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Abstract
MS detection coupled with digital microfluidic (DMF) devices has only been demonstrated in an
off-line manner using matrix assisted laser desorption ionization. In this work, an eductor is
demonstrated which facilitated online coupling of DMF with electrospray ionization MS
detection. The eductor consisted of a transfer capillary, a standard ESI needle, and a tapered gas
nozzle. As a pulse of N2 was applied to the nozzle, a pressure differential was induced at the outlet
of the ESI needle that pulled droplets from the DMF, past the ESI needle, and into the flow of gas
exiting the nozzle, allowing detection by MS. Operating position, ionization potential, and N2
pressure were optimized, with the optimum ionization potential and N2 pressure found to be 3206
V and 80 psi, respectively. Online MS detection was demonstrated from both open and closed
DMF devices using 2.5 μL and 630 nL aqueous droplets, respectively. Relative quantitation by
DMF-MS was demonstrated by mixing droplets of caffeine with droplets of theophylline on an
open DMF device, and comparing the peak area ratio obtained to an on-chip generated calibration
curve. This eductor-based method for transferring droplets has the potential for rapid, versatile,
and high throughput microfluidic analyses.
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Introduction
Digital microfluidics (DMF) is a lab-on-a-chip format where discreet droplets are
manipulated on an array of patterned electrodes to accomplish complex tasks. DMF devices
operate by electrowetting, in which the wetting of a hydrophobic dielectric surface can be
reversibly affected by application of a potential between electrodes embedded below the
surface and a counter electrode in contact with the fluid. Precise manipulation of the wetting
via actuation of electrode arrays allows sub-microliter droplets to be dispensed from larger
volume reservoirs and enables merging, mixing, and splitting of such droplets to accomplish
a multitude of analyses.
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Many of the benefits of DMF devices result from the small, discreet droplet volumes and the
versatility of analyses that can be performed in the digital regime. The utility of discreet
droplets in chemical analysis has been demonstrated in both flow-based systems1 and in
DMF format2–4 as isolated reaction vessels5,6 and isolated sample storage vessels.7
Sampling in the form of droplets allows for increased temporal8,9 and spatial10 resolution,
while the small volume of these droplets maintains high concentrations in sample-limited
analyses11 and reagent-limited reactions.12 Performing chemical analysis in the digital
regime involves combining discreet packets (droplets) of information (analytes and
reagents) with a finite number of operations (droplet generation, merging, mixing and
splitting) to accomplish a wide variety of analytical tasks. In this way, digital microfluidic
devices are analogous to digital electronics in that they offer similar versatility from a
limited number of basic tools and operations.

While the use of small volume droplets lends benefits to DMF analyses, it also poses a
challenge to many traditional detection methods. As with other microfluidic formats, this
challenge can be addressed by employing fluorescence detection,13,14 however this
detection scheme limits the types of analyses and the amount of information that can be
attained. Mass spectrometry (MS) offers a more information-rich approach to detection, and
while multiple instances of offline coupling of DMF with matrix assisted laser desorption
ionization (MALDI) have been reported,15,16 reports of electrospray ionization (ESI)
sources for DMF devices are fewer.17 A challenge to integrating the two methods is that the
droplets on a DMF device are unconfined and at ambient pressure, which makes it difficult
to introduce them to ESI without a pressure-assisted mechanism. Previous methods have
interfaced segmented droplets from microfluidic devices, but these methods utilized
pressure-induced transport to deliver these droplets to the MS.18,19

Another challenge with online coupling is that the typical operating voltages for DMF and
ESI are dissimilar, with DMF devices operating with AC voltages20, 21 and ESI with high
DC voltages. Ambient desorption ionization methods such as desorption electrospray
ionization (DESI)22 and direct analysis in real time (DART)23 may be amenable to online
detection from DMF devices, however these methods would not be effective for ionizing
droplets in closed DMF devices and would not easily allow analysis of the entire droplet
volume. Additionally, integration of ESI sources with DMF devices would allow online
detection, improving the versatility and throughput of DMF analyses.

