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The Air-Gap PAD: A Roll-to-Roll-Compatible Fabrication Method 
for Paper Microfluidics 
Rachel M. Roller, a Angela Rea a and Marya Lieberman a*

Paper-based analytical devices (PADs) offer a low-cost, user-friendly platform for rapid point-of-use testing. Without scalable 
fabrication methods, however, few PADs make it out of the academic laboratory and into the hands of end users. Previously, 
wax printing was considered an ideal PAD fabrication method, but given that wax printers are no longer commercially 
available, alternatives are needed. Here, we present one such alternative: the air-gap PAD. Air-gap PADs consist of 
hydrophilic paper test zones, separated by “air gaps” and affixed to a hydrophobic backing with double-sided adhesive. The 
primary appeal of this design is its compatibility with roll-to-roll equipment for large-scale manufacturing. In this study, we 
examine design considerations for air-gap PADs, compare the performance of wax-printed and air-gap PADs, and report on 
a pilot-scale roll-to-roll production run of air-gap PADs in partnership with a commercial test-strip manufacturer. Air-gap 
devices performed comparably to their wax-printed counterparts in Washburn flow experiments, a paper-based titration, 
and a 12-lane pharmaceutical screening device. Using roll-to-roll manufacturing, we produced 2,700 feet of air-gap PADs for 
as little as $0.03 per PAD.

Introduction 
Microfluidic paper analytical devices, or μPADs, are a promising 
platform for point-of-use testing because of their low cost, 
portability, rapid results, and ease of use. A landmark article by 
the Whitesides group in 20071 sparked an explosion of research 
interest in μPADs for applications as far-reaching as 
environmental monitoring,2–5 chemical education,6–14 
pharmaceutical screening,15–22 and point-of-care diagnostics.23–

25 Despite the large number of published academic articles on 
μPADs, however, very few μPADs have made it out of the 
academic laboratory and into the real world.26,27 One key 
reason for the difficulty of this “benchtop-to-bedside” 
transition is the lack of scalable fabrication methods for paper 
microfluidics.27

Fabrication methods have been an ongoing challenge for 
the field of paper microfluidics since its inception. Early μPADs 
relied on photolithography,1 which requires expensive 
materials, specialized equipment, and trained personnel. Many 
of the laboratory-based methods developed since, such as 
silanization,28 chemical vapor deposition,29 and plasma 
treatment,30,31 suffer from the same issues. Others, like hand 
cutting,32,33 hand drawing,34–36 hand folding,37 plotting,38–40 
craft cutting,41 3D printing,42,43 stamping,44–49 wax dipping,50 
spraying,51,52 and screen printing,53–56 boast low cost and 
require little equipment, but still suffer from low throughput 

and high hands-on labor. When wax printing was applied to 
μPAD fabrication, it was soon heralded as the method of choice 
for μPAD fabrication due to its reasonable cost, moderate 
throughput, simple operation, and ease of prototyping.34,57 In 
2016, however, Xerox discontinued its line of solid-ink printers, 
and no other company has picked up the technology. Other 
printer-based methods, like laser printing,58–61 inkjet printing,62–

68 and recently, thermal transfer printing,69 have been explored 
as potential alternatives to wax printing, but remain most 
suitable for mid-scale applications requiring only moderate 
throughput.

Roll-to-roll manufacturing70 offers continuous, in-line 
processing for large-scale production of microfluidic 
devices.71,72 Roll-to-roll manufacturing has been used to 
produce lateral flow assays, aquarium test strips, urine test 
strips, and pH strips for years, but few researchers have applied 
this technology to μPAD fabrication. One roll-to-roll method, 
flexographic printing, was explored by Olkkonen et al.73 and 
Määttänen et al.64 to pattern paper with hydrophobic barriers 
made of polystyrene-73 or PDMS-based64 ink. A smaller-scale 
roll-to-roll liquid flame spray technique was reported by Songok 
et al.,74 and roll-to-roll thermal transfer printing was used by Liu 
et al. to pattern paper with wax.75 

The air-gap PAD sprang from the need to find a scalable 
alternative to wax printing. Air-gap PADs consist of paper test 
zones affixed to a hydrophobic backing; the spaces between 
test zones provide an “air gap” that the liquid cannot cross. 
Similar devices made of paper affixed to a hydrophobic backing 
have been characterized previously,76–78 but the possibility of 
mass-producing air-gap devices had yet to be explored. 

