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In this paper, a method for making 3D polydimethylsiloxane (PDMS)microfluidic chips with a modified

open-source 3D wax printer is demonstrated. The wax was generated with a glass nozzle and a lead
zirconate titanate (PZT) actuator. The influence of 3D printing parameters including the degree of
overlap and the filling distance between the filling paths on the wax mold were studied. Some typical 3D
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wax molds such as a 3D shell structure, a 3D letter “U” and a 3D bridge were prepared. Also fabricated

were key, functional 3D microfluidic devices including a basket-weave network, a 3D chaotic passive
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Introduction

Microfluidic chips have become a very important element in the
micro-total-analysis system (p-TAS) since the chip was first used
for chemical analysis in 1990." Microfluidic chips can improve
efficiency because of their micro- or nanoscale flow and large-
scale integration, and make the analysis process integratable,
automatable, and portable. In the past 2 decades, microfluidic
chips have been widely applied for such purposes as micro-
mixing and separating,>* biological and chemical analysis,**
and microemulsifying and encapsulating.”®

Based on the connectivity of their channels, microfluidic
chips can be roughly divided into 3 categories: 2 dimensional
(planar), quasi 3D (stacked 2D planes) and real 3D networked
micro channels.® The latter category consists of bridge features,
where the channels can cross each other without connecting,
and this enables these chips to perform complex processes like
basket-weave flowing.

Currently techniques for large-scale replication and produc-
tion of planar and 3D microfluidic devices include micro-
machining,’ embossing,""** in situ construction injection
molding,” laser ablation,"** and soft lithography.'*"” Some of
those techniques require expensive equipment and are labor
intensive. For the analysis in the laboratory environment, small-
scale production is preferred. Therefore, PDMS casting-based
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mixer, and a microdroplet generator. True 3D network microflowing was accomplished. This method
offers a simple, low-cost way to make 3D microfluidic chips in a short time without clean-room facilities.

3D molding (soft lithography) is convenient and simply the
easiest way to rapidly prototype of planar and 3D microfluidic
devices. Many simplified microfabrication methods have been
used for creating 2D or 3D master molds, including UV exposure
on photosensitive polymers,*® Shrinky-Dink," etching,* ice water
patterning,* liquid molding,”” micromachining,” 3D printing****
and so on. The mold preparation methods mentioned above
except 3D printing are 2D or quasi 2D, and thus not suited for the
real 3D work. The 3D printing and its combination with soft
lithography offers a high resolution and rapid way to help simplify
the fabrication process for 3D microfluidic devices.

The 3D printing methods used for the direct and replicating
fabrication of microfluidic devices include fused deposition
modeling (FDM),**?® stereolithography (SLA)**' and UV curing of
microdispensed droplets.**** Directly 3D printing of 3D micro-
fluidic chips offers great topography flexibility, because during the
3D printing process multiple 2D layers are stacked to construct
a true 3D channel network. The limitation of 3D printing directly
the microfluidic devices lies mainly in the material used. Mate-
rials such as acrylonitrile butadiene styrene (ABS) or polylactic
acid (PLA) for the FDM 3D printing and the photosensitive resin
for the SLA 3D printing draw back in the light transmitting
compared with PDMS. The replication of non-sacrificial 3D prin-
ted mold requires the PDMS heal by itself on the broken location
to form network channels when peeled off from the molds, thus it
is still not suitable for complicated true 3D molds.

3D printing of sacrificial mold*** is rapid and cost efficient,
can avoid solid-to-solid bonding, and is possible to directly
print the PDMS micro channels in a single process, enabling
rapid prototyping of complex structures. Thus it becomes
a trend for the 3D PDMS microfluidics. Most of the 3D printed
sacrificial molds mentioned in the literatures are based on the
extruding principle like FDM. The EGaln metal,* sugar (isomalt
or maltitol),*>*® carbohydrate glass® and ABS*® were extruded
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out of the nozzle and formed into filament for the additive
manufacturing. The extruding methods used maltitol, EGaln
and carbohydrate glass require another PDMS extruding nozzle
to add the support PDMS when printing. The channels on
different layers need pillars as connectors to form 3D channels.
The minimum diameter of the filament diameter is 0.5 mm for
the ABS printing and the resulted 3D channel is up to 2 mm.
The true 3D micro channels such as the basket weave structure
is difficult to be prepared with these methods. The low-cost,
easy, and high resolution fabrication method for the 3D sacri-
ficial mold is necessary.

