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This study demonstrates a simple approach for fabricating a 3D-µPAD from a single sheet of 

paper by double-sided printing and lamination. First, a wax-printer prints vertically 

symmetrical and asymmetrical wax-patterns onto a double-sided paper surface. Then, a 

laminator melts the printed-wax-patterns to form microfluidic channels in a paper sheet. The 

vertically symmetrical wax-patterns form vertical channels when the melted wax-patterns 

make contact with each other. The asymmetrical wax-patterns form lateral and vertical 

channels at the cross-section of the paper when the printed-wax-patterns are melted to a lower 

height than the thickness of a single sheet of paper. Finally, the two types of wax-patterns form 

a 3D microfluidic network to move fluid laterally and vertically in a single sheet of paper. This 

method eliminates major technical hurdles related to the complicated and tedious alignment, 

assembly, bonding, and punching process. This 3D-µPAD can be used in a multiplex digital 

assay to measure the concentration of a target analyte in a sample solution simply by counting 

the number of colored bars at a fixed time. It does not require any external instruments to 

perform the digital measurement. Therefore, we expect that this approach could be an 

instrument-free assay format for use in developing countries. 
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Introduction  

The increasing percentage of elderly patients with high risks of 

disease has led to an increase in the social cost of diagnosis.1, 2 

Currently, the cost of diagnosis and treatment is a serious 

problem in the world.2 In particular, the cost of personal 

diagnosis represents a significant burden in developing 

countries, where access to medical technology is limited. 

Although commercially available modern diagnostic systems 

provide sensitive and selective analysis, they are difficult to 

implement in resource-limited regions because they are 

expensive and large instruments, there are few well-trained 

experts, the infrastructure is poor, and they require large 

volumes of reagents.3 The World Health Organization has 

clearly defined the criteria as a benchmark to decide if 

diagnostic tests address disease control needs: affordable, 

sensitive, specific, user-friendly, rapid and robust, equipment-

free and deliverable to end-users.4 In fact, “equipment-free” is 

one of seven necessary attributes for diagnostic tests in 

developing regions. Thus, the use of external readers and 

pumps must be overcome when creating ideal (POC) diagnostic 

tests for use in the developing world.5, 6 

 Recently, microfluidic paper-based analytical devices 

(µPADs) have attracted considerable attention for use in a wide 

range of applications because they provide a portable, cheap, 

disposable, simple, and rapid assay that requires small volumes 

of sample and reagents.7-11 µPADs can be classified into two 

categories, depending on the dimensions of the microfluidic 

channel. First, is a two-dimensional µPAD (2D-µPAD), which 

is designed to laterally move fluid in the x-y plane. 5, 9, 12, 13 

Second, is the three-dimensional µPAD (3D-µPAD), which can 

flow in the z-direction and has been fabricated by stacking 2D-

µPADs.6, 14 Fluid in a 3D-µPAD can freely move in both the 

horizontal and vertical directions. Compared with 2D-µPADs, 

3D-µPADs offer several advantages that cannot be achieved in 

a 2D-µPAD, such as an increased number of assays on a small 

device, a rapid distribution of sample owing to the short 

moving distance in the vertical direction compared to the lateral 

direction, and the ability to perform multiple pre-processing or 

reaction steps.15-17 

 Although 3D-µPADs have clear benefits for the rapidly 

growing field of paper-based microfluidic devices, there are 

some important drawbacks in the conventional fabrication 

techniques, such as the use of double-sided adhesive, origami-

clamping, and the spray adhesive gluing method.6, 14, 17, 18 These 

methods require more complicated fabrication processes than 

2D-µPADs to create more complex flow channels, including 

vertical channels that do not exist in 2D-µPADs. To form a 

vertical flow channel, the original fabrication method involves 

the precise stacking and alignment of multiple sheets of paper, 

pasting with a double-sided adhesive, punching holes in the 

sheets, and the addressing holes with hydrophilic materials 

during assembly.6, 14 Finally, fluid can flow vertically through 

adjacent paper layers. Especially, in the case of a hydrophobic 

double-sided adhesive tape, the holes should be made on the 

tape. The formation of a hole results in a gap or space between 

the two layers of papers. Thus, an additional process to fill the 

holes with hydrophilic materials, such as cellulose powder, or 

to connect adjacent paper sheets through a compressive process 

is a prerequisite for flowing through the holes. 6, 14 In case of 

the spray adhesive gluing method, even though it can avoid the 

tedious alignment and assembly steps, the use of soluble 

adhesive in common solvents is likely to contaminate the 

sample or detection reagents. Therefore, the existing 

complicated fabrication process should be simplified and rapid 

to allow for commercialization of 3D-µPADs and make them a 

more widely available tool as a zero-cost diagnostics. 

