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Abstract

Micromilling is a proven method for prototyping microfluidic devices; however, high overhead costs, large machine foot-
prints, an esoteric software stack, and nonstandard device bonding protocols may be hampering the widespread adoption of
micromilling in the greater microfluidics community. This research exploits a free design-to-device software chain and uses
it to explore the applicability of a new class of inexpensive, desktop micromills for fabricating microfluidic devices out of
polycarbonate. We present an analysis framework for stratifying micromill’s spatial accuracy and surface quality. Utilizing
this we concluded milling geometries directly on the substrate is advantageous to making molds out of the substrate, in terms
of accuracy and minimum feature size. Moreover, we proposed a general procedure to calculate feedrate and spindle-speed for
any sub-millimeter endmill based on a recommended load percentage. We also established stepover is the major parameter
in determining the surface quality rather than spindle-speed and feedrate, showing low-cost mills are able to deliver high-
quality surface finishes. Ultimately, we clarified the suitability of low-cost micromills and a cost-efficient assembly method

in the field of microfluidics by demonstrating rate- and size-controlled microfluidic droplet generation.
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1 Introduction

The field of microfluidics holds the promise of revolution-
izing several fields, from biology and medicine to pharma-
ceutical and chemistry (Whitesides 2006; Squires and Quake
2005; Stone et al. 2004; Beebe et al. 2002). The microscale
dimensions inherent to microfluidic channels reduce sample
volume and error margins by several orders of magnitude
when compared to macroscale liquid handling techniques
such as pipetting by hand (Kintses et al. 2012). Addition-
ally, elements of programmability (e.g., valving mecha-
nisms, selection geometries, etc.) built into the microfluidic
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device architecture can improve reaction time (Sackmann
et al. 2014), experimental sensitivity (Dittrich and Schwille
2003), throughput (Thorsen et al. 2001), and accuracy (Luo
et al. 2008). In light of these benefits, one would expect that
microfluidic technology would be employed by a majority of
laboratories in the life-sciences; however, reliance on lab-on-
a-chip devices for conducting research remains very much
the exception rather than the norm (Whitesides 2006). This
dissonance can be attributed to a high barrier of entry inher-
ent to microfluidic device fabrication, the traditional process
for which resembles that of fabricating microelectronics.
This process (i.e., photolithography in conjunction with soft-
lithography) carries high equipment costs and infrastructure
requirements that effectively limit the use of microfluidic
devices to all but the most well-funded researchers (Sack-
mann et al. 2014).

While the traditional microfluidic device substrate, poly-
dimethylsiloxane (PDMS), has been shown to be inexpen-
sive (Brower et al. 2017), biocompatible (Ayoib et al. 2016),
and optically transparent (Mogi et al. 2014), the process by
which devices are realized (i.e., photolithography) is expen-
sive and requires a host of specialized equipment and infra-
structure such as a cleanroom, fume hood, mask aligner,
spin coater, and plasma bonder. In addition, PDMS has some
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undesirable properties such as limited aspect ratio, weak
mechanical properties, and swelling behavior when exposed
to organic compounds (Mukhopadhyay 2007; Eddings et al.
2008; Guckenberger et al. 2015). On the other hand, micro-
milling thermoplastics such as polycarbonate can provide
a fast, semi-automated, and convenient alternative to pho-
tolithography (Yen et al. 2016; Chen et al. 2014). Thermo-
plastics have been shown to provide superior mechanical
properties, biocompatibility, large aspect ratios, mass pro-
ducibility, compatibility with organic compounds, and high
working temperatures (Wu et al. 2009; Jankowski et al.
2011; Tsao and DeVoe 2009), making them ideal substitutes
for PDMS. Recent advancements in inexpensive, desktop
micromills, driven largely by the electronics hobbyist com-
munity and the desire to rapidly prototype printed circuit
boards (PCB), present a new opportunity to remove many of
the aforementioned barriers and expand the accessibility of
microfluidic technologies. These computer numerical con-
trol (CNC) micromills can ablate a microfluidic geometry
out of thermoplastics in minutes at a cost less than ten US
dollar, thus creating an ideal prototyping platform for testing
novel geometries and functionalities.

In here, we studied low-cost CNC mills suitability for
microfluidics and presented a framework to characterize
the performance of these machines through a set of stand-
ard tests, as shown in Fig. 1. Each test is made available
to all through a text-based description of the test device in

