. 33,
34, 35, 36).
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A

B

Figure 31. 199.15 ± 14.72 µm channel ablated into AR 90880 tape with 550 mW power, 800 nm light, 0.5
mm/s linear stage speed and the tape liner on. (A) 20X magnification image. (B) 100X magnification
image.

A

B

Figure 32. Cross-channels ablated into AR 90880 tape with an unknown power, 800 nm light, 0.5 mm/s
linear stage speed. (A) 100X magnification image of cross-channel ablated with the tape liner on. (B) 100X
magnification image of cross-channel ablated with the tape liner off.

Figure 33. 100X magnification image of well ablated into AR 90880 tape with an unknown power, 800 nm
light, 0.5 mm/s linear stage speed, and the tape liner on.
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A

B

Figure 34. 105.49 ± 17.87 µm channel ablated into AR 90880 tape with 400 mW power, 800 nm light,
0.67 mm/s linear stage speed and the tape liner on. (A) 20X magnification image. (B) 200X magnification
image.

A

B

Figure 35. 103.96 ± 10.05 µm channel ablated into AR 90880 tape with 450 mW power, 800 nm light,
0.67 mm/s linear stage speed and the tape liner on. (A) 20X magnification image. (B) 200X magnification
image.

A

B

Figure 36. 129.95 ± 11.41 µm channel ablated into AR 90880 tape with 585 mW power, 800 nm light,
0.67 mm/s linear stage speed and the tape liner on. (A) 20X magnification image. (B) 200X magnification
image.
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5.2.4 Effect of butanone treatment on soot deposition in ablated microchannels
Butanone was effective in removing soot deposition from the ablated microchannels, at
the cost of removing the adhesive layer. Butanone was found to be effective at visually
removing soot deposition when utilized as a wash after the microchannels were created.
These results however, proved to be misleading upon further inspection under a
microscope. Butanone washed microchannels were imaged and soot deposition persisted
on the microscopic level. More tests are required to understand this phenomenon and
consistently remove soot deposition across the length of the microchannel. In a separate
experiment a thin layer of butanone was applied to the top of the polymer during the
ablation process. This experiment yielded inconsistent ablation results, but the channels
that were created did not have any visual soot deposition.
5.2.5 Effect of thin water layer on soot deposition in ablated microchannels
A thin layer of water was used during ablation to avoid debris buildup in the channel.
Since the acrylic adhesive is hydrophobic, the water was beading on the tape during the
experiment. Ablation stopped as the focal point passed over the water due to the height of
the water bead. Figure 37 represents the most successful water experiment, but as can be
seen in Figure 38, these results were not consistently attainable. Soap was introduced to
prevent droplets from forming on the surface of the tape. Figure 39A shows the results of
the water experiment and demonstrates a reduction in heat deformation of the adhesive.
The thinner section of the channel in the center of Figure 39A is where the beam passed
over the water. Figure 39B provides further evidence for potential reduction in channel
width and heat deformation. Although some channel sections were smaller after
introduction of water, some trials did not produce similar results as shown in Figure 38
and Figure 40. The soot deposition in the channel was similar to trials without water and
there was no reduction in debris. Repetition of this experiment proved difficult as the
amount of water necessary for continuous ablation could not be determined.
A

B

Figure 37. Attempt to ablate suspended AR 90880 tape with 930 mW power, 800 nm light, 0.5 mm/s linear
stage speed, the tape liner off, and water introduced to the substrate. (A) 20X magnification image. (B)
200X magnification image of channel with a 16.75 ± 3.21 µm width.
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A

B

Figure 38. 264.61 ± 36.89 µm channel ablated into AR 90880 tape with 930 mW power, 800 nm light, 0.5
mm/s linear stage speed, the tape liner off, and water introduced to the substrate. (A) 20X magnification
image. (B) 100X magnification image.