A technology capable of transferring droplets from the DMF device to the ion source is
needed to decouple AC and DC voltage operation while allowing online MS detection from
DMF devices. An eductor is a device that uses the flow of one fluid to entrain the flow of
another. Eductors operate by the Venturi effect as described by the Bernoulli principle, and
are a mature technology appearing in a wide range of applications,24–26 however this
common method of fluid control is rarely employed on microfluidic devices. In this work,
an eductor with an integrated ion source is presented to address the challenges of integrating
DMF with online MS detection. A fused silica transfer capillary was used to couple the
DMF device to a standard ESI needle. The ESI needle was aligned inside of a gas nozzle so
that as N2 flowed through the nozzle, a drop in pressure resulted at the outlet of the ESI
needle by the Venturi effect. This pressure differential from the inlet of the transfer capillary
to the outlet of the ESI needle pulled sub-microliter droplets from the surface of the DMF
device, past the ESI needle, and ejected into the flow of N2 to the MS inlet. A multivariate
approach was used to optimize eductor operating position, applied ionization potential, and
applied N2 pressure. To demonstrate the versatility of coupling DMF with online MS
analysis, droplets of caffeine were merged with droplets of an internal standard and peak
areas of the resulting selected ion current (SIC) were used for quantification. This method of
integration is simple and should be applicable to a large number of DMF analyses.
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Materials and Methods
Materials

Caffeine, theophylline and Met-Arg-Phe-Ala peptide (MRFA) were purchased from Sigma-
Aldrich (St. Louis, MO). Acetic acid was purchased from EMD Chemicals Inc. (Gibbstown,
NJ). SU8-3035 was purchased from Microchem Corporation (Newton, MA). Teflon AF
solution was purchased from DuPont (Wilmington, DE). EGC-1700 was purchased from 3M
(St. Paul, MN).

Eductor fabrication and operation
High density polyethylene tubing with an inner diameter of 3 mm was heat drawn to an
outlet diameter of 1.5 mm to form the nozzle of the eductor. A regulator controlled the
pressure from the N2 tank. Timing of N2 delivery to the nozzle was controlled by 9
computer-controlled solenoid valves (model A00SC232P, Parker Hannifin Corp., Cleveland,
OH) with the outlets connected together. The transfer line from the DMF device was a 10
cm × 150 μm o.d. × 100 μm i.d. fused silica capillary (Polymicro Technologies, Phoenix,
AZ) while a standard ESI needle (P/N 00950-00951, Thermo Fisher Scientific Inc.,
Waltham, MA) was used. Ionization potential was applied by a high voltage DC power
supply (model 6AA12-P4, Ultravolt, Ronkonkoma, NY) controlled by software written in
Labview 8.5 (National Instruments, Austin, TX).

DMF Device Fabrication
Electrode patterns were fabricated on chrome photomask blanks (Telic Co., Valencia, CA)
by photolithography and chrome etching. The electrode pattern consisted of a 5 mm × 5 mm
reservoir electrode segmented into two parts, and six working electrodes for droplet
dispensing and delivery to the transfer capillary. Electrodes were connected to electrical
contact pads at the edge of the device designed to interface with a card edge connector
(model 3666-0000, 3M, St. Paul, MN). To improve the uniformity of dielectric coatings,
patterned electrodes were subjected to two minutes of plasma oxidation (model PDC-32G,
Harrick Plasma, Ithaca, NY) prior to spin coating SU8-3035 at 7000 rpm for 40 s. The
dielectric thickness was 19.7 ± 0.9 μm as measured by a profilometer (P-15, KLA-Tencor,
Milpitas, CA). Coated devices were baked for 5 min at 65 °C followed by 5 min at 95 °C
before being exposed to 25 s of UV radiation at an intensity of 20 mW cm−2 using a
collimated UV source (OAI, San Jose, CA). The devices were left overnight to complete the
curing of SU8. Cured devices were spin coated with a 1% solution of Teflon AF 1600 at
2500 rpm for 20 s then baked for 5 min at 75 °C to evaporate the solvent. The coated surface
was then quickly passed over a gas burner several times (< 1 s per pass) to reduce surface
roughness.