Fig. 1 Set of standard tests proposed to characterize CNC micromills
in terms of spatial accuracy and the surface quality of microchan-
nels. a Three categories of standard tests, including spatial accuracy
in X—Y plane both for positive and negative features (Sect. 2.5), spa-
tial accuracy in Z-axis (Sect. 2.6) and surface roughness (Sect. 2.7).
b Researchers can obtain CAD models of the standard tests using
the text-based description of each test in OpenSCAD, also, they can
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OpenSCAD (an open-source CAD tool). The user can read-
ily change the value of any parameter (e.g., depth of cut,
feature size, spacing between features, endmill size, etc.)
by editing the default value. In addition, a strategy for find-
ing the milling settings (i.e., feedrate and spindle-speed) is
introduced. Through this framework, three low-cost desk-
top CNC micromills (< $3500) were tested: Othermill Pro,
Othermill V2, and Carbide 3D’s Nomad 883. The perfor-
mance of these machines was compared in terms of spatial
accuracy and precision for positive features. Moreover, the
minimum feature size, accuracy, and precision of milling a
mold out of polycarbonate (positive features) and milling
geometries directly on the substrate (negative features) were
compared using the same CNC mill. Also, a generalized
method is introduced to calculate the appropriate spindle-
speed and feedrate for an endmill with a cutting diameter of
25-1000 pm. Furthermore, an inexpensive way of assem-
bling polycarbonate microfluidic devices is introduced
and characterized in terms of maximum bonding pressure.
Afterward, surface quality of microchannels fabricated with
a low-cost CNC mill is compared to that of a high-end CNC
mill. Moreover, different parameters affecting surface rough-
ness are studied. Finally, using the techniques presented in
this study we designed, fabricated, assembled, and tested
a microfluidic flow-focusing droplet generator, thus verify-
ing the efficacy of the low-cost CNC mills in the field of
microfluidics.
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change any feature of the model, by adjusting the values of the vari-
ables (see Code S. 1-4). ¢ Models are fabricated using any CNC mill.
d Parameter of interest will be measured and compared to existing
benchmarks, to characterize the performance of the CNC micromill.
All the test devices can be found at: https://github.com/CIDARLAB/
milling-benchmarks/
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2 Materials and methods
2.1 Device substrate

Device geometries were milled directly into polycarbon-
ate. While casting PDMS replicas of thermoplastic molds
has been demonstrated (Yen et al. 2016), milling features
directly into the thermoplastic substrate was preferred
due to the reduction in assembly steps (Chen et al. 2014),
tighter tolerances, and, as shown in Sect. 3.3, the ability
to fabricate smaller features.

2.2 Software

Three levels of software are required to design and fab-
ricate devices using a CNC micromill: a computer aided
design (CAD) tool is used to create a solid model; com-
puter aided manufacturing (CAM) software generates the
commands that move the cutting tool; and control software
to manage the connection between a computer and the
micromill. Device designs were created using OpenSCAD,
a free and open-source CAD tool that reads text files to
generate solid models. The ability to describe a solid
model solely using text is an important distinction between
OpenSCAD and typical 3D modeling software packages
(e.g., SolidWorks, AutoCAD, etc.), which often require
geometries to be manually drawn. Modeling using textual
descriptions opens the door for automatic generation of
device designs using a high-level CAD workflow, such
as (Huang and Densmore 2014). The CAD tool passes
the solid model to CAM software where commands to
manipulate the motion of the micromilling tool are gen-
erated. Autodesk Fusion 360 was used to generate these
commands. Finally, each of the CNC mills has machine-
specific control software. All of the software used in this
study are free, but not necessarily open source.

2.3 Micromilling: feedrate and spindle-speed

The speed at which the cutting tool moves over the sur-
face of the substrate (i.e., the feedrate) and the speed at
which the cutting tool rotates while making contact with
the substrate (i.e., spindle-speed) are crucial factors in
enhancing the finish quality of the microchannel as well
as increasing the lifetime of the cutting tool; each of these
variables must be set while generating tool-paths using a
CAM software. These parameters will change based on the
diameter of the cutting tool, and the physical characteris-
tics of the substrate. Determining values for these param-
eters is an inexact science, often involving trial-and-error

approach. To calculate appropriate feedrates and spindle-
speeds manufacturers will often combine spindle-speed
and cutting diameter into a single criterion known as sur-
face speed (given in Eq. 1).

DxN
1000 M

V=rXx

where V is the surface speed (m/min), D is the cutting diam-
eter (mm), and N is the spindle-speed (rpm). While surface
speed provides useful guidance in determining feedrates and
spindle-speeds for machining with larger diameter endmills
(> 3mm), the considerably smaller diameters inherent to
micro-endmills, which can be as small as 5 pm, may call for
spindle-speeds that cannot be achieved by a desktop micro-
mill. As a result the given range of surface speed values in
handbooks and machining standards (Harper 2000; Solu-
tions 2016) (60—150 m/min for milling on polycarbonate)
no longer apply to micromilling. Interestingly, as our results
show, surface speed may not be the most crucial factor in
enhancing the lifetime of an endmill—the main effect for
which being associated, rather, with load percentage (i.e,
the thickness of the chip being sheared-off at each rotation
of the endmill divided by the endmill’s cutting diameter).
A tolerable range of load percentages may be given for any
endmill diameter. Considering load percentage, and by using
Eq. 2 the feedrate is readily calculated. Therefore, in order
determine feedrate and spindle-speed for each endmill we
studied the tolerable range of load percentage.

F=DXNXLXT 2
where F is the feedrate (mm/min), D is the cutting diameter
(mm), N is the spindle-speed (rpm), L is the load percentage
(%), and T is the number of flutes. In order to determine if
a given spindle-speed and feedrate is correct and will not
damage the endmill or the work-peace, a microchannel was
milled with length, width, and depth measuring 200 x D,
4 x D,and 1.5 x D, respectively, where D is the endmill’s
cutting diameter. After each milling session the endmill was
inspected for damage. In here, no damage is the determinant
of a successful milling session and an acceptable spindle-
speed and feedrate.

