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Abstract: Paper microfluidic devices are a promising technology in developing analytical 

devices for point-of-care diagnosis in developing world. This article described a novel method 

of wax jetting with a PZT (Piezoelectric Ceramic Transducer) actuator and glass nozzle for the 

fabrication of paper microfluidic devices. The hydrophobic fluid pattern was formed by the 

permeation of filter paper with wax droplets. Result showed that the size of the wax droplet 

which was determined by the voltage of the driving signal and nozzle diameter ranged from 

150μm to 380 μm, and coefficient of variation of the droplet diameter was under 4.0%. The 

smallest width of the fluid channel was 600μm of frontside and 750 μm of backside. The 

patterned filter paper was without any leakage, and multi-assay of glucose, protein, and PH 

on paper microfluidic device, and laminar diffusion flow with blue and yellow dye were 

realized. The wax jetting system supplied a low-cost, simple, easy-to-use and fast fabrication 

method for paper microfluidic device. 

Keywords: paper microfluidic devices; wax jetting; bio-assay, micro mixing.  

1. Introduction 

The paper microfluidics device is a very important kind of platform for point-of-care 

diagnostics and environment monitoring. It uses small volumes of sample and paper is made 

of naturally abundant materials and biodegradable. Many researchers have put lots of effort 

on the paper based micro fluidic as it has advantages of easy to use, inexpensive, low volume, 

easily adaptable, and are capable of rapid on-site detection [1-3].  

To realize low cost and simple paper microfliudic devices, many kinds of fabrication 

methods have been developed, such as photolithography[4-6], plottingError! Reference 

source not found., inkjet etching[8-12], plasma etching[13], flexographic printing[14-16], 

cutting[17-21], stamp [22-23] and wax printing[24-25]. In conditions of micro reaction or 

analysis, the hydrophobic patterns of on the paper need to be changed frequently or to be very 

complicate, and this requires that the fabrication methods are low cost and fast. The 

photolithography [4-6], plasma etching [13], flexographic printing [14-16], water resist ink 

plotting [7] and stamp or punch method [22-23] need metal or other kinds of templates. The 

processing of templates requires multi steps and not easily adaptable. Paper devices by knife, 

punch or laser cutting [17-21] are not easy to be folded and stored. The wax printing method 

was very promising as the wax material is easily available and biodegradable. The commercial 

wax 3D (three-dimensional) printer and its suited wax were expensive. The need still remains 

for gentle and simple fabrication techniques of paper microfluidic devices that can be widely 

implemented in developing world at minimized cost.  

In this paper, the paper microfluidic device was fabricated with a novel method of wax In this paper, the paper microfluidic device was fabricated with a novel method of wax 

jetting which was based on PZT actuator and a home-made glass nozzle. The jetted wax 

droplets were linked with each other and melted into the paper to form into hydrophobic 
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barriers. Firstly, the relationship between the size of the wax droplets and the system 

parameter was determined. The wax droplets were linked with each other on the glass slide 

using 3D printing table. Then, the relation between the wax barrier and printing width and 

the resolution of the wax jetting method on filter were experimentally studied. Finally the 

paper device were fabricated and tested. Multi bio-assays of glucose, protein, and PH, and 

stable micro diffusion of blue dye and yellow dye were presented. 

2. Materials and method 

2.1. Materials 

Qualitative filter paper 102 ∅7 cm and ∅10cm  were from Hangzhou Xinhua Paper 

Industry Co., Ltd. Glass nozzle 1.0mm×0.6 mm was from Nanjing Lupu Chemical Co., Ltd. 

Paraffin wax 56-58 was supplied by Shanghai Specimen and Model Factory. Glucose oxidase 

(Amresco 0243), horseradish peroxidase(JS10540, Cas 9003-99-0, RZ� 1.5 ), Bovine serum 

albumin (BSA),  tetrabromophenol blue (TBPB) (MW 691.9),glucose, erioglaucine disodium 

salt (BR, 85%, 3844-45-9) and tartrazine BS (85% 1934-21-0) were purchased from Shanghai 

Jinsui Bio-tec Co., Ltd. Potassium iodide, ethanol AR Citrate and trisodium citrate dehydrate 

were from Nanjing Chemical Reagent Co., Ltd. 