Compared with the extruding, micro jetting based 3D printing
has advantages that high resolution, non contract, and easy to
prepared pillars. Wax material is inexpensive, freely available, and
easily sacrificed at 80 °C, making it acceptable for use with PDMS.
Because of these characteristics, wax has been used for planar
microfluidic chips.***® What's more, the wax can be jetted after
melted into liquid. The development of 3D wax molds with micro
jetting based 3D printing technology is promising.

This paper introduces a novel may of making 3D sacrificial
wax mold with a modified open-source FDM 3D printer. In our
study, wax was jetted with a PZT actuator and a glass nozzle. A
relay controlled by the enable signal of the extruding step motor
was used to control the start-stop jetting of wax droplets. Firstly,
we studied 3D printing parameters such as the degree of overlap
and distance between the filling paths on the wax mold. Then,
we printed some typical 3D wax molds including a 3D shell, a 3D
letter “U” and a 3D bridge with the modified wax printer, and
studied the relationship between the forming capability and the
sliced layer thickness. Some key functional microfluidic chips
including a micromixer, a micro water in oil (W/O) droplet
generator, and a basket-weave network were prepared, and the
demonstration experiments were carried out on the 3D micro-
fluidic chips.

Material

Glass tubing 1.0 mm X 0.6 mm was from Nanjing Lupu
Chemical Co., Ltd. Paraffin wax 56/58 was supplied by Shanghai
Specimen and Model Factory. Erioglaucine disodium salt (BR,
85%, CAS no. 3844-45-9) and tartrazine BS (85% CAS no. 1934-
21-0) were purchased from Shanghai Jinsui Bio-tec Co., Ltd. AR
graded ethanol was from Nanjing Chemical Reagent Co., Ltd.
Sylgard 184, silicon elastomer was supplied by Dow Corning
Corp. Corn oil was from Xiwang Food Co., Ltd.

Method

Generation of wax droplets

An open-source FDM 3D printer was modified for the 3D move-
ments and the start-stop jetting signal. The extruder part of the
original FDM printer except the heating rod and the thermo-
couple probe, was removed, and replaced with a PZT based wax
droplet generator. The Marlin RepRap firmware was modified.
The definition of EXTRUDE_MINTEMP in the h-type file of
“configuration” was set at 15 to make the extruder heating rod
work at 75 °C. The start-stop signal was a voltage signal of 5 V
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Fig.1 Schematic of the 3D wax printing system.

drawn from the enable signal of the extruder stepper motor input
signals. The start-stop signal was actuated by a relay switch
connected to the input signal of the PZT actuator. The wax
droplet generator comprised a piezoelectric actuator (PI P-
844.10), a glass nozzle, a wax container, and a connector, as
shown in Fig. 1. A similar system was used in our previous work
for the fabrication of planar paper microfluidic devices.** A
schematic of the modified 3D wax printer is shown in Fig. 1,
which also shows an enlargement of the glass nozzle. The picture
of the system is shown in the Fig. S1,T and the picture of the glass
nozzle is shown in the Fig. S2.t

3D printing of wax mold

3D stereolithography (STL) data models used to produce
network microfluidic chips were created with CAD software and
imported into the slicing software. The STL data were trans-
ferred to G-code, a numerical control programming language;
the paths of a representative G-code-generated slice are shown
in Fig. 2b. The relative coordinate system code G91 was used to
raise the nozzle when finishing one piece of a path. To stop the
jetting, code M84 EO0 was used to draw down the enable signal
on the extruder stepper motor. The specific G-codes are further
explained in the supplementary material.

Replicating and bonding of PDMS microfluidic chips

FDM 3D printed PLA rings was placed on a quartz glass chip with
a printed wax mold and adhered with ethylene vinyl acetate
copolymer hot melt adhesive to prevent leaking. Liquid silicon
elastomers A and B liquid with a volume ratio of 10:1 were
thoroughly mixed by a magnetic stirrer at 120 revolutions per
minute and then degassed in a vacuum drying oven. The PDMS
liquid was slowly poured on the wax mold and then the glass chip
was laid in the drying oven at 40 °C for 24 hours to cure the PDMS.
The cured PDMS chips was then cut along the ring boundary and
peeled off the glass chip. The PDMS chip was soaked in cyclo-
hexane solution for 10 minutes, washed in deionized water, and
then dried by nitrogen gas. After that, the PDMS chip was soaked
in 80 °C deionized water for 10 minutes. The chip was then took
out quickly, washed in ethanol AR, cleaned by the nitrogen gas
and dried in the 85 °C oven for 20 minutes. Then the edge of the
chip was cut carefully to remove the burrs, drilled, and cleaned.

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Computer STL model of a 3D network, (b—g) paths of the G-

code generated slice.