 Herein, we present a simple and rapid method for 

fabricating a 3D-µPAD using double-side printing and 

lamination as an adhesive and alignment free process. The 

fabrication process involves two steps: (1) double-side printing 

of wax-patterns and (2) lamination for heating the wax-patterns. 

The lamination process rapidly melts the wax-patterns and 

forms a 3D-microfluidic network in a single sheet of paper. By 

manipulating the heating time and speed in the laminator 

controls, the width and height of the wax pattern on the paper 

can be controlled. Based on this approach, a paper device 

containing a 3D-microfluidic network on a single sheet of paper 

can be easily produced in a personal office or common 

laboratory without involving complicated instruments. This 

method minimizes the number of paper layers that need to be 

aligned and assembled. Additionally, this fabrication approach 

provides programmable fluid flow in a single sheet of paper so 

that digital diagnostic tests can be performed without the use of 

an external detection apparatus. 

 

Experimental 

Chemicals 

 

All chemicals were obtained from Sigma-Aldrich (St. Louis, 

MO, USA) and were used without purification. Bovine serum 

albumin (BSA) and glucose were dissolved in distilled water at 

different concentrations to prepare sample solutions. We 

applied a dye-binding method for albumin in the sample that is 

based on tetrabromophenol blue (TBPB) (0.688 mg mL-1 in 

50% ethanol), a dye that has a reliable sensitivity and 

specificity for albumin. The detection of glucose was 

performed by consecutive reactions with potassium iodide and 

a mixture of glucose oxidase and horseradish peroxidase (5:1) 

(starch assay kit, Sigma-Aldrich).5, 19, 20 The color changes from 

colorless to brown when potassium iodide binds to the 

hydrogen peroxide produced by the enzymatic reaction. 

 

Paper, printer, and laminator 

 

Whatman® cellulose chromatography paper (Grade 3 MM Chr, 

Sigma-Aldrich, MO, USA) was used because it is hydrophilic, 

biocompatible, and reproducible. The average thickness of the 

paper used in this study (340 µm) was sufficient to form a 3-

dimensional microfluidic channel in a single sheet of paper. 

After lamination, the average thickness of the paper was 

decreased to 290 µm due to the effects of pressing during the 

laminating process. We used a wax printer (Xerox ColorQube 
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8870, USA) because it was commercially designed to print 

solid wax. The printed wax-patterns form microchannels as 

they cool, and they solidify instantaneously without further 

spreading. A laminator (PhotoLami-350R6, Hyundai Office 

CO., LTD, Republic of Korea) was used for melting and 

spreading the printed wax-pattern because it was able to control 

the rate of laminating based on the rotation rate of two hot 

rollers. It also provided uniform heat-transfer while heating the 

paper for a few seconds. Two hot rollers transferred heat to the 

printed-wax-patterns on both-sides of the paper while it moved 

from the inlet to the outlet of the laminator. Simply, the rotation 

rate of the roller precisely controls the heated height of the 

wax-patterns in thin paper. Therefore, the height of the wax-

patterns can be controlled by manipulating the rotation rate of 

the hot roller in the laminator. 

 

Formation of a microfluidic network in a single sheet of 

paper 

 

We designed hydrophobic wax patterns using image software 

(Adobe illustrator CS6) and printed the patterns on paper using 

a solid ink printer set to the parameters for photoquality 

printing. The primary fabrication procedure consisted of two 

steps, double-side printing and lamination (Fig. 1). First, the 

designed wax-patterns were printed on both sides of a sheet of 

paper (Fig. 1(A)). The printed paper was then heated by a 

laminator set at 140 °C for 0.26 sec, and the wax patterns were 

melted and spread through the thickness of the paper (Fig. 

1(B)). The 3-dimensional microfluidic network containing an 

inlet or outlet and microchannels was formed in a single sheet 

of paper after removing the paper from the laminator and 

allowing it to cool to room temperature (< 20 sec). A detailed 

description of the experimental procedure and the basic design 

is included in Fig. S1, S2 in the ESI.† 
 

Fabrication of a µPAD for detecting BSA and glucose 

 

Furthermore, we expanded our approach to develop a novel 

equipment-free assay for straightforward and quantitative 

µPAD measurements. Feasibility was demonstrated by the 

quantitative detection of BSA and glucose as model analytes. 