As a proof of concept, we chose to target our lab’s two 
most commonly made device designs: the 12-lane PAD and the 
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paper titrator. The 12-lane PAD was developed to screen for 
substandard and falsified pharmaceuticals in low- and middle-
income countries,11,15–19 and has since been adapted to screen 
chemotherapy agents21,22,79,80 and illicit drugs.81 The paper 
titrator was developed to enable hands-on, inquiry-based 
analytical chemistry labs for distance learning.12 Each 12-lane 
PAD is individually serialized (starting at 10,000), and as of the 
time of this writing, the serial numbers had just crossed the 
70,000 mark, which means that ~7,500 12-lane PADs have been 
produced each year since 2014; we have also produced over 
34,000 titrators since 2020. For both of these devices, then, 
scalability was a top priority. Thus, while the air-gap PAD can be 
made by hand for prototyping purposes, it is designed to be 
compatible with large-scale roll-to-roll manufacturing. 

In this study, we investigate design considerations 
(dimensions, wetting behavior, reagent compatibility) of the air-
gap PAD and compare the performance of wax-printed and air-
gap versions of 12-lane PADs and paper titrators. We also report 
on a pilot-scale roll-to-roll production run of air-gap PADs.

Experimental
PAD fabrication

Air-gap PADs can be assembled by hand for prototyping, or 
mass produced using a roll-to-roll method. 

Hand fabrication. To fabricate the air-gap devices by hand for 
prototyping purposes, Ahlstrom 319 fast chromatography 
paper (Midland Scientific, Chicago, IL) was backed with double-
sided pressure-sensitive adhesive (Artgrafix, Beacon Falls, CT) 
and cut into strips with a Glowforge Basic laser cutter. These 
strips were mounted on a plastic backing using a pegboard for 
alignment (see Figure S1). The assembly was then sliced 
crossways into air-gap devices (see Figure 1).

Figure 1. Air-gap PAD fabrication. Top: Chromatography paper is backed with 
double-sided adhesive, cut into strips, applied to hydrophobic backing with air 
gaps between each paper strip, and sliced crossways into air-gap devices. Bottom: 
Simplified schematic of the roll-to-roll manufacturing process.

Roll-to-roll production. For the roll-to-roll manufacturing, we 
collaborated with Serim Research Corporation, a test-strip 
manufacturer in Elkhart, IN. For this method, a 500-ft roll of 8-
inch-wide Ahlstrom 319 paper was dry-laminated with double-
sided adhesive (3M double-coated tape 415, 3M, Saint Paul, 
MN) and slit into 0.2-inch ribbons. Seven of these ribbons were 
laminated onto a roll of 3.25-inch-wide white, hydrophobically 
coated polystyrene (Trycite, Franklin Park, IL, lot # 1345300) 
with 9-mm spacing and cut crossways into 9-inch cards. These 
9-inch cards were further cut into either 3-inch cards or 0.2-inch 
strips. Before cutting, the back of the polystyrene was 
laminated with double-sided adhesive so that test strips could 
be attached to custom-printed card holders.

PAD characterization and design considerations

Three different backing types with varying degrees of 
hydrophobicity were assessed for their performance in the air-
gap devices: commercial overhead transparency film (C-line, Mt 
Prospect, IL) and both the coated and uncoated sides of Trycite® 
polystyrene film (Transcendia, Franklin Park, IL). Measurement 
with a contact angle goniometer (DropMaster DMo-701, Kyowa 
Interface Science Co., Japan) using the sessile drop method on 
nine replicates, analyzed using the tangent method in FAMAS 
software showed that the transparency film was moderately 
hydrophilic (θ = 64°±2°), the uncoated side of the white film was 
on the border between hydrophobic and hydrophilic (θ = 
87°±6°), and the coated side of the white film was strongly 
hydrophobic (θ = 140°±4°) (see Figure S2).