Finally the chip was plasma treated and bonded with a well-
cleaned glass chip. The total time for a microfluidic device from
designing to producing required two work days.

Demonstration of PDMS microfluidic chips

Micro-mixing, micro W/O droplet generation and network
flowing were demonstrated on the PDMS microfluidic chips. A 4
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channel syringe pump (LSP04-1A, Longer Precision Pump Co.,
Ltd) was used to feed the fluid. Blue and yellow dyes, 800 uM
erioglaucine (blue dye) and 1870 uM tartrazine (yellow dye)
respectively, were prepared and injected into the inlet channels
of a passive micromixer separately in a speed of 2, 8, 10, and 100
uL min~*. For the micro W/O droplet generating, corn oil and
the blue dye were pumped into the inlet channels separately at
a rate of 2 and 10 pL min~". For network flowing, the blue dye
and yellow dyes were separately injected into the inlet channels

of the network microfluidic chip at 100 pL min~*.

Result and discussion

Influence of 3D printing parameters on the wax mold

We studied the influence of jetting parameters of the PZT
driving signal such as the voltage and frequency, the influence
of nozzle diameter on the size of wax droplets, and the degree of
overlap of the wax line structure. Results showed that the size of
the wax droplets ranged from 150 um to 375 pm. The array of 35
wax droplets with 45 V voltage was prepared and measured by
the outline circle diameter. The coefficient of variation (CV) of
the diameter of the jetted wax droplets was under 4.0% and this
showed a well uniformity. The surface of the wax line structure
was influenced by the degree of overlap k as shown in Fig. 3. kis
defined as

L v

- =7 (1)

k=p= f—1)D

where L is the length of the overlap area (um); D is the diameter
of the single wax droplet (um); v is the moving speed of the 3D
printing worktable (um s~ ); fis the jetting frequency.

The 3D wax mold model was composed of sliced layers. Each
layer was constructed of profile paths and filling paths, and the
option of filling or not depended on the distance of the profile.
The filling pattern used in this study was a straight line, and the
direction was rotated 90° between each sliced layer. For the 3D
printing with filling option, the filling distance D; (Fig. 4) was
defined as the distance between the neighboring filling lines.

Fig. 3 Wax line structures jetted with these parameters: degree of overlap O to 80%, voltage 40 V, frequency 11 Hz, and nozzle diameter 75 um,
(a) schematic of the droplet overlap, (b) k = 0, (c) k = 10%, (d) k = 30%, (e) k = 50%, (f) k = 80%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Schematic of the 3D printing paths.

STL cuboids with 1.5 mm side were sliced filling distances D¢
specified at 100 um, 80 um, and 60 um respectively. Then, the
cuboids were printed on glass slides using a nozzle diameter of
75 um, a voltage of 30 V, a frequency of 10 Hz and a speed of 90
mm per minute. Results are shown in the Fig. 5. The wax
droplets on the profile paths were round and similar to those in
the single wax line structure in Fig. 3. In the filling path, the wax
droplet outline was polygonal, caused by the overlap of the left
and back sides wax droplets. When D¢ was reduced to less than
30% of the wax droplet diameter (60 pm on 180 pm), as shown
in Fig. 5¢ and h, the microscope could focus on only 8 pieces of
filling paths at 5x magnification, and 4 pieces at 10x. The side
view in Fig. 5i showed that the filling wax lines grew above of the

Fig. 5
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glass slide; the angle between the glass slide surface and the wax
structure surface was 23°. This indicates that real 3D structures
with suspended parts can be prepared.

3D printing of wax structures

Four kinds of 3D models were designed with CAD software and
the 3D wax mold was printed on a cleaned quartz glass chip.
Three distances in z direction were defined: the sliced layer
thickness (Ds), the printed layer thickness (D) and the printing
head rise distance between layers (D,). The final height of the
printed model (k) was calculated by 7 = D, x n, where n is the
number of layers. This formulation was theoretically derived,
and actually the height of the first layer (D) was a little larger
than other layers. We determined printed layer thickness by the
average of 10 printed layers. For the models without surface
unevenness such as cylinders and cubes, the printing quality,
except the final height, was not influenced by the number of
layers. For the models with suspended structures, D; was related
to the suspended structures, and the printing requirement was
that the horizontal extending distance between the neighboring
sliced layers be less than 30% of the diameter size of the wax
droplet.