2.2. Wax droplet generating system 

A wax droplet generator on a 3D printing work table was used to prepare the paper 

microfluidic devices. The wax droplet generator consist of a piezoelectric actuator (Polytec PI 

P-844.10), a glass nozzle, a wax container and a connector as shown in the figure 1. The 

photograph of the droplet generating system was shown in the figure S1. The glass nozzle 

was made out of a borosilicate glass tube with inside diameter of 0.6 mm and outside of 1.0	 

mm. The glass tube was first pulled with a micropipette puller (Sutter P2000/G) and then cut 

with a ceramic chip on the tip leaving an outlet diameter of 150 μm. After that, the glass 

nozzle was forged with a micronozzle processer of Narishige MF-900 leaving the final outlet 

diameter ranged from 50 μm to 100 μm as shown in the figure S2. The glass nozzle was 

bonded to an aluminum connector which was screwed on a wax container made of 

aluminum. The temperature was controlled by a heating rod and a thermocouple probe.  

 

Figure 1. Schematic of the wax droplet generating system 

The drop-on-demand wax droplet generating was proposed on the inertia force of the 

fluid body as shown in the figure 2. The signal received by the PZT actuator was shown in the 

figure 1. The stack PZT was charged gently and discharged sharply. Because of the 
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piezoelectric effect, the glass nozzle gets a speed � in the constricting direction by the force 

� as shown in the figure 2. There exists a thin fluid boundary layer near the glass wall and 

the fluid outside this layer gets a relative speed � cause by inertia. The jetting happened 

under the action of viscous force � and inertia force ��. 

 

Figure 2. Principle of microfluidic driving 

2.3. Jetting of wax droplet 

The cylinder wax container with length of 45 mm and diameter of 7 mm was filled with 

paraffin wax and covered to avoid dust in the air. The wax was melted and injected to the 

container with a syringe and a syringe filter (filter mesh: 0.45 μm). The jetting temperature is 

95 ℃. This is an improvement compared with the glass nozzle [26] as there is no need to 

control the maximum length of the wax liquid in the nozzle to avoid extruding and the 

fabrication process was easy to control. By the peak voltage of the driving signal ranged from 

30 V to 80 V, the wax was jetted on the glass slide with 50 μm, 75 μm and 100 μm glass 

nozzle. 

2.4. Bio-assay using paper micrfluidic devices 

The paper microfluidic devices were tested with 2000 mM erioglaucine (blue dye) and 

1870 mM tartrazine (yellow dye) solution. 30 μL of blue dye and 30 μL of yellow dye were 

slowly dipped in the feeding area of the paper devices respectively. The BSA assay were 

realized by dipping 3 μL of a 250 mM citrate buffer solution (pH 1.8) in the reaction zone and 

followed by 3 μL of 3.3 mM TBPB solution in 95% ethanol. The glucose assay were realized by 

dipping 3 μL  of potassium iodide solution and followed by 3 μL  of 1:5 horseradish 

peroxidase/glucose oxidase solution (100 unites/mL). For the PH detection, 3 μL  of PH 

reagent were dipped in the reaction zone.  

Devices with eight circular reaction zones were used for different concentration solution 

assay. For BSA assay, 3 μL of BSA solution of 0, 1, 4, 10, 25, 66, 90, 130 mg/mL were dipped in 

A–H zones separately. Devices with four circular reaction zones was used for multi-assay, 30 

μL of a mixture of 50 mM of glucose solution and 7.5 mM of BSA solution with 1:1 ratio was 

dipped in the middle of the cross area. 