Three design variables were considered for their effect on 
device volume: paper area, air gap width, and backing 
hydrophobicity. Paper squares measuring 2.5 x 2.5 mm, 5 x 5 
mm, and 7.5 x 7.5 mm were placed on the three backing types 
(transparency film, coated and uncoated polystyrene) with air 
gaps of 1, 2, and 3mm. Deionized water was added to two 
adjacent paper squares in 10-μL increments until the surface 
tension broke or the adjacent droplets merged. 

Air-gap devices were also tested for their ability to contain 
other liquids, including simulated blood (Type A, Ward’s 
Science, VWR, St. Catherine, Ontario), synthetic urine (RICCA 
Chemical Company, Arlington, TX), TWEEN® 20 (Sigma-Aldrich) 
surfactant solutions (2%, 5%, 10%, 20%, and 50%), ethanol, 
methanol, isopropanol, acetonitrile, acetone, and hexanes. 

Washburn flow

To compare the wet-out behavior of the air-gap devices to that 
of wax-printed μPADs, air-gap devices (2.5-, 5-, and 7.5-mm 
strips on moderately hydrophilic transparency film or on 
hydrophobic Trycite® polystyrene film) and wax-printed devices 
(2.5-, 5-, and 7.5-mm paper lanes separated with wax barriers, 
1 mm before baking, 1.25 mm after baking) were placed on end 
in 1 cm deionized water tinted with blue food coloring (FD&C 
Blue 1, McCormick, Duluth, GA) and filmed for two minutes. To 
study the effect of lamination on the air-gap PADs, devices were 
laminated with clear packing tape (Scotch Heavy Duty Packing 
Tape, Office Depot) to within 1 cm of the bottom of the PAD. 
Video frames were analyzed at 1, 2, 5, and 10 seconds and at 
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10-second intervals thereafter to track the flow of liquid up the 
paper lanes. Wet-out behavior was then quantified using the 
Washburn Equation:

𝐿 =  
𝛾𝑟𝑐𝑜𝑠(𝜃)

2𝜂 𝑡

which models the distance L traveled by a liquid with surface 
tension γ and viscosity η through a medium with pore radius r 
and contact angle θ in time t.82,83 Twelve replicate 
measurements were taken of each type of device. 

Titrator testing

The air-gap device’s performance as a vehicle for paper-based 
titrations was compared to the wax-printed titrator device 
described by Roller et al.12 Both the wax-printed and air-gap 
titrators were pre-loaded with 5 μL per square of p-
toluenesulfonic acid (Alpha Aesar, Ward Hill, MA) solutions 
ranging from 100 mM to 3 M (see Figure 3 below). 40 μL of 0.10 
M sodium hydroxide (Fisher Scientific, Fair Lawn, NJ) with 
phenolphthalein indicator (HiMedia Laboratories, Dindori, 
India, 1-2 drops of 5% indicator solution per 10 mL analyte) was 
then added to each square to perform the limit titration. Four 
replicates of each device type were imaged and analyzed in 
ImageJ84 to obtain titration curves. The green channel (G) was 
chosen for the titration curves as it is a close proxy for 
measuring the absorbance of the pink phenolphthalein 
solutions. 

12-lane PAD testing

To compare the air-gap device’s potential as an alternative to 
the wax-printed 12-lane PAD developed by the Lieberman lab 
for pharmaceutical analysis,15 air-gap PADs were fabricated 
(2.5-mm-wide laser-cut paper strips spaced 2 mm apart on 
transparency film) and stamped with the reagents specified by 
Bliese et al.17 Five active pharmaceutical ingredients (APIs) were 
tested: amoxicillin, ciprofloxacin, isoniazid, pyrazinamide, and 
rifampicin. Five PADs were run for each API. Images of the PADs 
were captured, rectified, and classified by a neural network85 
using a cell phone app.86 For image capture by the app, 
transparency-film-based air-gap PADs were placed atop a piece 
of paper printed with the fiducial markings normally printed on 
the PAD itself.85 The fiducials allow the app to recognize, align, 
and rectify the captured image. Each PAD was imaged against 
both dark and white background with four different devices—
an iPhone, an iPad, a Google Pixel, and a Nokia phone—to 
obtain a total of 200 images. Blinded images of all 25 PADs (one 
image per PAD) were also read by eye by five trained users.