Grounding electrodes for open DMF devices were fabricated by dip coating 30 gauge tin
plated copper wire in EGC-1700 electronics coating. The grounding electrodes were placed
approximately 100 μm to the side of the working electrodes which allowed continuous
contact with the droplets. Cover slides for closed DMF devices consisted of 25 mm × 75 mm
ITO-coated glass slides (P/N 576352, Sigma-Aldrich). The ITO surface was coated with
Teflon AF by the same procedure described above, except a final baking step of 15 min at
330 °C was performed rather than passing the devices over a gas flame. Closed devices were
assembled by spacing the ITO cover slides 175 μm from the DMF surface using a gasket
made from two layers of blue low tack tape (Semiconductor Equipment Corporation,
Moorpark, CA).
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DMF device operation
Droplet actuation was achieved by applying 175 – 225 Vrms at 1 kHz to the patterned
electrodes while the 30 gauge tin plated copper wire or ITO cover slide was grounded. The
control voltage was generated by passing the output of a function generator (model 4003A,
B&K Precision Corporation, Yorba Linda, CA) through a high voltage amplifier (model
601C, TREK, Inc., Medina, NY). Voltage application was controlled using computer-
controlled 12V relays (CK1601A, Carl’s Electronics, Oakland, CA) interfaced to the DMF
device with a card edge connector. Droplet volumes in closed DMF devices were
determined from digital images of droplet generation using ImageJ software.27

Mass spectrometry parameters
Mass spectra were collected using a Finnigan LCQ Duo (Thermo Fisher Scientific Inc.,
Waltham, MA). Unless otherwise noted, selected ion monitoring (SIM) was performed over
a 10 m/z range centered at the indicated ion of interest. Selected ion currents (SIC) were
taken from the SIM data using a 1 m/z window centered on the ion of interest. For
measurement of caffeine:theophylline ratios, the mass analyzer was scanned from 175 – 200
m/z, and the SIC of each compound using a 1 m/z window was used for each compound.
The ratio of the areas of these SIC traces was then taken. The MS instrument was operated
with a capillary temperature of 200 °C and a 10 ms ion injection time. Ionization voltages
ranged from 0 to +6 kV DC, and were applied using a computer-controlled high voltage
power supply as mentioned previously.

Optimization and characterization experiments
Design Expert 7 software (StatEase, Minneapolis, MN) was used to develop the
experimental design and to perform all statistical analyses. Four experimental factors were
varied over three levels each, as described in Table 1. A Box-Behnken experimental design
was used to reduce the 64 possible combinations to 29 experiments (including 5 replicates of
the median condition, x = 5 mm, y = 37.5 mm, P = 60 psi, and V = 3000 V). Each of the
four factors was then fit to a polynomial model with the general form:

(1)

where R was the response (average peak area or peak area RSD), βi was the model
coefficient, Ei was the residual error, x was the position off-axis relative to the MS inlet, y
was the distance from the MS inlet, V was the ionization potential, and P was the applied N2
pressure. Analysis of variance (ANOVA) was used to partition the total variation in the data
into the variations due to the four experimental factors and the variation due to random
error. These components were used to calculate an F-value, which was compared to a
tabulated F-distribution to generate a p-value. The p-value described the probability that a
variation resulted from error rather than from an experimental factor. When p < 0.05, the
effect of that factor was considered to be significant. Model reduction, which pooled non-
significant terms (p > 0.10) with the residual error by backward elimination regression, was
applied to find the best fit for each response. The final reduced model for each response was
described by the following equations:

(2)

(3)

Baker and Roper Page 4

Anal Chem. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ANOVA tables for each of the reduced models above are given in Tables S1 and S2 in the
supporting information.

Unless otherwise stated, all signals were quantified by integrating the area under the SIC
traces, and the analyte was 2.5 μL aqueous droplets of 10 μg mL−1 MRFA (m/z = 524.3)
acidified with 1% acetic acid.

Semi-quantitative analysis was performed with 2.5 μL aqueous droplets containing caffeine
concentrations of 5 – 250 μg mL−1, with theophylline (m/z = 181.1, [M+H]+) as an internal
standard at a final concentration of 100 μg mL−1.