3. Result and discussion 

3.1. Preparation of wax droplets 

The SEM (Scanning Electron Microscope) photo of 5�7 wax droplet array jetted by a 

micro nozzle with 75 μm outlet diameter, 45 V peak voltage and 3 Hz signal was shown in the 

figure 3. The diameter of droplet outline circle was 218 μm, The coefficient of variation (CV) of 

the diameter of the jetted wax droplets was under 4.0% which showed a well uniformity. In a 

range of 1 Hz -15 Hz, the signal frequency had little influence on the wax droplet size. The 
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relationship between the wax droplet diameter and the peak voltage of the driving signal and 

outlet diameter of the glass nozzle was shown in the figure 4.  

 

Figure 3. SEM photo of wax droplet array formed on the glass silde 

 

Figure 4. Relationship between wax droplet diameter and the peak voltage of the driving 

signal and outlet diameter of the glass nozzle 

3.2. Preparation of wax line on glass slide 

The barrier “wall” in the filter paper was formed by the wax material melted into the 

paper, and the wax line was prepared by linking of wax droplets with each other. We defined 

the degree of overlapping (�) to represent the mount of wax material per unit length as shown 

in the figure 5 and k could be written as (1), where L was the length of the overlap area (µm); � 

was the outline circle diameter of a wax droplet (μm); � was the moving speed of the 3D 

printing worktable (μm/s); � was the jetting frequency. The choosing of � was determined 

by the thickness of the filter paper and the size of the wax droplet. When the overlapping was 

less than 0, none of the wax droplets linked with each other, and � was more than 80%, wax 

droplets grew from the glass slide into an inclined pillar.  
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Figure 5. Schematic diagram of the wax droplets 

By adjusting the moving speed of the 3D printing worktable (�), � could be changed. 

Thus, � could be written as � � ��� � 1��1 � ��. For our system, � was less than 50 mm/s 

and the resolution was 1 μm/s. With the micro nozzle of 75 μm outlet diameter, 40 V peak 

voltage and 11 Hz signal, wax lines with k under 0 and k =10%, 30%, 50% and 70% were 

prepared respectively. Results were shown in the figure 6. When the wax droplets did not 

link, they were round with diameter of 200 μm. Once k was more than 0, a wax tail formed in 

the moving direction and grew into the neighbor wax droplet and they link with each other to 

form into line shape. The top surface of wax line with k=50% was smoother than that of k=10%, 

and the number of the wax droplets could be read from the bottom surface relief. When 

k=70%, the width of the wax line was nonuniform and the wax wall grew higher than that of 

k=50%. 

� �
�

�
� 1 �

�

�� � 1��
 (1) 

 

Figure 6. SEM photo of wax line on glass slide (a) Wax droplets unlinked with each other(b) 

Wax line prepared with k=10%, (c) k=30%, (d) k=50% (e) k=70% 

3.3. Relation between the wax barrier and printing width 

Traditional paper diagnostic that used for the glucose, protein or urine is strip like which 

could only test one kind of element in the agent. Patterned paper combining multi channel and 

reaction zones enabled multi assay with capillary flow. Our previous work has proved that 

k=50% and kept in 75 ℃ thermostatic well for 80 seconds is fine for the penetration of the filter 

paper with thickness of 90 μm [26]. 

The relation between the final front wax barrier width and printing width was studied. 

Outlet diameters of glass nozzles were 50 μm, 75 μm and 100 μm, and degree of overlapping 
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(�) was 50%. To make the wax to penetrate the filter paper sufficiently and save time, the 

filter paper was kept on a heating plate of 120 ℃ for 10 seconds. The printing width was 

determined by the diameter of wax droplets. The wax barriers with width of 950 μm, 1050 μm 

and 1200 μm are shown in the figure 7. As the transparency of filter paper could be improved 

by the penetration of wax, the color depth increased with the barrier width. The relation 

between the wax barrier and printing width is shown in the figure 8, and the wax barrier 

width ranged from 770μm to 1200 μm.  