The fabrication principle and process are schematically shown 

in Fig. 5 and Fig. S4.† The µPAD consisted of a sample pad, a 

glucose dot, and BSA dots. The glucose assay was performed 

by enzymatic oxidation of iodide to iodine, in which a color 

change from clear to brown is associated with the presence of 

glucose in the sample solution.5, 19 Prior to the assay, the 

glucose dots were functionalized by the sequential absorption 

of a potassium iodide solution and an enzyme mixture 

containing horseradish peroxidase and glucose oxidase. For the 

protein assay, we have adopted the color change of TBPB when 

it ionizes and binds to albumin.21 The presence of protein in a 

sample solution induces a color change from yellow to blue.22 

For the protein assay, we spotted 1.5 µL of a 250 mM citrate 

buffer solution, and then layered TBPB solution (0.688 mg mL-

1, 3 µL) over the citrate buffer solution. The spotted reagents 

were allowed to air dry at room temperature. The final 

assembled µPAD was stored at 4 °C, which maintained the 

sensitivity after 7 days compared to day one. 

 

Image analysis 

 

An optical microscope (Nikon SMZ800, Japan) equipped with 

a ccd camera (Phantom MIROEX2, USA) was used to capture 

images of the melted wax in the cross-section of the paper. The 

images were analyzed using Image J software. 

 

 
Fig. 1 Schematic of the fabrication method for 3D paper-based 

microfluidic analytical devices (3D-µPADs) based on double-sided 

printing and lamination. (A) Double-side printing: a wax printer prints 
the wax-patterns on the both-sides of a sheet of paper. (B) Lamination: 

two hot rollers in a laminator melt the wax-patterns, and the heating 

time can be controlled by adjusting the rotation rate of the hot rollers. A 
docking-wax-barrier, upper-heated-wax and lower heated-wax are 

formed with a proper heating-time (0.26 sec). A docking-wax-barrier is 

formed when the spreading upper-heated-wax contacts the lower-

heated-wax. It functions as an inlet and outlet. Lower- and upper-

channels are formed by the lower-heated-wax and the upper-heated-

wax, respectively. Based on this approach, a 3D microfluidic network is 
formed in a single sheet of paper. The liquid (red dye solution) flows 

vertically and horizontally from inlet to outlet via lower-channels and 

an upper-channel. 

 

Results and discussion 

Formation of a 3D microfluidic channel in a single sheet of paper 

 

In this study, a new printing approach is described for the 

formation of a 3D-microfluidic network using simple double-

sided wax printing and thermal lamination to spread the printed 

wax (Fig. 1A). This method uses cheap and commercially 

available printer and laminator sold for stationery. This process 

minimizes the number of layers of material that need to be 

aligned and assembled (Fig. S5).† This approach also provides 
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way to program fluid flow within a single sheet of paper so that 

the results of a diagnostic assay can be displayed by the change 

of color of a reagent. This method involves two simple steps: 

double-sided printing and thermal lamination. The entire 

process can be completed in approximately in 35.5 sec (Table 

S1).† In this study, we have used wax printing because wax can 

be printed directly onto paper in well-defined patterns to create 

hydrophobic, impermeable barriers with well-controlled height 

that function as channels to wick the fluid. The 3D-microfluidic 

channel in a single sheet is obtained by precisely controlling the 

spreading of molten wax during the thermal laminating process 

(Fig. 1B). A docking-wax-barrier is formed when vertically 

symmetrical printed-wax-patterns are melted and contact each 

other after heating during lamination. This barrier plays a role 

as a hydrophobic barrier to prevent hydrophilic fluid from 

leaking in the paper. Then, upper- or lower-channels are formed 

when vertically asymmetrical printed-wax-patterns are melted 

and spread. The well-controlled thermal lamination produces 

independent lower- and upper-heated-wax patterns. Finally, 

these symmetrical and asymmetrical wax patterns develop 

microchannels to allow fluid to flow horizontally or vertically 

along upper- and lower-channels (Fig. 1B). 

 

Control of the heated height and width  

 

The spreading of the printed wax pattern in the paper is a 

process of capillary flow in porous media that can be described 

by Washburn’s equation (1).23 This equation indicates that the 

spreading distance strongly depends on the viscosity of the 

molten wax, which is a function of the temperature.24 Thus, a 

uniform heating process is prerequisite for the fabrication of a 

reliable microfluidic network in paper. 