2.4 Bonding

To assemble the microfluidic device, flow layer and control
layer are sealed through a thin (100—500 um depending on
a specific application and valve size) PDMS membrane in
between and are held together using binder clips which frees
researcher from the trouble of thermal bonding. The PDMS
layer is made through an established method (Silva et al.
2016). It should be mentioned that the PDMS layer keeps the
chip sealed through Van Der Waals forces which is further
reinforced with binder clips (see Fig. S. 2.).
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2.5 X-Y plane characterization

In order to compare the accuracy and precision of positive
features (making molds out of polycarbonate) and negative
features (milling the microchannels directly on polycarbon-
ate), we designed and fabricated a set of devices as explained
below. To measure the feature’s size, we used a calibrated
microscope and ImagelJ as the image processing tool.

2.5.1 Positive features

To study the spatial accuracy of positive features, a set of
cuboids were milled, with an aspect ratio of 0.5. The size
of these squares is varied from 1000 to 100 pm. In order to
assess the precision of the micromills, each chip includes
five technical replicates of the cuboids. To account for exper-
imental variations, four experimental replicates of this chip
are fabricated. It should be mentioned, all these experiments
were carried out with unused 793.7 pm (1/32") endmills.
In order to compare the accuracy and the precision of dif-
ferent machines, these experiments were carried out for all
the mills.

2.5.2 Negative features

To investigate the spatial accuracy of negative features, we
milled microchannels both with horizontal and vertical ori-
entation. The width of the these microchannels was chosen
tobel X D,1.5%X D, and 2 X D (D = cutting diameter of
endmill). We have used 793.7, 396.8, 254, 200, 150, 100,
and 75 pm endmills. Therefore, the minimum channel width
would be 75 pm (1 X 75 um) and the maximum would be
1587.4pm (2 X 793.7 um). The microchannel’s width is
measured to determine the accuracy and precision. The
channels with vertical orientation represent X-axis, and the
horizontally oriented channels represent Y-axis.

2.6 Z-axis characterization

A substantial feature of microfluidic devices is the channel
depth, since the channel resistance varies with channel depth
to the power of three (as given in Eq. 4) and small variations
in channel depth could lead to significant alteration in flow
field (Aubin et al. 2009). To characterize the accuracy of
desktop mills in Z-axis, we milled channels with a constant
width and decreasing depth. We varied channel depth from
1000 to 40 pm. All the measurements in Z-axis were carried
out using a calibrated microscope.

2.7 Surface roughness

An important characteristic of microchannels is its surface
roughness, which can affect biocompatibility, transparency,
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and apparent viscosity (Prentner et al. 2010). To compare
low-cost mills to high-end machines, we replicated Chen
et al. (2014) experiment and milled a6 mm X 3 mm rectan-
gle. The feedrates and spindle-speeds were varied according
to Chen et al. experiment, the depth of cut was kept constant
at 15 um, due to the insignificance of depth of cut for depths
of cut up to 300% of endmills cutting diameter (Gucken-
berger et al. 2015). The features were milled with a 254 pm
endmill, once while keeping a 20% stepover (Chen et al.
experiment) and once at 5%, to study the effect of stepover
on surface quality. Additionally, to further clarify the effect
of stepover on surface roughness and machining time, we
varied the stepover from 5 to 30%, while keeping the fee-
drate at 600 mm/min and the spindle-speed at 15, 000 rpm,
using two different endmill sizes (i.e., 254 and 397 pm). All
the measurements have been carried out using Alpha-Step
500 Profiler, the scan length was set at 1 mm, scan speed
was set at 0.2 mm/s, and the stylus force was set at 19.9 mg.

2.8 Microfluidic flow-focusing droplet generation

Droplet microfluidics advantages over continuous-flow
microfluidics, such as accurate volume control, high
throughput, high sensitivity, and low sample consumption
leads to faster, cheaper, and more accurate results (Thorsen
et al. 2001; Lashkaripour et al. 2015). Droplet generation can
be achieved by flowing an aqueous and a non-aqueous fluid,
through a microfluidic geometry (Tirandazi and Hidrovo
2017; Lashkaripour et al. 2018) as shown in Fig. 2. To dem-
onstrate the efficacy of desktop mills and low-cost bonding
in fabricating microfluidic devices and study the importance
of minimum feature size in microfluidics, we made mul-
tiple flow-focusing droplet generator with varying orifice
widths (i.e., minimum feature size) from 75 to 397 pm. For
the aqueous phase we used DI water and added Allura Red
for better visualization; for the non-aqueous phase, we used
mineral oil with an addition of Span 80 surfactant to enhance
droplet stability. More information on droplet generation is
given in Table 1.

