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Abstract: Microfluidic structures and devices have been studied over decades for the transport of
liquid through internal channels using versatile microfabrication schemes such as surface and bulk
micromachining technologies. One challenge in consideration of the device design involves the
breakthrough of microfluidic reservoir and channels being substantially limited in two-dimensional
(2D) geometry. However, recent progress of the emerging 3D printing technologies has showed great
potential to overcome this problem in a simple manner. This paper comprehensively reports an
additive manufacturing of polylactic acid (PLA) layers to significantly improve the complexity in
the formation of the 3D microfluidic structures as compared to conventional micro-manufacturing
techniques. Moreover, a handheld mechatronic device with a small height of ~10 mm, assembled with
a thin planar atomizer and a micro controller, was produced and demonstrated for generation of
droplets (~6 um in diameter). Both the analytical and experimental results indicated that the grids
of channel microstructures were simply varied by different line widths (300-500 pm) and spacing
(250-400 um) 3D printed within the device, thereby providing the design capability for capillary
flow. In this regard, a variety of complex micro devices fabricated via computer-aided design (CAD)
and the 3D printing method could be applied for more applications than ever, such as microfluidic
delivery of biomedical materials and health care devices of a small size.

Keywords: 3D printing; grid structure; piezoelectric atomizer; additive manufacturing; micro droplet;
spray generation

1. Introduction

Microfluidic structures such as flow channels, cavities and holes at micrometer scale have
been applied widely for delivery of liquid flow in a variety of micro-electro-mechanical systems
(MEMS) over decades [1-4]. Those microstructures were mostly designed and fabricated by the
present micromachining techniques including the silicon etching [1,4—6], surface micromachining [5,7],
UV-LIGA (lithography, electroplating, and molding) process [2,3,8,9], etc. For instance, based on
conventional photolithography as reported previously by E. Verpoorte and N. F. de Rooij [1], the planar
fluidic structures created and bonded with silicon, glass and polymer substrates can be integrated
with electrical and chemical functions in many applications such as drug delivery [4], biomedical
diagnostics [7], and energy storage [8]. Compared to the conventional microfabrication techniques,
one alternative technique called additive manufacturing or three-dimensional (3D) printing can simply
generate various patterns of complex components in non-planar 3D geometry [10,11], thereby providing
a promising method of forming versatile microstructures without etching on substrates. With various
liquid or solid used as structural materials, 3D microstructures of the devices can be visualized through
computer aided design (CAD) and are subsequently realized via computer aided manufacturing (CAM)
using a print/jetting head or laser beam [12,13]. Moreover, as illustrated clearly by V. A. Lifton et al.,
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the 3D printing (3DP) methods that primarily include stereolithography (SLA), fused deposition
modeling (FDM), and selective laser sintering (SLS) appear to be compliant with coarser resolution
requirements of the microfluidic devices [14]. In addition, recent development on extrusion-based
3D printing [15,16] and indirect volumetric approaches of soft-lithography [17,18] have made great
progress, particularly in biochemical and microfluidic applications. Extending from the applications of
two-dimensional (2D) printing technology to microfluidic systems [19], the non-planar microfluidic
components were designed and fabricated by means of 3D printing approaches [20], showing
more emerging opportunities for the design and fabrication of advanced mechatronics and MEMS
devices [21].

In addition, it is noted that different 3D printing approaches provide direct placement of
out-of-plane microstructures on a surface and shall be able to be further utilized for the fabrication of
MEMS, as reported recently by S. Kumar et al. [22]. For instance, complex 3D grid structures were
fabricated by the combination of 3D printing and casting, in which a CAD model of the mold was 3D
printed by binder jetting and the mold was applied for the casting of metals [23]. Based on this idea for
3D grid structures, our preliminary report showed that spongy microstructures can be simply made
of solid polylactic acid (PLA) by utilizing the 3D printing process of FDM [24], in which the direct
formation of microstructures through the on-demand deposition of fused filaments was proposed for
favorable merits such as simplicity and low cost when compared to those by conventional means of
photolithography. In other words, the eco-friendly PLA and many thermoplastic materials such as
PMMA [25] are inexpensive and suitable for production of the structures. Many post-processing tasks
such as sintering, casting, curing, and washing, often required for other methods [23,26-28], are not
necessary for FDM. Hence, an efficient FDM process was applied to fabricate the 3D grid structure to
demonstrate the idea using the popular PLA.