       

      (1) 

 

where L is the distance that a liquid of viscosity (η) and surface 

tension (γ) penetrates into a porous material with an average 

pore diameter (D) over time (t). The wax will spread laterally 

and vertically in the paper. The distance moved by the molten 

wax will be constant under well-controlled heating and pressure 

condition (Fig. 2A). Vertical spreading of a printed wax pattern 

creates hydrophobic barriers and controls the height of the 

channel, whereas lateral spreading between wax patterns 

produces channels and controls the width of that channel, which 

is defined by hydrophobic barriers. The resulting channel width 

(Wh) and height (Hh) are tunable according to the heating 

conditions used during thermal laminating.  

One of the important fabrication parameters is the heating time 

at a fixed temperature because it determines the viscosity and 

spreading of the molten wax. We investigated the controllable 

range of heated height with several heating times by melting the 

wax patterns at a constant temperature for time intervals 

ranging from 0.06 to 0.44 sec. The influence of the heating time 

on the formation of the heated height was estimated by 

analyzing cross-sectioned images formed by the spread wax 

patterns (Fig. 2B). As expected, the heating time had a linear 

relationship with the square of the heated height and width but 

with different slopes. The linear relationship indicates that the 

printing and heating process is reproducible and predictable. 

Additionally, the cross-sectioned images showed the difference 

in the lateral and vertical spreading of wax. The results confirm 

that the lateral spreading of the printed wax is more extensive 

than vertical spreading, most likely because of the horizontal 

alignment of the fibers in the paper.23 Thus, it seems possible to 

design a 3D-microfluidic network using this simple fabrication 

method with channels of different predictable width and height 

simply by controlling the heating time. 

 

 
Fig. 2 Changes in the heated height (Hh) and heated width (Wh) from 

the vertical and lateral spreading of the printed wax line (Wn = 1.0 mm) 
as a function of heating time (t). (A) Schematic illustration of the 

spreading process for molten wax in a cross-section of paper. Wp and Hp, 

respectively, are the width and height of the printed wax. Wh and Hh, 
respectively, are the width and height of the wax lamination. (B) Hh and 

Wh increase depending on the heating time, as well as the actual images 

of wax printed, after heating at 140 °C. 

 

The heated height as a function of nominal width 

 

In case of double-sided wax printing onto a single sheet of 

paper, on a cross-section of the paper, the wax is divided into 

the front- and back-printed wax (Fig. S1).† First, we 

investigated the effect of the nominal width (Wn) on the change 

in the heated height (Hhf and Hhb) because controlling the 

heated height is crucial in designing a 3D-µPAD. Fig. 3 shows 

the change in the heated height (Hh) in accordance with 

different nominal widths (Wn; 0.1 – 2.0 mm) and heating times 

(0.06 - 0.44 sec) at 140 °C. All of the experimental data show 

typical saturation curves, but with different linear ranges. Based 

on this result, we determined that the heated height (Hh) is 

almost constant, regardless of heating time, when Wn is larger 

than 0.8 mm. This result provides a convenient design rule for 

creating channels in the paper because we can reliably fabricate 

channels with a predictable, fixed height if the nominal width is 

above 0.8 mm. Furthermore, this constancy of the heated height 

(Hhf) is a useful characteristic for predicting whether a 3D-

microfluidic network will be formed in a single sheet at specific 

heating time.  

 Next, we determined the fabrication conditions for the 

formation of a docking wax barrier with a minimum heating 

time and the smallest Wn required to produce fully functioning 

hydrophobic barriers in the paper. For this experiment, we 

designed a circular fluid reservoir that was separated from a 

concentric circular test zone by a hydrophobic barrier. Inner 

circles with a nominal width ranging from 0.2 - 1.8 mm and in 

0.2 mm increments were printed into 2.0 mm outer circles 
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because printed circles are effectively a combination of vertical 

and horizontal lines (Fig. 3B, Fig. S3). A red food dye solution 

with a volume of 10 µL was applied, which could fully fill the 

inner and outer circle. The smallest functional hydrophobic 

barrier (docking wax barrier) that prevented fluid from flowing 

out were obtained when 0.8 and 0.4 mm Wn were applied at 

0.26 and 0.44 sec heating time, respectively.  

 Importantly, there was always a fluid leaking problem if the 

docking-wax-barrier was not formed at sufficient heating time 

(0.06 - 0.18 sec) (Fig. 3B).  These results are consistent with the 

relationships shown in Fig. 3(A). As expected based on the 

results for wax spreading in the paper, docking wax barriers 

with nominal widths of > 0.8 mm generated functional 

hydrophobic barriers in 100% of the experiments, regardless of 

the heating time. 