Results and discussion
Initial testing involved hand-fabricating air-gap devices to 
optimize device dimensions and materials. Prototype air-gap 
devices (12-lane PADs and titrators) were then compared to 
their wax-printed counterparts to ensure comparable assay 
performance. Finally, a pilot-scale production run was 

conducted using roll-to-roll equipment in partnership with a 
commercial test-strip manufacturer.
PAD design and characterization

The maximum volume held by a single square of the air-gap 
device varied linearly with the area of the paper (R2 = 0.998) 
with a constant air gap width (Figure S3). When the air gap 
width was increased from 1 mm to 2 mm, the maximum volume 
of all tested paper areas increased (see Figure S4), but a further 
increase from 2 mm to 3 mm did not significantly increase the 
capacity. This was due to the fact that with a small air gap, the 
paper test zones were so close to each other that adjacent 
droplets merged with each other as they grew too large, limiting 
the maximum volume. With a larger air gap, however, the 
droplets were farther apart, so the capacity depended only on 
the area of the paper test zones.

The hydrophobicity of the backing did not significantly 
affect the maximum volume of the device (see Figure S5). This 
is likely due to the water remaining “pinned” to the hydrophilic 
paper rather than on the backing. In functional use, however, 
the titration devices with more-hydrophobic backing material 
were less likely to leak when jostled, so the hydrophobically 
coated polystyrene film was used for titration experiments and 
the pilot-scale roll-to-roll production run. 

The air-gap barriers successfully contained all tested 
aqueous solutions, including surfactant solutions, simulated 
blood, and synthetic urine, but could not contain organic liquids 
such as ethanol, methanol, isopropanol, acetonitrile, acetone, 
and hexane. 

Washburn flow

As seen in Figure 2, the wet-out behavior of the unlaminated 
air-gap devices was comparable to that of the wax-printed 
PADs. When the distance traveled by the liquid was plotted 
against the square root of time according to the Washburn 
equation, the 5-mm wax-printed devices, transparency-film air-
gap devices, plain and laminated hydrophobic Trycite® 
polystyrene air-gap devices, and 0.2-in plain and laminated roll-
to-roll-fabricated devices gave linear graphs (R2 = 0.9976, 
0.9984, 0.9974, 0.9961, 0.9965, and 0.9916 respectively). The 
slopes of the wax-printed, transparency-film, and Trycite 
devices were identical within error according to Excel’s LINEST 
function (0.504 ± 0.007 for wax-printed, 0.510 ± 0.006 for 
transparency-based air-gap, 0.500 ± 0.007 for hydrophobic 
Trycite® polystyrene-based air-gap, and 0.495 ± 0.008 for roll-
to-roll air-gap). 

Laminating the air-gap devices with packing tape, however, 
increased the rate of fluid flow, resulting in a steeper slope 
(0.655 ± 0.004 for laminated handmade device, 0.572 ± 0.015 
for laminated roll-to-roll device). In 100 seconds, the water 
traveled 6.1 cm up the laminated lanes, but only 4.9 cm up the 
unlaminated lanes. This is consistent with previous literature 
reports of faster flow rates in laminated devices.78,87 The 7.5-
mm lanes of the air-gap and wax-printed devices gave similar 
slopes to the 5-mm (unlaminated) devices (0.536 ± 0.008 for 
transparency-based air-gap, 0.498 ± 0.006 for hydrophobic 
Trycite® polystyrene-based air-gap, and 0.511 ± 0.01 for wax-
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printed). This suggests that the inherent wetting properties of 
the paper are not noticeably affected by the differences 
between the air-gap and wax-printing fabrication methods or 
by the hydrophobicity of the backing, but if more rapid fluid 
flow is desired, the device can be laminated. 

Figure 2. Washburn flow plots of air-gap (transparency film, hydrophobic Trycite 
polystyrene, Trycite laminated with packing tape, roll-to-roll, and roll-to-roll laminated 
with packing tape) and wax-printed devices with 5mm lanes. Error bars show standard 
deviation of 12 measurements.

Titrator performance

When a wax-printed titrator, a prototype air-gap titrator, and a 
roll-to-roll air-gap titrator preloaded with p-toluenesulfonic 
acid were compared side-by-side in a titration with 40 μL of 0.10 
M sodium hydroxide analyte and phenolphthalein indicator, the 
air-gap and wax-printed devices performed virtually identically 
(see Figure 3). 