Further extended from the previous work [24], in this paper, we comprehensively report the
capability of complex design of adaptive structures with a thin planar atomizer, by incorporating the
microfluidics and 3D printing technique into mechatronics [29]. Here, the multi-functional structures,
including a microfluidic reservoir, a channel, and an inlet/outlet, could be integrated together within
one complex grid structure by 3D printing design and fabrication; capillary flow in a micro channel
from the inlet to the outlet would be spontaneously delivered due to surface tension of the liquid.
In addition, the gradient structure of the channel could be enabled to facilitate the microfluidic flow
driven by gradient pressure. More importantly, the gradient density of the structured channel would
be simply adapted by changing 3D printing parameters, which can be efficiently carried out by the
present approach. Together with a thin planar atomizer embedded in the outlet, the delivered flow
would be energized by an electric battery, thus resulting in droplets generated out of a nozzle plate atop
the outlet [29]. In this way, the small mechatronic device of liquid flow performs as a droplet generator
to benefit potential applications in microfluidic devices and biochemical MEMS [30-32]. The efficient
use of the FDM method in the work is able to integrate the microfluidic structures with microelectronic
components. Here a grid microstructure with different fluidic parts can be produced without waste
of material and time. Therefore, the present work allows more selections of complex microfluidic
structures that are designed and fabricated efficiently at low cost. It provides an alternative approach
for various applications including drug delivery and medical therapy for personal care [33-35].

The paper is structured as follows. In Section 2, we propose the physical model of a microfluidic
device and microfabrication process using CAD design and the 3D printing method. In Section 3,
we describe the experimental results and observations of the fluidic device with a grid structure
and an atomizer. In Section 4, we discuss and analyze the findings of the microfluidic structure and
performance. Finally, we draw a conclusion in Section 5.
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2. Design and 3D Printing

2.1. Design of a Microfluidic Structure

We presented a novel microfluidic design of the thin planar atomizer to accomplish delivery of
liquid flow through a grid microstructure integrated with different parts such as the fluidic channel,
reservoir and inlet/outlet, as illustrated in Figure 1. Namely, the structure is primarily composed of
internal and external regions (see (a) and (b)). The internal region is created with a fluidic inlet and a
gradient channel that are filled with fluid as core parts of the structure, allowing for the entrance and
transport of liquid (from an inlet to an outlet). Liquid passing the channel is bifurcated at an inclined
plane of the gradient channel (see inset B in (b)). One portion of the bifurcated liquid can be directed
upward to a void reservoir in the top-left corner, while the other portion moves toward the outlet in
the right direction. Consequently, the forward liquid is transported to the fluidic outlet through the
internal channel (see inset C in (b)), in which the cross meshes of the structure are shaped for capillary
flow driven by the surface tension of the liquid. Moreover, this fluidic outlet can be assembled with a
thin planar atomizer atop, thereby jetting liquid out of the channel via an electric power supply.
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Figure 1. Design of microfluidic channels and grid structures in the study: (a) The three-dimensional
structure of main body featuring a fluidic outlet of droplets; (b) The cross-section A-A of the structure
with cross meshes inside highlighting the gradient channel nearby a fluidic inlet (see inset B) and
the channel in the neighborhood of the fluidic outlet (see inset C); (c) The reservoir ready for fluidic
transport through the channel.

This transport of liquid through the fluidic channel, in theory, relies on its interplay of surface
energy on the three-phase interface among the liquid (L) and the vapor (V), and the solid (S). From the
classical Laplace’s equation for static equilibrium, the pressure difference at the solid-liquid (SL)
interface, Ap, for the fluidic channel exists as follows [36]:

ZVLV CcOos QC A
Ap=—"T—"7, @
r
where y1y is the surface tension acting on the three-phase line between L and V, r is the equivalent
capillary radius of the channel, and Oca is the contact angle between S and L (i.e., wetting as

0 < O¢ca < 90°). For instance, if yry = 72 mN/m (for pure water HyO), r = 350 pm (for cross mesh),
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and Oca =70° (for PLA), then Ap = 140 N/m? (Pascal, Pa). Therefore, as liquid travels with the contact
angle, it can be driven spontaneously in the micro channel due to the occurrence of surface tension.