3 Results
3.1 Feedrate and spindle-speed

We found out that the recommended surface speed of
60-150 m/min for polycarbonate does not apply to micro-
milling; due to significant size reduction, most machines
cannot spin the endmill fast enough to reach the recom-
mended surface speeds (see Sect. 2.3). In fact, for a 254 pm
endmill, we varied surface speed from 6.39 (minimum
spindle-speed of 8000 rpm) to 20.76 m/min (maximum
spindle-speed of 26,000 rpm), using Eq. (3) this means we
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Fig.2 Flow-focusing droplet generation as a proof of concept of the
applicability of low-cost fabrication and bonding method in microflu-
idics. a Schematic of the microfluidic device used to generate water-
in-oil droplets. b Zoomed-in view of the flow-focusing geometry and
its parameters (given in Table 1)
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Fig.3 Variation of load percentage with endmill’s cutting diameter
shows a linear relation. This linear equation can be used to approxi-
mate the maximum tolerable load percentage for any sub-millimeter
endmill size, freeing researchers from trial and error. By using this
equation we predicted (not verified) the load percentage suitable for a
50 and a 25 pm endmill

Table2 Recommended milling setting based on tolerable load per-
centage for different endmill sizes

Endmill Spindle-  Feedrate Plunge Step- Load (%)
Table 1 Geometric parameters and fluid properties used to achieve diameter speed (mm/ rate (mm/ down
microfluidic flow-focusing droplet generation (pm) (rpm) min) min) (mm)
Geometry Fluid properties 794 12,000 900 40 0.25 6
Orifice size 75-397  Aqueous phase DI water 397 12,000 500 36 0.25 32
Orifice length 300 Non-aqueous phase  Mineral oil 254 14,000 300 16 0-15 4
Water input width 400 Oil viscosity 77.8 mPa.s 200 15,000 240 10 0.1 4
Oil input width 400 Oil density 0.857 kg/m? f)g 12(5)88 ;ZG Z 881 :
Output width 750 Surfactant 3% span 80 - 17’000 6.5 ) 0'02 3
Channel depth 300 Aqueous phase dye  Allura red ’ ’ ’

50 18,000 36 1 0.01 2

25 19,000 8 0.5 0.01 1

varied feedrate from 162.5 to 528.3 mm/min, while keeping
the load percentage constant at 4%, and milled successfully.
Moreover, note that this range is well below the recom-
mended range of 60—150 m/min given in handbooks (Solu-
tions 2016). We have also carried out the same experiment
for a 396.8 pm endmill, we varied the surface speed from
9.98 to 32.43 m/min (i.e., feedrate: 254—825.5 mm/min) and
milled successfully. Since we clarified surface speed is not a
key parameter, we hypothesized that load percentage is the
crucial factor for successful milling. Therefore, to confirm
this, we aimed to find the range of tolerable load percentage
for a number of endmills. As shown in Fig. 3, we exam-
ined six different endmills and increased the load percent-
age with 1% steps, to measure the maximum tolerable load

These values are only valid for micromilling on a polycarbonate sub-
strate

percentage. We observed a linear dependency of maximum
load percentage on endmill’s cutting diameter, as shown in
Fig. 3. Therefore, we recommended a safe load percentage
for each endmill size, alongside spindle-speed, feedrate,
plunge rate, and step-down as given in Table 2. It should be
mentioned, since the load percentage is the crucial factor to
a successful milling session, researchers do not have to fol-
low the exact values given in Table 2; because some desktop
mills cannot deliver the recommended spindle-speeds. One
can easily follow the procedure shown in Fig. 4 to find the
milling setting for any sub-millimeter endmill size.
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Fig.4 Procedure proposed to find feedrate and spindle-speed for
micromilling on polycarbonate using any sub-millimeter endmill.
This eliminates the need for costly trial and errors to find the milling
setting

3.2 Bonding pressure

In order to test the maximum pressure tolerable with the pro-
posed bonding method, we milled a 80-mm-long channel with
2400 pm X 400 pm cross section and flowed 350 NF mineral
oil with a viscosity of 77.8 mPa.s through the channel. We
flowed 17 mL/h of mineral oil without sealing issues. Using
Eq. (3) to calculate the pressure generated in the channel, we
concluded the bonding pressure of our assembly method is 5.3
PSI (neglecting the resistance of ports and tubes).

AP = Rgyiq X Q 3)
where AP is the pressure drop (Pa), R is the resistance of the
channel, given in Eq. (4), and Q is the flow rate (m?/s). It
should be noted that Eq. (4) holds true only for microchan-
nels where 2 X H > W (Bahrami et al. 2006).
uL

=32x% W “
where u is the fluid viscosity (Pa.s), L, W, and H are the
channel length, width, and depth (m), respectively. Research-
ers with certain applications that require a higher bonding
pressure can utilize thermal bonding as described in the lit-
erature (Tsao and DeVoe 2009; Silva et al. 2017). In here, for
the sake of keeping the total equipment cost and the fabrica-
tion time at a minimum we only characterized the bonding
method presented in Sect. 2.4.
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Fig.5 Although, Carbide 3D shows great accuracy in X-Y plane in
comparison with the Othermills, all the mills failed to accurately mill
a positive feature smaller than 250 pm. The total length of the error
bars represents two standard deviations for N = 20. Positive values
represent an under-cut, and negative values represent an over-cut

3.3 X-Y plane characterization
3.3.1 Positive features

For positive features we observed that they were damaged
or not square shaped, for dimensions smaller than 250 pm
(keeping aspect ratio at 0.5). This undermines the reliabil-
ity of low-cost mills in fabricating polycarbonate molds to
make PDMS-based devices (due to their lower accuracy in
comparison with high-end mills). However, for dimensions
equal/larger than 250 pm the maximum of the average
deviations from the designed values was 8.5 (14.0), 25.7
(11.9) and 25.8 (53.9) pm for Carbide 3D, Othermill Pro,
and Othermill V2, respectively, in X-axis (Y-axis). More-
over, we assumed the precision of the mills to be three
times the value of the maximum standard deviation. Based
on this, we calculated the precisions in X-axis (Y-axis) to
be 42.9 (38.4), 86.1 (65.1), and 40.8 (132.3) pm, for Car-
bide 3D, Othermill Pro, and Othermill V2, respectively.
Figure 5 shows all the data in a single graph. It should
be mentioned researchers can account for these inaccura-
cies by using models such linear regressions. As shown in
Fig. 5, the machines show different spatial accuracies in
X-axis in comparison with Y-axis. This is due the fact that
these machines use different motors for each axis which
results in different spatial accuracies. This different spatial
accuracy behaviors in each axis can also be observed in
high-end micromills (Chen et al. 2014).
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3.3.2 Negative features