 

 

 
Fig. 3 (a) The heated height of the front side of the sheet (Hhf) as a function of 
the nominal width (Wn) for various heating times, ranging from 0.06 to 0.44 

sec, at 140 °C. (b) Optimum resolution of the printing condition for the 

formation of a docking wax barrier. The smallest functional circular barrier 
was determined by testing barriers with a range of nominal widths (0.2 – 1.8 

mm) and various heating times (0.06 – 0.44 sec).  

 

 

 

 

3D-microfluidic channel 

 

We also demonstrated the ability of the microfluidic channel to 

move fluids in 3D-space. As expected, a cross-sectioned image 

showed that a docking wax hydrophobic barrier, an inlet, a 

lower-channel, an upper-channel, and an outlet were perfectly 

fabricated using the simple printing and thermal lamination 

method (Fig. 4A). When a red dye solution was loaded into the 

left inlet, the solution flowed horizontally and vertically from 

the inlet to the outlet through the fabricated 3D-microfluidic 

channel (Fig. 4B). The docking wax hydrophobic barrier 

prevented fluid from leaking and formed the inlet and outlet in 

the single sheet of paper.  

 

 
Fig. 4 Demonstration of a 3D microfluidic network in a single sheet of paper. 
(A) Front and backside image of a sheet of paper after printing and heating 

for 0.26 sec at 140 °C. The cross-section image shows the formation of 

docking wax, an inlet, a lower-channel, an upper-channel, and an outlet in a 
single sheet of paper. (B) Front and backside images of a sheet of paper after 

loading a red dye solution into the inlet. The cross-section image indicates 

that red dye solution flows from the inlet to the outlet without leakage via the 
lower- and upper-channels alternatively. 

 

The lower and upper channels guided the horizontal flow of 

fluid, while the interim between the lower and upper channels 

induced vertical fluid flow. Based on this basic design rule, we 

expanded this concept to demonstration the quantification of 

analytes in a 3D-µPAD without using an external detection 

apparatus.25 

 

3D-µPAD for the diagnosis of albuminuria and glycosuria 

 

Conventional methods for measuring output signals in point-of-

care (POC) devices are accomplished by expensive external 

readers, such as hand-held electrochemical, absorbance, 
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reflectance, transmittance, or fluorescence devices, for precise 

quantitative detection.26-30  

 Here, we present complimentary assay strategy to surmount 

the “equipment-free” issue.4. 6. 12 By using a 3D-microfluidic 

network in a single sheet of paper, where the direction of a 

three-dimensional fluid can be controlled, the level of an 

analyte can be measured simply by counting the number of 

reacting dots whose color changes in response to the amount of 

analyte in a sample solution. This approach involves a 

(bio)chemical reaction between analytes in a sample and a 

reagent in diagnostic dots the solution passes through in a 

single conduit within a 3D-µPAD. The dots become blue-

colored after loading a sample containing analyte. A 

representative design of a 3D-µPAD (dimensions: 30 mm 

width, 33 mm length, 290 µm thickness) containing a sample 

pad, BSA dots, and a glucose dot was formed by the simple 

double-sided printing and heating process on a single sheet of 

paper to create a single hydrophilic conduit that extends in the 

z-direction from the inlet to the outlet (Fig. 5 and Fig. S4).† 

This 3D-µPAD distributes sample from a single sample pad on 

the device into BSA and glucose sensing dots. In this study, 

feasibility for the diagnosis of albuminuria and glycosuria was 

performed because albuminuria (> 0.3 mg mL-1 in urine) can be 

a crucial sign that protein is leaking through the glomeruli in 

the kidney, while glycosuria is a symptom where a high 

concentration of glucose exists in urine (200 mg dL-1) because 

it exceeds the kidney threshold.25 This 3D-µPAD based on 

selective changes in reagent color was fabricated because 

albumin was used as a model analyte. Albumin selectively 

reacted with TBPB that was deposited into defined regions of 

the hydrophilic microfluidic conduit prior to sample loading, 

whereas glucose (a model small chemical analyte) sequentially 

reacted with glucose oxidase and horseradish peroxidase that 

were adsorbed in a circle on the bottom region of the 3D-µPAD 

(Fig. 5). As little as 2 µL of sample could be added to the top of 

the sample loading dot, and the fluid was divided into two 

flows toward the BSA and glucose dots, respectively (Fig. 5A).