 
Figure 7. Wax barriers on filter paper with thickness of 90 μm, (a) Wax barriers with 

width of 950 μm, (b) Wax barriers with width of 950 μm, (c) Wax barriers with width of 1200 

μm 

 
Figure 8. Relation between the wax barrier and printing width 

3.4. Resolution of wax jetting on filter paper 

The resolution of the wax jetting method on filter paper was presented by the final width 

of fluid channels. With the barrier width of 770 μm, leakage may happened along the fluid 

channel. The jetting conditions are as follows: outlet diameter of the micro nozzle is 75 μm 

forged from 150 μm, the peak voltage of the driving signal is 40 V, the frequency is 11 Hz and 

the moving speed of the worktable is 1mm/s (k=50%). The fluid pattern is made up of 8 
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reservoirs with 10 mm channel sharing the same feeding pool. The designed channel width 

on AutoCAD increases from 800 μm to 2200 μm in 200 μm steps. Result showed that the 

800 μm and 1000 μm fluid channels designed were totally blocked and the yellow dye flow 

into part of the 1200 μm fluid channel. The reservoirs with designed channel width of 1400 

μm and more were totally wetted by capillary flow. The front and back side of the paper 

device are shown in the figure 9 and S3.  

The smallest channel width allowing solution to wet the entire reservoir through 10 mm 

channel was found to be 600 μm in front side and 750 μm in back as shown in the figure 10. 

The resolution of wax jetting method is limited by the thickness, porosity, and orientation of 

paper fibers as well as the smallest wax droplet size jetted on the paper. Moreover, we 

studied the width consistency along 10 mm channel from 1400 μm to 2200 μm in 200 μm 

steps. The channel width was measured 15 times with step of 600 μm along the back side, 

and 10 times with step of 900 μm for the frontside channel. Result showed that the relative 

standard deviation was less than 11.0% for all front and back channel widths as shown in the 

table S1 and S2.  

 
Figure 9. The paper microfluidic devices with designed fluid channel widths from a-800 

μm to h-2200 μm in 200 μm steps on AutoCAD, (a) Front side of the paper device filled 

with yellow dye solution, (a) Back side of the paper device 

 
Figure 10. The channel width of front side and backside formed by wax barriers with 

center-to-center distance from from 1400 μm to 2200 μm in 200 μm steps 

3.5. Test of paper device used for multi-assay 

The paraffin wax was jetted on the filter paper to form the pattern designed for bio-assay. 

Wax patterns for multi-assay with eight circular reaction zones, eight square reaction zones 
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and five polygon zones were prepared respectively. With capillarity of filter paper, the 

solution reached the reaction zones for multi-assay in 3 minutes without any leakage. The 

wax patterns dried after 15 minutes are shown in the figure 11. 

 

Figure 11. (a, b) Paper microfluidic devices with eight square reaction zones for 

multi-assay filled with yellow dye and blue dye (c, d) Devices with eight circular reaction 

zones filled with yellow dye and blue dye (e, f) Devices with five polygon reaction zones 

filled with yellow dye and blue dye 

3.6. Multi-assay using paper micro devices 

Results of the multi-assay were shown in the figure 12. After 10 minutes of dipping the 

BSA solution to zones A to H respectively, the color of reaction zones from A to H changed 

from aquamarine blue to cobalt blue as the concentration increased as shown in the figure 12 

(a). For the multi-assay, after 5 minutes of dipping the sample solution, zone A appeared a 

yellow coffee ring showing the presentation of glucose and inlet area of zone B turned blue as 

the existence of BSA. Zone C turned light yellow in the whole area indicating that the PH was 

7.0 as shown in the figure 12 (b). 

 

Figure 12. (a)Protein assay, 10 minutes after respectively dipping 3μL of 0, 1, 4, 10, 25, 66, 

90,130 mg/mL of BSA solution on zone A-H, (b) Multi-assay for 30 μL mixture of 25 mM 

glucose and 3.75 mM of BSA solution, 5 minutes after dipping of the test agent. 