Figure 3. Comparison of wax-printed (top), prototype air-gap (2nd row), and roll-to-roll 
air-gap (3rd row) titrators. Each square of the devices was loaded with 5 μL of the 
specified concentration of p-toluenesulfonic acid. 40 μL of 0.1 M sodium hydroxide with 
phenolphthalein was added to each square and mixed with a pipette to re-dissolve the 
stored TsOH. All titrators gave an endpoint (first clear, non-pink bubble) at the 700 mM 
TsOH square (the theoretical equivalence point was the 800 mM TsOH square). Bottom: 
Titration curves obtained from ImageJ analysis of wax-printed and air-gap titrators. The 
endpoint occurs where the graph levels off, not at the inflection point. Error bars show 
standard deviations of 4 replicates. 

Unlike a typical pH-vs-volume titration curve, where 
equivalence is found at the inflection point, the endpoint for 
these titration curves is found at the point where the graph 
levels off, signaling complete disappearance of the pink color of 
the phenolphthalein indicator. The exact RGB values obtained 
by ImageJ analysis were different, as the black wax backing of 
the wax-printed devices resulted in a darker background color 
than the white backing of the air-gap devices. Because the air-
gap devices do not have interference from the color of the 
backing, they had less variability in the measured color intensity 
and therefore smaller error bars. The endpoints, however, were 
the same for all three device types, both by visual inspection 
and titration curve (Figure 3). 

12-lane PAD performance

Images of the 12-lane pharmaceutical screening PADs were 
captured using a mobile app86 and analyzed using a neural 
network to identify the active pharmaceutical ingredient as 
described in Banerjee et al.85 The mobile app86 successfully 
captured and rectified images of the air-gap PADs (192 images 
total). Example images of air-gap and wax-printed PADs are 
shown in Figure 4; see Figure S6 for images of all 25 PADs. 
Neither the app operating system (iOS vs Android, p-value = 
0.66) nor the background color (black vs white, p-value = 0.51) 
significantly affected the accuracy of the neural network (see 
Table S1 for Student’s t-tests). 

The neural network struggled to accurately classify the APIs 
present in the images of the air-gap PADs (64% accuracy for air-
gap vs 98% accuracy for wax-printed; see Table 1). This was not 
surprising, as the neural network was trained using only wax-
printed PAD images. To confirm that the decrease in accuracy 
was due to the neural network and not to defects in the air-gap 
PADs themselves, 25 blinded air-gap PAD images (one image for 
each card) were analyzed by five trained human readers. When 
the PADs were classified by eye, four out of five readers 
classified all 25 cards correctly, and the overall average accuracy 
was 97% (see Table 1). 

Table 1. Classification accuracy of wax-printed and air-gap pharmaceutical screening 
PADs.

API Wax-printed 
accuracy (%) 
(app/neural 

net)

Air-gap 
accuracy (%) 
(app/neural 

network)

Air-gap 
accuracy (%) 

(human 
readers)

Amoxicillin 99 57 100
Ciprofloxacin 92 72 100

Isoniazid 100 80 100
Pyrazinamide 100 45 88

Rifampicin 100 68 96
Average ± 
Standard 
Deviation

98 ± 4 64 ± 14 97 ± 5

For both human readers and the cell-phone app, 
pyrazinamide was the most difficult drug of the five APIs studied 
to classify correctly, most likely because its “color barcode” 
consists of only one distinct color change (a dark red color in 

Page 4 of 8Lab on a Chip



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

lane G), which can be easy to overlook. Isoniazid, in contrast, 
gives distinct color changes in five lanes, which makes it easier 
to classify accurately. One potential reason for amoxicillin’s low 
accuracy on the app but high accuracy with human readers is 
that one of its three color changes (the red “flame” in lane K) 
can be unreliable if the PAD has been stored for several months. 
A human reader can still reliably identify amoxicillin based on 
the other two predicted color changes, but a neural network 
may struggle. Another potential explanation for the differences 
in accuracy between the app and human readers is the fact that 
the paper strips in the prototype air-gap PADs had a small 
amount of browning from the laser-cutting process, which 
altered the shade of the colors slightly. (As the roll-to-roll 
process uses knives rather than a laser cutter, this is not an issue 
for scaled-up air-gap manufacturing.) For a neural network, this 
alteration in color intensity is problematic, but a human reader 
can still readily identify the colors. 