Unlike 250 pm minimum dimension in positive features, for
negative features we were able to mill features as small as
75 pm. We were not able to make smaller features because
endmills smaller than 75 pm (i.e., 50 and 25 pm) break dur-
ing locating the tool via the software provided by the manu-
facturer. However, these small endmills still can be located
through manual manipulation of the G-code that is sent to
the machine. All the features that were milled were 2X,1.5X%,
or equal to the endmill’s cutting diameter. If the same data
point could be reached using two different endmills (e.g.,
200pm : 2 X 100pm or 1 X 200 pm), we presented the
data for the smallest multiple (i.e., 1 X 200 pm), to show
the best accuracies and precisions that can be reached using
desktop mills. Therefore, we grouped the data shown in
Fig. 6 in three categories (2%, 1.5X, and 1X endmill’s cut-
ting diameter). As shown in Fig. 6, milling negative features
will result in tighter tolerances and decreases the minimum
features size considerably (limited to smallest endmill avail-
able) in comparison with positive features. Interestingly,
when only considering the data points were the width of
the channel was equal to the endmill’s cutting diameter, the
maximum deviations were significantly reduced, as given
in Table 3.

3.4 Z-axis characterization

Through the method described in Sect. 2.6, the largest aver-
age deviation from designed channel depth for 10 devices
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Fig. 6 Milling negative features is favorable to milling positive fea-
tures in terms of accuracy, precision, and minimum feature size. It
can be seen, although none of the mills were able to fabricate positive
features smaller than 250 pm (see Fig. 5), Othermill Pro can fabricate
negative features as small as 75 pm accurately. The total length of the
error bars represents two standard deviations for N = 9. Positive val-
ues represent an under-cut, and negative values represent an over-cut

was 5.9, 10.4, and 9.7 pm for Carbide 3D, Othermill Pro,
and Othermill V2, respectively. In addition, the precision
(3 x SD) was found to be 35.1, 61.3, and 26.4 pm, for Car-
bide 3D, Othermill Pro, and Othermill V2, respectively. Fig-
ure 7 shows all the data in a single graph. To compensate for
the inaccuracies in the Z-axis, we recommend researchers to
model the data points to find a trend in their machines, such
as the models presented in Fig. 7b.

3.5 Surface roughness

It is expected that increasing spindle-speed and decreasing
feedrate decreases the surface roughness (Guckenberger
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Fig.7 Comparison of the Z-axis accuracy for three different CNC
mills. a All the mills show almost a similar performance in Z-axis in
terms of spacial accuracy with some amount of deviations from the
designed values. The total length of the error bars represents two
standard deviations for N = 10. (Positive values represent an under-
cut, and negative values represent an over-cut.) b Building linear
models based on these data points shows that these deviations could
be easily accounted for by characterizing the performance of a CNC
mill and building a model based on any method such as the linear
regression model given here. Keeping the almost linear behavior of
these mills in mind one can approximate the actual depth of a channel
for any designed value
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Table 3 Comparison of positive and negative features in terms of X—
Y plane performance using Othermill Pro

Parameter Positive features Negative
(pm) features
(pm)
Minimum feature size 250 75
Worst X-axis accuracy 25.7 19.6
Worst Y-axis accuracy 11.9 17.3
Worst X-axis precision 86.1 26.8
Worst Y-axis precision 65.1 39.9
Max. X-axis deviation 60.9 36.5
Max. Y-axis deviation 52.8 36.4
Max. X-axis dev. for features 60.9 22.1
equal to endmill diameter
Max. Y-axis dev. for features 52.8 20.7

equal to endmill diameter

This illustrates the effectiveness of milling negative features in micro-
fluidics while using a low-cost CNC mill

et al. 2015; Chen et al. 2014). However, data presented
in those studies were inconclusive. On the other hand,
some studies suggest there is an optimal value for feedrate
that results in the smoothest surface (Lee and Dornfeld
2004). Similarly, we observed there are optimal values for

spindle-speed and feedrate and researchers should evalu-
ate their mills to find the spindle-speed and feedrate that
results in the minimum surface roughness, as shown in
Fig. 8b. In the mentioned studies the stepover was kept
constant. Interestingly, we found stepover to be crucial to
surface finish. When replicating Chen et al. experiment
(Chen et al. 2014), we measured our surface quality to be
worse than that of a high-end mill, which is reasonable
because desktop micromills, due to their small size, are
more prone to vibrations induced by their motors. How-
ever, decreasing the stepover from 20% (Fig. 8b) to 5%
(Fig. 8c), resulted in a surface much smoother and even
smoother than most of Chen et al. experiments carried
out at 20% stepover. Moreover, with a stepover of 5% we
observed that the roughness is less dependent on feedrate
and spindle-speed, as shown in Fig. 8c. While keeping the
stepover at 5% we reached a minimum surface roughness
of Ra=0.205 + 0.029 um. For a constant feedrate and
spindle-speed, decreasing stepover results in an increase
in machining time as shown in Fig. 9a. Also, as shown
in Fig. 9b, there is a trade-off between machining time
and surface roughness as increasing stepover results in a
reduced machining time and a greater surface roughness.
Moreover, as demonstrated in Fig. 9b a smaller endmill
generally results in a lower surface roughness.