Results
Online MS detection from DMF devices is an attractive option for high throughput and
parallel analyses with information rich detection. Coupling DMF to ESI-MS is challenging
because it is difficult to introduce a pressure-assisted mechanism to droplets that are at
ambient pressure and not confined by fluidic channels. Additionally, the voltage regimes of
DMF (typically hundreds of volts AC) and ESI (typically kilovolts DC) are difficult to
integrate into a single electronic system. To address these challenges, we have developed a
microfluidic eductor that transfers DMF droplets to an ESI source and subsequently into an
MS instrument for detection.

Design and principles of operation
The eductor, illustrated in Figure 1A, consisted of a transfer capillary, a standard ESI needle,
and a tapered gas nozzle. The transfer capillary coupled the DMF device to the ESI needle,
with the outlet of the transfer capillary recessed 2 mm from the outlet of the ESI needle. The
ESI needle was aligned coaxially inside the gas nozzle, with the outlet of the needle recessed
1 mm from the outlet of the gas nozzle. With this configuration it was possible to introduce
sub-microliter droplets into the mass spectrometer by applying a 15 s pulse of N2 to the
nozzle. As the gas pulse passed the ESI needle, a drop in pressure was induced at the outlet
of the ESI needle, which pulled droplets from the DMF device, through the transfer
capillary, past the ESI needle, and into the flow of gas exiting the nozzle.

The device was easily coupled to DMF devices of both closed and open configurations,
provided that the gap spacing of the closed DMF devices was greater than the 150 μm outer
diameter of the transfer capillary. Video demonstrations of the eductor operating with both
open and closed DMF devices can be found in the supporting information. Droplet volumes
of 630 ± 90 nL were successfully transferred from closed DMF devices, whereas open DMF
devices were loaded with 2.5 μL droplets by pipette. In either case, droplets from the DMF
device resulted in peaks in the SIC that were rectangular in shape with the duration of the
signal proportional to the volume of the droplet being transferred (Figure 1B). The RSD of
the ion current magnitude from a single peak was higher than 20%, but the areas of the SIC
produced from droplets of identical composition and volume were less than 10% RSD.

MS detection of small molecules, peptides, and proteins were all possible with this system.
The present studies focused on detection of small molecules and peptides because
biomolecule adsorption on the surface of the DMF device, a well known phenomenon,28

hindered the analysis of proteins (data not shown). This carryover does not limit the efficacy
of the system, however, since methods exist to address protein carryover on DMF devices.29

Performance characterizations and optimization
The eductor was positioned in front of the MS inlet on a two axis positioning stage, and a
multivariate approach was used to characterize the performance of the eductor as a function
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of four factors: x-position (off-axis position relative to the MS inlet), y-position (distance
from the MS inlet), applied ionization potential, and applied N2 pressure. Table 1 shows the
levels over which each of these factors was tested. A Box-Bhenken experimental design,
similar to those described previously,30, 31 was used to reduce the total number of
experiments needed. In each experiment, the average SIC peak area from 5 replicate droplets
and the RSD of the replicate peak areas were the measured responses. ANOVA was used to
identify statistically significant relationships between the factors and these responses.

The peak area response was fit to a model (p < 0.0001) where the log of peak area varied
linearly with respect to x-position (p < 0.0001) and ionization voltage (p = 0.0320). Neither
y-position nor applied N2 pressure affected peak area in a statistically significant manner.
Figure 2 illustrates the relationship between the log of peak area and both x-position and
applied ionization potential. Not surprisingly, peak area increased with increasing ionization
potential and decreased as the eductor was moved off-axis with respect to the MS inlet. The
maximum experimentally observed peak area occurred at x = 0 mm and at an ionization
potential of 5000 V. The factors found to be insignificant in this model, y-position and N2
pressure, both play a role in the desolvation of ions prior to MS detection. The lack of a
statistically significant relationship between these factors and peak area suggests that either
sufficient desolvation occurred even at low N2 pressure and at short distances from the MS
inlet, or that desolvation did not play a significant role in changing the SIC peak areas.
Further studies will be required to completely understand the role these factors have on ion
desolvation in this system.