 The color change in the albumin detecting dots appeared 

when the sample had flowed through the entire microfluidic 

conduit (Fig. 5B). Moving from left to right, the yellow colored 

TBPB reagent in the dots changed to blue via reaction with 

albumin, and the extent of the color change depended on the 

concentration of the sample solution. Flowing sample through 

the microfluidic conduit allowed for a consecutive color change 

as albumin molecules in the passing sample fluid are consumed 

by reaction with TBPB. Thus, we can easily measure the 

concentration of the sample by simply counting the number of 

colored dots. This assay provides a novel format for digital 

diagnostics to indicate the amount of BSA.  

 We examined the relationship between BSA concentration 

and the number of dots showing a color changed by introducing 

samples with various concentrations of BSA into the sample 

pad. Then, we counted the number of green dots. As expected, 

the increase in the number of green dots depended on the 

concentration of BSA in the sample (Fig. 5C, Fig. S6). 

Secondly, the sample also flowed from the sample pad to the 

glucose dot through another microfluidic conduit in the 3D-

µPAD. A mixture of glucose oxidase, horse radish peroxidase, 

and potassium iodide were absorbed in the glucose dot prior to 

sample loading, which resulted in the glucose dot having a 

brown color in the presence of glucose (Fig. 5 and Fig. S4).† 

When a sample with BSA (1.0 mg mL-1) and glucose (50 mg 

mL-1) was loaded, the 3D-µPAD clearly indicated four blue 

colored dots and a red glucose dot. This result shows that the 

3D-µPAD can simultaneously perform multiple diagnostic 

assays under this novel format of digital diagnostics. 

 

 
 
Fig. 5 The 3D-µPAD for a multiplexed and digital assay. BSA dots could 
quantify the level of BSA by simply counting the number of colored dots, 

while the glucose dot could detect the presence of glucose in a sample. (A) 

Illustration of three-dimensional flow in a device fabricated in a single sheet. 
Solution is absorbed into the sample pad and divided into the BSA and 

glucose dot. The sample solution flows from the first dot to the final dot 

through upper- and lower-channels, alternatively. (B) The microfluidic 
conduit of the BSA-dots in the 3D-µPAD was functionalized by wicking with 

a mixture of tetrabromophenol blue (TBPB) and citrate buffer solution to 

enable the detection of BSA. In case of the glucose-dot, a mixture of 
potassium iodide (PI), glucose oxidase (GOx), and horseradish peroxidase 

(HPR) was wicked. After injecting a sample solution containing BSA and 

glucose, the green colored BSA-dots changed to blue in accordance with the 
amount of BSA. (C) Snapshot images of the digital assay after the 

introduction of a sample solution with different concentrations of BSA or 

glucose. The number of blue colored dots showed a linear relationship with 
the BSA concentration in the sample solution. The colorless glucose-dot also 

changed to a brown color when glucose was present. 

 

Conclusions 

In conclusion, herein we demonstrated a simple fabrication 

method for forming a 3D-microfluidic network in a single sheet 

of paper. This rapid method can drastically reduce the 

production time for 3D-µPAD and is applicable for digital 

assays that operate by counting the number of colored bars, 

without the need for an external analytical apparatus. These 

properties make these devices a useful platform for developing 

the types of diagnostic assays sought by the World Health 

Organization for use in the developing world.  

 Although this initial proof-of-concept study shows the 

feasibility for the detection of albumin and glucose as model 

analytes, we hope that this rapid process will contribute to the 

realization of a zero-cost diagnostic sensor as soon as possible 

and dramatically reduce diagnostic expenses for our aging 

society and developing countries by facilitating the 

development digital assays in paper microfluidics.  
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Nomenclature 

Wn  Nominal width (the width of the wax-pattern designed in 

the image software (Adobe illustrator CS6)). 

Wp Printed width (the width of the wax-pattern printed on 

paper). 

Wh Heated width (the width of the heated-wax pattern after 

melting the printed-wax pattern). 

Hp Printed height (the height of the printed-wax pattern on 

the cross-section of the paper). 

Hpf Printed height on the front side of the sheet. 

Hpb Printed height on the backside of the sheet. 

Hh  The heated height (the height of the resulting heated-wax 

pattern on the cross-section of paper after melting the 

printed-wax pattern). 

Hhf  Hh of the front-side sheet (the height of an upper-heated-

wax pattern). 

Hhb Hh of the back-side sheet (the height of a lower-heated-

wax pattern). 

Pth  The thickness of the paper after lamination. 

HUC The height of an upper-channel. 

HLC  The height of a lower-channel. 
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