A

B

Figure 39. 197.86 ± 14.75 µm channel ablated into AR 90880 tape with 930 mW power, 800 nm light, 0.5
mm/s linear stage speed, the tape liner off, and water introduced to the substrate. Five attempts were needed
for ablation to occur. (A) 20X magnification image. (B) 200X magnification image of narrowest point on
channel with 75.93 ± 2.59 µm width.

A

B

Figure 40. 197.86 ± 14.75 µm channel ablated into AR 90880 tape with 930 mW power, 800 nm light, 0.5
mm/s linear stage speed, the tape liner off, and water introduced to the substrate. Five attempts were needed
for ablation to occur. (A) 20X magnification image. (B) 200X magnification image.
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5.2.6 Effect of compressed air on soot deposition in ablated microchannels
Compressed air experiments were conducted to attempt to remove soot during ablation.
After applying compressed air at the focal point, ablation stopped and did not resume
further along the adhesive since the compressed air extinguished the bloom. This
indicated that a higher power is needed to use compressed air or a ventilation system as a
method for debris removal.

6. CONCLUSION
The results of this project lead to the conclusion that femtosecond laser ablation of
polymer tape substrates shows promise for rapid prototyping and manipulation of
research-grade microfluidic devices. A channel resolution of 35 micrometers was
achieved with a channel creation time of only two minutes. The minimum laser power
that maintained consistent ablation was 345 mW at 800 nm. Results show that channel
width increases with stage speed and a lower stage speed induces narrower channels. This
is unexpected as a higher speed should indicate the tape has a lower exposure time to the
beam. The effects of heat deformation should be less prominent on an adhesive subjected
to less beam exposure. These results show great promise as a methodology for rapid
prototyping of microfluidic devices. The majority of the latter end of the research project
was spent eliminating burning that was evident throughout the microchannels. Soot
deposition poses a problem for future researchers that might utilize the femtosecond laser
ablation method to prototype microchannels for use in biological assays.
The last few months of the project were spent trying to eliminate debris from ablated
microchannels. As a result, peel tests and burst tests were not conducted. Fluorescein
absorption tests were performed but not quantitatively evaluated, which was the initial
purpose of the fluorescein assay. An unobstructed channel was confirmed by a
fluorescein injection test that validated fluid could successfully move from inlet to outlet
wells.
Throughout the project we encountered several limitations, the first of which was the
assembly of a motorized stage that carried the tape substrate during the ablation process.
The optimal stage required movement in the x, y, z planes with a motorized interface
capable of maintaining the focal point in the z direction. The budget limitation prevented
the purchase of a stage with three planes of movement and instead a uni-axial stage was
purchased. The next limitation we encountered was coupling the motor to the stage
successfully. It took several months of trial and error to discover a flexible plastic
coupling that eliminated torque in the coupling that caused rotational shear in the stage
during axial movement. After the stage was completed and the laser ablation tests began
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we encountered the most detrimental limitation of the project: for unknown reasons, no
experiment was ever able to be successfully repeated with identical input parameters. The
inconsistency of laser power and focal point could be due to several factors including: the
lengthy laser path from the initial beam output to the focusing lens, the inadequate and
poorly reflective mirrors, the improperly aligned objective lens, and the high amount of
dust particles found within the air itself that contact the beam during its travel. All of
these factors likely led to the inability to replicate experiments at the same laser power or
focal point.
Due to these limitations, many of the goals and objectives initially set for this project
were modified and/or not completed. We shifted experiments away from device
validation testing toward testing to eliminate soot deposition within the microchannels.
This experimental route was deemed more practical because eliminating soot deposition
would better assist future research groups that might continue our research at optimizing
femtosecond laser ablation of microchannels in double-sided tape for rapid microfluidic
device prototyping.
This project successfully proved that laser ablation of polymer substrates for rapid
prototyping of microchannels was possible, and outlined an initial methodology that
future research groups could use to further improve upon microfluidic device fabrication.
6.1 POSSIBLE LIMITATIONS AND FUTURE DIRECTION
The limitations to laser ablation of tape include burning, poor resolution, or uneven
channel widths and heights. In addition to this, tape poses the risk of being incompatible
with biological materials. The walls of the tape are rough after ablation and might have
adhesive properties that prevent proper flow of biological materials. Poor resolution can
be mitigated by adding lenses to the laser setup and fixing the materials to move along a
guide.
This project identified the potential for rapid prototyping of microfluidic devices using
polymer ablation via ultrafast pulsed lasers. Given a more substantial budget, future work
could build on our results with a new platform integrating a computerized 3D stage
capable of micrometer-level resolution. If one could find the specific relationship
between laser power, substrate thickness/composition, and focal point, the stage
computer could provide feedback to the beam output device and the focal point could be
readjusted automatically as power is changed, which would save a significant amount of
time. The ability to move biaxially in the xy-plane would allow for the precise creation of
detailed structures. Also, having control over the z-axis could allow for the creation of
more complex 3-dimensional features if desired.
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7. BUDGET
The College of Engineering and Computing at the University of South Carolina provided
$1000 toward the completion of this project. The imaging equipment, along with the
femtosecond laser, were provided by Dr. Guiren Wang. The Adhesives Research tapes
are listed as free samples as we have acquired the tapes for laser ablation testing as shown
below in Table I. Additionally, the South Carolina Honors College has provided $1000
towards the purchase of laser safety glasses, so five pairs were purchased at a cost of
$190 each plus shipping and handling. Cumulatively, $1,607.31 has been spent, including
the glasses. The contingency fund of $70 was not necessary.
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Table I. A detailed list of all materials needed for the fabrication of the microfluidic device and validation assays.
Materials denoted (*), (**), and (***) were either provided by the Honors College Senior Thesis/Design Grant,
provided by Dr. Guiren Wang (not included in total cost), or received as a free sample (not included in total cost),
respectively.
Material
(Quantity)
[Make/Model] if applicable