|@Surface roughness [nm]|

~—

%\l\r‘ P 5 P \_//—
===

Feedrate [mm/min]

14k

Low-cost mill

Low-cost mill

16k

Spindle-speed [rpm]

Fig.8 Rather than feedrate and spindle-speed, stepover is the most
important factor in defining surface quality. Therefore, desktop
micromills can deliver high-quality surface finishes. Effect of spin-
dle-speed, feedrate, and stepover on surface roughness is shown for
a 15 pm deep microchannel using a a high-end CNC mill at 20% ste-
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pover (Chen et al. 2014). b Low-cost CNC mill at 20% stepover. ¢
Low-cost CNC mill at 5% stepover. The data shown in (b) and (c)
are the average of 9 measurements (3 microchannels measured at 3
points). Each contour represents a 15-nm variation in surface rough-
ness
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Fig.9 Stepover and endmill size are crucial to a machining time and
b surface roughness. Decreasing endmill size and stepover results in
a longer machining time and generally a smoother surface. In this
experiment, a rectangle with a size of 6 mm X 3 mm for a depth of cut
of 15 pm was milled while keeping the feedrate at 600 mm/min and
spindle-speed at 15,000 rpm. The surface roughness of polycarbon-
ate before machining is 6.49 + 4.02nm. The total length of the error
bars represents two standard deviations for N = 4

3.6 Microfluidic flow-focusing droplet generation

As a proof of the reliability of the aforementioned fabri-
cation and bonding method, we fabricated a flow-focusing
microfluidic droplet generator with a 75 pm orifice width.
We have tested the device at two flow rate ratios, while keep-
ing the water flow rate constant at 0.3 mL/h. Snapshots of
the experiments are shown for flow rate ratio of ¢ = 3.33 and
¢ = 33.33in Fig. 10. At low flow rate ratios we generated a
stream of droplets with high aqueous phase to non-aqueous
phase ratio, at a rate of 10 droplet per second. Moreover, at
high flow rate ratio we generated monodispersed droplets
of ~# 0.2nL in volume at a rate of 80 droplets per second.
Interestingly, due to the hydrophobic nature polycarbonate,
it does not require any surface modifications for droplet gen-
eration, unlike PDMS-based devices (Barbier et al. 2006).
Finally, as shown in Fig. 11, to demonstrate the importance
of the minimum feature size in microfluidic droplet genera-
tion, we fabricated three droplet generators with the geom-
etry stated in Table 1, except the orifice size that was set to
be 75, 254, and 397 pm. The flow rate of oil and water was
kept constant at 5.5 and 0.36 mL/h, respectively. We observe

Fig. 10 Microfluidic droplet generation, which demonstrates the
effectiveness of low-cost mills and inexpensive bonding in microflu-
idics. Flow rate of water was kept at 0.3 mL/h, and flow rate of min-
eral oil was varied from a 1 mL/h to b 10 mL/h (generation rate of
80 Hz)
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Fig. 11 Minimum feature size (i.e., orifice width) has a significant
effect on both generation rate and droplet volume in a microfluidic
droplet generator. Decreasing minimum feature size while keeping
the oil and water flow rate constant (5.5 and 0.36 mL/h, respectively)
results in an increased droplet generation rate and a reduced droplet
volume. a An orifice size of 75 um. b An orifice size of 254 pm. ¢
An orifice size of 397 pm. d Variation of droplet generation rate and
droplet volume with the orifice size
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that changing the orifice size from 75 to 397 pm results in a
reduction in the generation rate from 60 to 30 Hz. Also, the
droplet volume increases from 1.7 to 3.2 nL.

4 Discussion

We have proposed a framework to evaluate the performance
of any micromill in terms of spatial accuracy, minimum fea-
ture size, and surface quality. In addition to this, we char-
acterized a fast and low-cost bonding method to assemble
microfluidic devices in an efficient manner. Finally, to bring
all the findings of this study together, we designed a micro-
fluidic droplet generator, that was fabricated as a negative
feature, using our recommended feedrate and spindle-speed,
and assembled using the low-cost bonding method. As a
result, we established that desktop micromills are low-cost
and efficient machines capable of introducing a new-era of
accessible-to-all microfluidics. In this section, we elaborate
more on the findings of this study and we compare low-cost
micromilling to common microfabrication methods (i.e.,
photolithography and high-end micromilling) in terms of
equipment cost, cost per device, spatial accuracy, surface
roughness, and the required infrastructure.