3.7. Lamiar flow diffusion using paper micro devices 

Traditional transverse diffusion across adjacent flow stream is usually realized with Y 

shape micro channels with two or more inlet to study inter diffusion of one or multiple 

species, to evaluate transport processes, and to sense analytes ranging from pH to 
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immunoassay targets [27]. The capillary flow in paper was extremely stable which enabled a 

very stable diffusion interface and thus need not extremely stable pumps. Micro mixers with 

two-dimensional paper networks were designed with two and three inlet areas. The diffusion 

area was laid with a source pad made from lens paper to keep the dye solution. 

The wax pattern of paper device with two inlet area is shown in the figure 9-a. Assuming 

the inlet area is an infinite source and the absorbent area is an infinite sink, the flow in a fully 

wetted paper device is approximated by Darcy’s law: 

� � �
���

��
∆! (2) 

Where � is volumetric flow rate, � is the permeability of the paper, �� is the area of 

the channel cross-section with width, �, and height, �, � is the dynamic viscosity, and ∆! 

is the pressure drop occurring over the length, L, of the paper channel.  

For the designed filter paper microfluidic device in the figure 9-b, � and � are constant. 

For the inlet channels, � � �� and � � ��. When the same amount of sample solutions are 

dipped in the left and right source area, ∆! � ∆!�. Deduced from � � �" and �� � �#, we 

could get �" � �#. The diffusion coefficient $ was defined by ratio of width of the diffusion 

area and the flow channel in the outlet area. $ is written as: 

$ �
2�"&'(

)
2

�" * �#

 (3) 

For the device with two inlets, 100 µL of yellow dye was dipped in the inlet zone A, and 

100 µL of blue dye into the inlet zone B in the same time. The laminar flow of blue branch and 

yellow branch had a clear boundary in the beginning. The blue and yellow dye diffused into 

each other along with the fluid channel and the interface turned green as shown in the figure 

13. Calculated by device dipped of solutions after 10 minutes, the diffusion coefficient $ was 

46.9%.  

For the device three inlets, 100 µL of yellow dye was dipped in the inlet zone A and C, and 100 µL of 

blue dye into the inlet zone B in the same time. The yellow and blue dye met in the reaction channel and 

divided into three branches with yellow, blue and green colors. The interface between the yellow and 

blue branches turned green by diffusion, and the area of green color increased along with the capillary 

flow as shown in the figure 14. Calculated by device dipped of solutions after 10 minutes, the diffusion 

coefficient $ as defined before was 57.1%. 

 

Figure 13. Micro diffusion of blue and yellow dye in the device with two inlet areas (a) 

Schematic of the paper device, the diffusion coefficient $ was defined by ratio of width of 

the diffusion area and the flow channel in the outlet area. (b) Before dipping (c) After 40 

seconds, (d) After 2 minutes, (e) after 10 minutes 
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Figure 14. Micro diffusion of blue and yellow dye in the device with three inlet areas (a) 

Before dipping (b)After 20seconds, (c) After 2 minutes, (d) After 5 minutes, (e) After 10 

minutes 

4. Conclusions  

The paper microfluidic devices were fabricated with wax jetting by a PZT stack actuator, 

glass nozzle and 3D printing worktable. The wax jetting was a promising fast and easy 

method for the fabrication of paper microfluidic devices for the point of care or other 

experimental study. The wax material(0.0019 $/g) and the glass capillary tube (0.0078 $ per 

piece) was cheap and easy available. The paper microfluidic devices need not any templates 

or multiple printing steps, whereas the pattern is formed directly on the paper and only need 

to be designed on the computer, which saved the time and cost. The patterned filter paper by 

the wax droplets was without any leakage, and multi-assay of glucose, protein, and PH on 

paper microfluidic device, and laminar diffusion flow with blue and yellow dye could be 

realized. This method also supplied a fast and easy way for the scientific researchers to 

develop new types of paper microfluidics.  
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(a) Wax droplets of 200 μm jetted on glass slide (b) Wax line on glass slide with degree of 

overlapping 50% (c) Paper micro fluidic device running with yellow dye for multi-assay 
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