Peak area reproducibility followed a more complex trend, with the RSD of SIC peak areas
fitting a quadratic model (p = 0.0030). In this model, significant relationships were found for
both applied N2 pressure (p = 0.0063) and the square of y-position (p = 0.0027). The first
order y-position term was not statistically significant (p = 0.837) but was retained in the
model to maintain hierarchy with the y2 term. Figure 3 shows the relationship between peak
area RSD and both y-position and applied N2 pressure. The dependence of RSD on y2 is
evident by the parabolic shape of the response surface, with the minimum RSD found at a y-
position of 37.5 mm at each value of N2 pressure. Peak area RSD decreased with increasing
N2 pressure, with the highest experimentally observed peak area reproducibility (5% RSD)
at the highest N2 pressure (80 psi). As discussed previously, N2 pressure and y-position were
insignificant factors when attempting to increase the average peak area, suggesting that
droplet desolvation did not play a significant role in peak area. But, due to their significance
in this study, the shape and mechanics of plume generation and ion desolvation appear to
strongly influence the reproducibility of the SIC peak areas. Previous reports have looked at
plume shape and mechanics in similar ionization sources,32 but we felt a peak area precision
of 5% was sufficient. Relationships of borderline significance were x-position (p = 0.0794)
and the product of N2 pressure and ionization potential (p = 0.0903). Ionization potential
was not found to be statistically significant (p = 0.232), but was retained in the model to
preserve hierarchy. Preliminary studies indicated that modulating N2 pressure was also an
effective method for affecting the rate of droplet transfer from the DMF device to the MS
detector, with decreased N2 pressure leading to slower transfer speeds (data not shown).
While this may be useful in tuning an analysis to particularly small or large volume droplets,
it should be noted that doing so would have an impact on peak area reproducibility.

The performance characterizations described above were used to identify optimum operating
conditions. Two equally weighted optimization goals were defined: 1) maximizing the SIC
peak area, and 2) minimizing peak area RSD. A desirability function scored how closely the
response met the optimization goals, with a desirability score of 1 indicating that the
response was in perfect agreement with the optimization goals.33 Figure 4 shows a spatial
plot of the desirability score as a function of x- and y-position at the identified optimal N2
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pressure and ionization potential. A maximum desirability score of 0.919 is predicted when
the eductor is positioned on-axis with the MS inlet, at a distance of 37.5 mm, with an
ionization potential of 3206 V and an N2 pressure of 80.0 psi. At these conditions, the
experimentally observed average peak area was 26308 arbitrary units with an RSD of 5%,
which agreed with the results predicted by the model of an average peak area of 26440
arbitrary units and an RSD of 3% (Figure 4B).

DMF-MS analysis
Preliminary studies suggested that peak area in the SIC was an effective means for
quantifying signal in these studies, and thus motivated the investigation of peak area in the
device characterizations described above. To validate the use of SIC peak area in DMF-MS
analyses, a semi-quantitative DMF-MS analysis was performed.

The ability to rapidly mix droplets makes DMF devices a promising platform for relative
quantitation by MS because analyte-containing droplets can be combined with internal
standards prior to analysis. Relative quantitation of caffeine from aqueous droplets on a
DMF device is illustrated in Figure 5. Droplets containing premixed solutions of caffeine
with theophylline internal standard were transferred from the DMF device to the MS by the
eductor. Ratios of the caffeine/theophylline peak areas (Figure 5A, squares) gave a
calibration curve with a linear range of 5 – 250 μg mL−1 (12.5 – 625 ng per droplet) and a
best fit line of y = 0.0159 x + 0.0237 (R2 = 0.999). Under these conditions, caffeine was
detected regularly at concentrations of 1 μg/mL (2.5 ng per droplet), but 10-fold lower
concentrations were not. Shown in the inset of Figure 5A are examples of the SIC traces
obtained at two points within the calibration curve. The blue trace is the SIC of caffeine (m/z
= 195) and the black trace is from theophylline (m/z = 181). Aqueous droplets spiked with
caffeine were combined on the DMF device with droplets containing theophylline (Figure
5B) and allowed to mix by diffusion. The resulting relative peak areas agreed well with the
calibration curve (Figure 5A, diamonds), and validated the use of relative peak areas as a
means of quantifying DMF droplet contents by online MS detection.