The first 3D model was a 3D shell. In the plane view the
model was square, and in the elevation view from either side it
was roughly a truncated pyramid, because the lengths of the
sides decreased as the structure grew spirally from the bottom.
The designed model was sliced to 90 layers without filling, and

Images of a single layer of 3D printed wax structures taken by an Olympus DP27 digital camera through an Olympus CKX41 inverted

microscope, (a—c) printed wax slices with a filling distance of 100 um and magnification of 5x, 10x and 40 x respectively, (d—f) slices with a filling
distance of 80 pm, magnification of 5x, 10x and 40x respectively, (g and h) slices with a filling distance of 60 um, magnification of 5x and 10 x
respectively, (i) left side view of wax slice with a filling distance of 60 pm.

3316 | RSC Adv., 2017, 7, 3313-3320
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Fig. 6 3D printed wax structures photographed through a handheld microscope, (a) isometric view of the spirally growing square shell, (b) plane
view of the shell, (c) elevation view of the shell, (d) 3D letter U shape, (e) bridge model for real 3D fluid channels, (f) 3D printed triangular and

circular structures.

the layers were 50 pum thick. The printed wall thickness
was approximately 300 pm, and the total height was 3 mm
(Fig. 6a—c). Air movement caused by the room air conditioning
or natural wind could displace the wax droplets, so the printing
environment was sheltered.

The second 3D model resembled a letter U without filling
paths. The U was composed of wall structures, and the height of
the walls symmetrically increased from the middle to the both
sides. The printed result is shown in Fig. 6d. The printed wall
thickness was 300 pm. There is a boundary trail on the walls,
especially clear on the wax line right in the middle.

Also designed was a 3D model for real 3D microfluidic
channels. The mold was a 15 mm straight line stepped over by
an arc bridge (Fig. 6e). The printed height of the arc top was 3
mm, and the sliced layer thickness was 400 pm. The real diffi-
culty was the closure of the bridge structure. The extending
distance should be less than 30% of the diameter size of the wax
droplets. The empty move speed was at 500 mm min ', and
printing move speed was at 90 mm min". The 3D shell struc-
ture required 18 minutes for printing. The arc bridge structure
needed only 5 minutes.

Finally, we raised the jetting temperature to 105 °C, and
printed a triangular structure surrounded by a circular structure
(Fig. 6f). The surface was smoother than that fabricated at 75 °C
because the flow property was improved. The wall thickness was
350 um. At the ending and starting locations, there are small
stacks of wax droplets. In the FDM printing, the extruder step
motor draws back the thread to prevent residual plastic material
from flowing out of the nozzle and raises the print quality. In
the drop-on-demand printing, the current of the amplified
signal controlled by the relay has an effect on the PZT actuator.

This journal is © The Royal Society of Chemistry 2017

To avoid these stacks of droplets, corresponding of the driving
signal of the PZT actuator to the pulse signals of the stepper
motor is needed. Another influence was the accelerating
process of the 3D printing work table.

The surfaces of 3D printed objects by the traditional FDM
method had a clear interface between the plastic, metal or sugar
filaments in the same layer and between layers. SLA and UV
curing method could produce 3D object very smooth surface,
but the molds were not easy to be sacrificed. The wax structure
surfaces produced by the modified wax 3D printer were covered
with zig-zag structures in the same layer and between layers
(Fig. S31). We could observe the trail of the wax droplet stacking
on the pillar surface in the bridge wax structure. The prepara-
tion of pillars required the accuracy of the dispensed droplet
position and the 3D work table. The repeat positioning accuracy
of the work table used for open-source FDM printing was 10
um, and the dispensed droplet position accuracy was influ-
enced by the air movement and the move speed of the glass
nozzle (Fig. S4t). We required the printing environment shel-
tered and the printing speed was under 90 mm min . This
accuracy is sufficient for the micro structures large than 100 um,
but for the nano-scale micro-fabrication, a work table with
positioning accuracy less than +5 pm was needed.

The fabrication of bridge structures was influenced by the
mold size, shape, and slicing parameters. One layer in the
micro-pillar only needed several wax droplets, and this required
the work table moved a very short distance. Thus, the designing
size of the pillar was 200 pm. We tried triangular bridge of 30°,
45°, and 60°. The triangular bridge of 30° was totally failed
because reducing the sliced layer thickness would increase the
total bridge height actually printed (2 = D, x n) and with the

RSC Adv., 2017, 7, 3313-3320 | 3317
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Fig.7 3D printed micromixers mixing blue and yellow dyes (a) mixing in the winding microchannel at a feeding speed of 10 uL min~*. Areas in the
black circles are magnified in (b) and (c), (b) magnified inlet junction, (c) magnified fluid channel near the outlet, (d) mixing in the spiral

microchannel at a feed speed of 100 pL min~!

microchannel outlet.

sliced layer thickness more than 80 um, some wax droplets
dripped on the bottom. The triangular bridges with an angle
more than 45° were easier to be prepared. Another difficulty for
the bridge structure is the folding of the bridge top, and it
required smooth transition from one side to the other.