4.1 Feeds and speeds

An important aspect of micromilling microfluidic devices on
polycarbonate is the machine’s setting, having these numbers
mistaken could result in a long fabrication time, low-quality
surface finish, or even a broken endmill which can cost up
to hundreds of US dollars. We have found that machining
features, specifically in thermoplastics using endmills with
a diameter of less than 1000 pm create unique challenges.
Surface speed of 60-150 m/min recommended for milling on
polycarbonate is no longer achievable due to the significant
reduction in endmill’s cutting diameter and limited spin-
dle-speed of current low-cost mills. In here, we introduced
load percentage as the crucial factor to a successful milling.
Meaning that feedrate and spindle-speed can take a wide
range of values as long as the load percentage is within the
tolerable range. We have shown this, with a set of differ-
ent endmills, for instance while using a 254 pm endmill we
milled varying the feedrate from 162.5 to 528.3 mm/min
and increasing the spindle-speed from 8000 to 26,000. As a
result, a mill that can deliver high spindle-speeds is capable
of milling at faster feedrates while keeping the load percent-
age constant, hence not breaking the endmill. This clari-
fies the significance of maximum spindle-speed of a mill
in rapid prototyping and reducing fabrication time. On the
other hand, load percentage affects tool wearing, too much
and too little load percentage can quicken tool wear (Pansare
and Sharma 2013). Increased load percentages can result in
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a broken endmill, and reduced load percentages result in a
phenomenon called rubbing which results in a rough surface
and an increased tool wear (Mian et al. 2011). Tool wearing
is less crucial in milling polycarbonate due the softness of
the material (Chen et al. 2014). Nonetheless, a worn-out
tool results in an elevated cutting temperature which can
have adverse effects on surface quality. Therefore, we sug-
gest researchers to visually inspect endmills on a regular
basis and replace the worn-out endmills.

4.2 Spatial accuracy and minimum feature size

We characterized three desktop mills, providing a set of
benchmarks for future studies. While characterizing the
spatial accuracy of the positive features, although we set
our minimum dimensions to be 100 pm, we observed that
the mills were not able to properly fabricate cuboids smaller
than 250 pm (see Fig. S. 8). Therefore, we only presented
the data for dimensions down to 250 pm. On the other hand,
while milling the negative features the minimum feature
size is dependent on endmill’s diameter. Because Othermill
Pro locates the endmill upon the contact of the tool and
the mill’s bed, and < 50 pm endmills break upon contact
(see Fig. S. 8), we were unable to use endmills smaller than
75 pm. Therefore, the minimum feature size for negative fea-
tures will be 75 pm, which is still significantly smaller than
that of the positive features. In addition to this, we observed
much tighter tolerances while milling negative features,
specially when the channel width is equal to the endmill’s
cutting diameter. These machines have limited spatial reso-
lution (25 pm for Othermill Pro and V2, and 13 pm for Car-
bide 3D Nomad 833); therefore, the best accuracies can be
achieved when the machine resolution is not introduced to
the total error. Through this, the source of error left will be
tool deflection, machine’s vibrations, and endmill cutting
diameter’s tolerances.

4.3 Bonding pressure

To make any microfluidic geometry functional, it should be
sealed and assembled. This is usually carried out through
thermal bonding which could result in deformation of fea-
tures with high aspect ratio (Ogonczyk et al. 2010). There-
fore, we have introduced a fast and cost-efficient assembly
method of microfluidic devices, which can withstand up to
~ 5 PSI of pressure before the seal breaks. Although, the
maximum bonding pressure is much less than 50 PSI tol-
erated in PDMS-glass bonded devices, still the proposed
assembly method, provides enough bonding pressure for a
wide variety of microfluidic applications, where the maxi-
mum pressure is lower than 5 PSI (Rasouli et al. 2015; Ward
et al. 2005; Kang et al. 2008). We observed proper seal-
ing up to 24 h while flowing an aqueous solution (i.e., DI
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water) and up to 8 h while using a non-aqueous solution (i.e.,
mineral oil). Generally, a thicker layer of PDMS will result
in a better sealing by increasing the pressure enforced by
the binder clips; however, valve actuation requires a greater
vacuum pressure while using thicker PDMS.

4.4 Surface quality

Finishing quality of a microchannel is directly linked to its
surface roughness; in addition, surface roughness plays a
major role in the biocompatibility of a microfluidic device
(Guckenberger et al. 2015). Therefore, for most applica-
tions a smoother surface is more desirable. Studies usu-
ally consider the effect of spindle-speed and feedrate on
surface roughness (Guckenberger et al. 2015; Chen et al.
2014). These studies suggest that there are optimal points
that should be found experimentally through a conclusive
design of experiment. These studies were carried out while
keeping the stepover constant. We found out that decreas-
ing the stepover results in a significant reduction of surface
roughness, making it the major parameter determining the
surface finish quality. However, there is a trade-off between
machining time and surface roughness as increasing stepover
decreases machining time but results in a rougher surface.
Therefore, researchers can choose a stepover depending on
their application and priorities. Increasing surface roughness
also increases light absorbance and reduces transparency of
microchannels, which can be mitigated through sanding and/
or vapor polishing as previously demonstrated (Yen et al.
2016).