Our results, then, show that the air-gap PAD performed 
comparably to the wax-printed PAD when analyzed by human 
readers. Since the PADs were originally developed to be read by 
eye and can be reliably used without the cell-phone app and 
neural network,15–18,22 this shows that the air-gap PADs are a 
viable successor to the wax-printed 12-lane PADs. Our 
challenges when attempting to analyze the air-gap PADs with a 
neural network designed for wax-printed PADs, however, 
highlight the fact that changing external factors, like the 
fabrication method, will likely necessitate retraining any neural 
networks used for computer-assisted classification. We 
anticipate that retraining our neural network on images of air-
gap PADs will ameliorate many of these issues and improve the 
accuracy of the cell-phone app’s classification.

Figure 4. Wax-printed and air-gap pharmaceutical screening PADs. Left panels show wax-
printed 12-lane PADs for ciprofloxacin (top) and isoniazid (bottom) with expected color 
changes circled. Right panels show air-gap PADs for ciprofloxacin (top) and isoniazid 
(bottom). Images of all 25 air-gap PADs read by the human evaluators can be found in 
the supplemental information.

Roll-to-roll production run

We partnered with a local test-strip manufacturer to perform a 
pilot roll-to-roll production run of the air-gap devices. Because 
we use a 96-well inoculator or a multichannel pipette to deposit 
reagents, the paper lanes needed to be spaced at 9mm, and 
thus two paper guides were custom machined ($3400, one-time 

cost) with this spacing. Excluding the one-time cost of the 
guides, the total cost for materials, equipment use, and labor 
was ~$4,500. A 500-ft roll of 8-in paper produced approximately 
2,700 feet of assembled cards, which translates to either 10,800 
3-in cards for pharmaceutical screening or 162,000 ⅕-in test 
strips for paper-based titrations. This brings the cost per device 
to $0.41 per 3-in PAD ($0.73, including one-time costs) or 
$0.026 per ⅕-in titrator ($0.05, including one-time costs). 

Our manufacturing partner’s current equipment is limited 
to a maximum of seven paper lanes no narrower than 0.2 
inches. The current 7-lane PADs are useful for the paper 
titrators12 and a pared-down version of the PAD used for illicit 
drug analysis,81 but in future production runs, we plan to obtain 
a knife set capable of cutting 2.5mm lanes, as well as another 
custom guide that can deposit 12 paper strips at a time so we 
can mass produce the 12-lane pharmaceutical PADs. 

Conclusions
The air-gap design offers a simple, scalable alternative to 
traditional methods of fabricating paper microfluidics. Air-gap 
devices can be readily fabricated by hand for prototyping and 
device development, but more importantly, we have shown 
that they can be mass produced with roll-to-roll manufacturing. 
Since the necessary roll-to-roll equipment is commonly 
available at many test-strip manufacturers, it is possible to 
partner with a company to produce air-gap devices at scale 
without purchasing manufacturing equipment. At the pilot-
manufacturing scale, the cost of air-gap device fabrication was 
as low as $0.03 per device, including labor, equipment use, and 
raw materials. 

This roll-to-roll method can create PADs consisting of 
straight paper channels and square dot features. Further 
development will be needed to create more general designs 
with curved lines, holes, and complex shapes, or to incorporate 
folded, rolled, or stacked multi-level structures which are 
readily accessible by other fabrication methods. The current 
method, however, is applicable not only to our two device 
designs, the paper titrator12 and the 12-lane 
PAD,11,15,17,19,21,81,85,88 but also to the many PADs reported by 
other groups that involve spot tests and/or straight 
channels.6,8,36,44,52,55,64–66,74,89–95 

Our testing showed that air-gap devices performed 
comparably with wax-printed devices for paper-based titrations 
and pharmaceutical screening. Future research will focus on 
training our neural network to recognize air-gap pharmaceutical 
screening devices and expanding the air-gap method to other 
device architectures. 
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