Conclusion
Coupling of DMF devices to ESI-MS allows the advantages of digital analyses with the
information-rich detection offered by MS. The eductor-integrated ionization method
presented here facilitates online MS detection from open or closed DMF devices in two
ways. First, the eductor imparts a motive force to the droplets to deliver them to the ESI
needle addressing the challenge associated with ambient and unconfined droplets. Ambient
ionization mass spectrometry methods, such as DESI or DART, could be used to analyze
droplets from open DMF devices, but it would be a challenge to analyze droplets from
closed DMF devices. Secondly, the eductor is designed to remove droplets from the DMF
device, which allows the high DC ionization potential to be decoupled from the voltage
scheme of the DMF device permitting MS analysis while movement of other droplets on the
DMF can continue uninterrupted. Droplet removal has the additional benefits of allowing
detection from the entire droplet volume, and of clearing droplets from the device to allow
high throughput or highly paralleled analyses.

DMF devices achieve complex tasks from a limited number of operations, which makes this
technology ideally suited for highly versatile analysis systems. Online MS detection from
DMF devices complements this versatility well, since it will allow optimization, calibration,
and analytical measurements to be performed within the same experiment, without taking
the DMF device offline.
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Figure 1. Microfluidic eductor operation
A. A schematic representation of the eductor is shown, illustrating the configuration of the
transfer capillary, ESI needle, and gas nozzle. Gas flow in the nozzle induced a pressure
differential between the outlet of the ESI needle and inlet of the transfer capillary, which
allowed droplets from the DMF device to be transferred to the MS. The inset shows the
eductor coupled to a closed DMF device. B. The SIC traces produced when 2.5, 5, and 10
μL droplets of MRFA peptide were transferred from an open DMF device via the eductor-
integrated ion source into the MS are shown. The areas of the resulting signals were
proportional to droplet volume. The inset shows the mass spectrum resulting from the
summation of all 15 m/z scans from the 2.5 μL droplet.
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Figure 2. Peak area response surface map
Results of ANOVA show that the log of peak area followed a linear trend with respect to
ionization potential and x-position, with increasing peak area observed at increasing
ionization potential, and decreasing peak area observed as the eductor was positioned off-
axis with respect to the MS inlet. Neither y-position nor N2 pressure was found to
significantly affect average peak area.
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Figure 3. Peak area RSD response surface map
The RSD of peak area followed a quadratic model, with the best reproducibility observed at
y = 37.5 mm and 80 psi N2 pressure. Data is shown at x = 0 and an ionization potential of
3206 V.
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Figure 4. Optimization of eductor operating conditions
A. Optimization targets of maximum peak area and minimum peak area RSD resulted in a
maximum desirability at x = 0 and y = 37.5 mm. The desirability plot is shown at the
optimal ionization potential and N2 pressure of 3206 V and 80 psi, respectively. B. Repeated
droplet transfer at the optimum operating conditions showed reproducible SIC peak areas
(RSD = 5%).
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Figure 5. Relative quantitation of caffeine from a DMF device
A. 2.5 μL droplets of premixed standard solutions (squares) containing caffeine (5 – 250 μg
mL−1) and theophylline (100 μg mL−1) were delivered to the mass spectrometer through the
eductor. The ratio of the SIC peak areas for caffeine and theophylline are plotted as a
function of caffeine concentration. Insets show typical SIC traces of caffeine (blue traces)
and theophylline (black traces) at 25 and 250 μg mL−1 caffeine concentrations. B. Droplets
containing different caffeine concentrations were mixed on-chip with droplets of
theophylline internal standard and delivered to the mass spectrometer. The ratio of the
extracted ion currents for caffeine and theophylline were plotted in A as red diamonds.
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Table 1

Experimental factors and levels

Factors Level (−) Level (0) Level (+)

x-position (mm) 0 5 10

y-position (mm) 17 27 37

ionization potential (V) 1000 3000 5000

N2 pressure (psi) 40 60 80
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