3D printed microfluidic chips for passive micromixing

Sufficient mixing is one very important requirement for
microfluidic chips to realize the microfluidic functions. The
Reynolds number a micro-scale flowing is usually very low, so
most of the fluid is in a laminar flowing (i.e., hydrodynamically
stable) area. This makes most fluid mixing occur by diffusion,
which can be very slow. Research results show that the barriers
in the flow channel could change the form of the streamline,
thus increasing mixing efficiency.>* After the wax mold was
replicated with PDMS, the micro zig-zag structures caused by
wax droplet overlaps were replicated in the fluid channel. The
zig-zag structures acted as barriers. Two kinds of micromixers,
a winding mixing channel and a spiral mixing channel (Fig. 7),
were designed and fabricated with a channel width of 250 pm.
In the winding mixing, the blue dye and yellow dye solution
showed a clear interface in the junction at a feed speed of 2, 8,
and 10 puL min~" (Fig. 7b). The area of the interface increased
slowly as the fluid flowed, and the dye turned green. The color of
the fluid near the outlet channel was totally green (Fig. 7c),
which indicated that the two kinds of dye solutions were well
mixed. When the feed speed was 100 pL min *, a stream of
yellow dye still existed. For the spiral mixing channel, the fluid
turned totally green in the third circle with the feeding speed of
100 pL min~'. This result shows that increasing the channel
length and the number of turns of the fluid can improve mixing.

3D printed microfluidic chip for droplet generation

A spiral channel with a width of 250 pm was used to generate
water droplets in corn oil, as shown in Fig. 8. The water oil
interface was formed at the junction of the inlet area with a feed
speed of 2 pL min~'. The flow of the blue dyed water was
powered by the pressure of a syringe and the shearing force of

3318 | RSC Adv., 2017, 7, 3313-3320

, (e) magnified spiral microchannel inlet junction, (f) magnified fluid channel near the spiral

B

Fig. 8 Generation of blue dyed water droplets in corn oil with the
spiral micro channel at a feed speed of 2 uL. min~?, (a) global view, (b)
pressure induced breaking of water in the inlet area, (c) spiral flow of
the droplets, (d) outlet area.

the corn oil. When the water's interfacial tension could not
withstand the shear force of the corn oil, the water was broken
into water droplet cells. This dripping area of the droplet kept
flowing forward followed by a squeezing area, and the shape of
the dripping area changed with the flow channel. When the feed
speed was increased to 10 pL. min ™", the flow speed in the spiral
channel increased, and the length of the water droplets both
increased. Some of the droplets merged after crossing the nar-
rower area of the fluid channel.

3D printed network microfluidic chip

A network microflow was produced on 3D replicated PDMS
micro channels (Fig. 9). The channel width on the 3D CAD
model was 0.2 mm, and the model was sliced without filling
paths. The sliced layer thickness (Ds) was 50 pm. The top surface
of the CAD modeled bridge was 4 mm from the bottom, and the
resulting wax bridge height was 3.5 mm. Blue and yellow dyes
flowed smoothly without interfering with each other at a feed

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Network 3D microfluidic chip replicated with 3D printed wax
mold, (a) network flow of blue and yellow dyes at a feed speed of 100
uL min~?! respectively, (b) a junction in the network microfluidic chip.

speed of 100 pL min~". This chip provided a very promising
method for the functional 3D microfluidic micro total analysis.

Conclusion

In this paper we demonstrated a novel method for the fabri-
cating 3D PDMS microfluidic chips with a modified, open-
source FDM 3D printer. The wax droplets were generated with
a PZT actuator and a glass nozzle. The glass nozzle was inex-
pensive and easily prepared. The wax material was low cost and
freely available. The 3D printed wax mold could be clearly
removed from the cured PDMS. Micro-jetting based 3D printing
has the advantage of high resolution, non-contact, and conve-
nience for fabricating micro pillars or networks because the wax
material can be totally sacrificed. With this modified 3D wax
printer, real 3D wax structures such as a spiral growing square
shell, a 3D letter, and arc bridges could be prepared. Passive
micromixing, micro water in oil droplet generation, and
network flowing were demonstrated with the replicated 3D
PDMS microfluidic chips. Compared with the conventional
methods of photolithography and femtosecond laser, this
method was low cost and real 3D fluid channel could be
accomplished on PDMS. This study demonstrated a rapid and
easy method to develop 3D microfluidic chips and assist 3D
chemical and biological functional microfluid analysis.

This journal is © The Royal Society of Chemistry 2017
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