4.5 Comparison of desktop micromilling
to common microfabrication methods

Cost of microfabrication is a major road-block to the wide-
spread use of microfluidic devices. In Table 4 we com-
pared photolithography, high-end micromilling, and low-
cost micromilling, in terms of equipment cost, cost of each
device, required infrastructure and performance metrics.
For photolithography we assumed out-sourcing the pho-
tomask then using standard photolithography alongside
soft-lithography to fabricate a microfluidic device (see
Sect. S. 8. 1. for more details and pricing breakdown).
Cost of endmills was estimated for high-end milling by a
total price of a set of endmills from 5 pm to 3.175 mm (see
Sect. S. 8. 2.), and for low-cost endmills we assumed a set
from 75 pm to 3.175 mm (see Sect. S. 8. 3.). For high-end
and low-cost micromilling we assumed the same assembly
and bonding method as the one introduced in Sect. 3.2.
One can use other bonding methods that can deliver higher
bonding pressures; however, the total cost of equipment
and the cost per device will increase. For surface quality
we used the data from (Tang et al. 2015) for PDMS, the

data presented by (Chen et al. 2014) for high-end micro-
milling and the data provided in our study for low-cost
micromilling. For minimum feature size, common mask
writers deliver at least a + 1 um resolution; therefore, the
minimum feature size for photolithography is considered
to be < 1 pm. For high-end micromilling the smallest fea-
ture size is limited by the smallest endmill available, which
is S5pum (see Sect. S. 8. 2.). For low-cost micromilling,
although we showed a 75 pm minimum feature size, one
can locate smaller endmills without breaking it through
manipulation of the G-code being sent to the machine,
thus, achieving even smaller minimum feature sizes. The
total cost of consumables for each device is assumed to
be the cost of a single device, neglecting salaries, main-
tenance costs, etc. Replication of PDMS-based devices
becomes significantly cheaper than making new designs
due to the high cost of a photomask; however, even in
this case each device is significantly more expensive than
micromilling microfluidic devices. Unlike photolithogra-
phy, micromilling does not require any infrastructures such
as cleanroom, fume hood, vacuum line, and tank storage.
As a result, although desktop micromills have a limited
minimum feature size and surface roughness, they are
ideal tools for rapid prototyping of microfluidic devices
for most of the applications, due to the significant reduc-
tion in fabrication time, cost, and the required equipment
and infrastructure.

5 Conclusion

We provided a framework to characterize the performance
of desktop micromills. We showed the efficacy of low-cost
mills and a time- and cost-effective assembly method in
fabricating microfluidic devices. Through this framework
we achieved a minimum feature size of 75 pm and a maxi-
mum bonding pressure of 5.3 PSI. Also, it was illustrated
ablating geometries directly on polycarbonate results in a
better accuracy, while reducing the minimum feature size
significantly. Moreover, by identifying load percentage as
the crucial factor to a successful milling, we concluded
that milling can be performed much faster with the new
generation of micromills that support high spindle-speeds.
Additionally, we showed stepover is the crucial param-
eter in determining the surface quality, based on this we
fabricated a microchannel with a surface roughness of
Ra = 0.205 pm. Finally, we used the low-cost framework
to fabricate a microfluidic droplet generator that produced
0.2 nL droplets at a rate of 80 Hz. Therefore, we clarified
low-cost desktop micromills are capable of becoming the
ideal (fastest and least expensive) fabrication technique for
prototyping microfluidic devices.
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Table 4 Comparison of
low-cost micromilling to
photolithography and high-end
micromilling, in terms of cost
equipment and consumables,
required infrastructure and
performance metrics

Items Photolithography High-end milling Low-cost milling
Equipment
Micromill N.R.* $15.5-220K $2.5-3.2K
Endmill set N.R. ~ $1K ~ $05K
Mask aligner ~ $65 K N.R. NR.
Plasma bonder ~ $6.6 K N.R. NR.
Spin coater ~ $4 K N.R. N.R.
Stereomicroscope ~ $15K N.R. N.R.
Incubator ~ $0.3K N.R. NR.
Desiccator ~ $0.1 K ~ $0.1K ~ $0.1 K
Toaster oven N.R. ~ $50 ~ $50
Consumables P.D.¥*
Photomask ~ $95-400 N.R. N.R.
Photoresist ~ $40 N.R. N.R.
PDMS ~ $10-30*** <$5 <$5
Developer ~ $20 N.R. N.R.
Silicon wafer ~ $10 N.R. N.R.
Piranha solution ~ $10 N.R. N.R.
Silane ~ $5 N.R. N.R.
Polycarbonate N.R. ~ $1 ~ $1
Infrastructure
Cleanroom Required N.R. N.R.
Fume hood Required N.R. N.R.
Vacuum line Required N.R. N.R.
Tank storage Required N.R. N.R.
Metrics
Equipment cost ~ $77.5K ~ $16.6 K-221 K ~ $3.15-3.85K
Cost of new design ~ $200-500 < %6 < $6
Cost of replication ~ $15-35% < %6 < $6
Min. feature size < lpm > Spm 75 pm
Surface roughness 1-4 nm > 150 nm > 200 nm
Bonding pressure ~ 350kPa ~ 35kPa ~ 35kPa
Fabrication time ~ 8h < 1h < 1h

*N.R. Not required. **P.D. Per device

***Depending on the number of layers

6 Supplementary information

The supplementary information includes design files of the
test devices, description of the assembly method. Also, a
detailed breakdown of the fabrication cost for photolithog-
raphy, high-end micromilling, and low-cost micromilling
is provided. The design files are available at: https://githu
b.com/CIDARLAB/milling-benchmarks.
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