Function

Cost

Laser Safety Glasses*
(5 pairs)
[Noir ML1]

These will provide eye protection across the entire range of
wavelengths proposed.

$978.12

Plastic Cover Slides
(144)

Slide that will cover ablated tape to seal top of microfluidics
device

$23.82

Glass Slides
(72)

Base for microfluidic chip

$8.53

Uline Double-Sided Film Tape

Double-sided transparent tape with proprietary acrylic adhesive

$36.40

Grainger Double-Sided Polyester Tape

Double-sided transparent tape with proprietary acrylic adhesive

$40.08

ARCare ® 92712***

Double-sided tape coated with MA-93 acrylic adhesive and
polyester substrate center for laser ablation and channels

$25

ARCare ® 90445***

Double-sided tape coated with AS-110 acrylic adhesive and
polyester substrate center for laser ablation and channels

$20

ARSeal ® 90880***

Double-sided tape with SR-26 silicone adhesive and
polypropylene substrate center for laser ablation and channels

$30

Methyl Ethyl Ketone
(32 fl oz)
[Sunnyside]

To remove adhesive coatings and acrylics

$23.98

Rhodamine B**

Stain used as known component and will be separated from
BSA

$32

Linear Translational Stage
[Misumi XLS]

Will provide uniaxial movement for linear ablation

$421.38

Machine Shop Work

Bill at the machine shop has been used as a resource to perform
tasks like motor coupling and platform creation

$200

Contingency Fund

Pool of funds to use as we inevitably cannot predict all
necessary materials

$70

TOTAL COST

N/A

$948.19
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8. TIMELINE
In Figure 41, the tasks completed throughout the entirety of the project are listed. Some
of these tasks were directly related to the assignments of this course; among the others
were project-related duties as well as administrative duties related to University
requirements.

Figure 41. Projected timeline of experimental and academic tasks. The dashed line represents the group’s
progress as of March 7th, 2018. Garnet bars represent the expected time requirement for each activity.
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