2.2. Design of a Microfluidic Structure

To realize the microfluidic device design as mentioned above, an additive manufacturing process
of the 3D grid structure is proposed in Figure 2, which is based on the current fused deposition modeling
(FDM) technique [11]. First, a 3D printing platform is coated with a thin layer of paste adhesive in
order to accept the material of thermoplastic polymer deposited on top. The 3D printing filament of
material (a diameter of 1.75-3.0 mm) is then loaded into a printhead, melted by an internal heater
(a melting temperature of 190-230 °C), extruded out of a nozzle (outlet diameter d of 200-400 um),
and then deposited on the adhesive (a layer thickness t of 50-200 um), as shown in Figure 2a. After the
first steps referred to as material extrusion (ME) of FDM [13], the fused deposition is subsequently
continued to create the rest of the structure, where it exhibits the solid and void portions. After fused
deposition of all the layers, a multilayer grid structure is 3D printed with void portions for filling liquid
(in the inlet) as well as solid portions for barriers (in the channel and the reservoir).

filament model
heater —
melting - —
nozzle deposmon
_ id 1‘
layerxn < ——————— VoI T I ]
release
adhesive — I ||
platform

(a) (b)

Figure 2. Schematic of the three-dimensional (3D) printing process based on the filament deposition
modeling (FDM) method: (a) The multilayer grid structure formed with a single layer thickness t
featuring the inside voids such as channels and pores; (b) direct release of the 3D printed model from
the underlying platform.

Thus, the grid structure is eventually produced after the final release from the underlying adhesive,
as depicted in Figure 2b. Here, in regard to this layer-by-layer process in 3DP-based CAD/CAM,
the total number (n) of layers with the same thickness (t), the same line width (w), and variable layer
area (4;) in the i-th layer can be determined on demand. Therefore, the total material volume of Vi
deposited for the solid portion can be estimated as:

n n
VMAztxZAi:txwali:txwaMA, 2)
i=1 i=1

where [; is the line length of filament deposited in the i-th layer and Ly, is the total length of filament
consumed in the 3D printing process of the structure. For instance, supposing that ¢t = 100 pm and
w = 350 um, it yields Ly = 286 m for Vyp =10 cm?; and this can finish at a CAM time (T) of ~3 h ata
printing speed (vp) of ~26 mm/s since T = Lyga/vp. With a filling factor of FF and a void volume ratio
of 6, the void volume of Vyp and the total volume of Vs for one structure are simply defined and
expressed as:

Vst = Vma + Vvp, (3)
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Vma Vvp
FF = Ver =1 Ver =1-6, 4)
Obviously, the void volume (Vyp) is able to be utilized for storage of liquid in the reservoir and
the channel [24,29]. In addition, with the assistance of the CAD software, the AM-based microfluidic
channel of flow can be fine structured with a versatile texture inside for the purpose of fluidic storage
and delivery, which is investigated thoroughly in the following experiments.

3. Experimental

3.1. Fused Deposition of Filament Material

In the work, a thermoplastic polyester of polylactic acid (PLA), (C3H4O5), (melting temperature
of 130-175 °C) [37] and a 3D printer (Atom 2.0, Layer One Atom2dp Com., TW) [38] were used to
carry out the manufacturing process as illustrated previously in Figure 2a. First, a 1.75 mm-diameter
PLA filament (1 kg/roll) was loaded from an external spool and fed into the printhead of the 3D
printer, followed by pre-heating at 200 °C and pre-fusing smoothly through the printhead nozzle
(400 pm in diameter). Secondly, after the preparation for setup of the 3D printing, the filament was
subsequently extruded and deposited on the platform. The constant layer thickness of 100 pm was
printed at a full speed of 30 mm/s (100%) under ambient temperature and pressure (~25 °C and
1 atm). To yield fine quality of the product, however, this deposition process should be performed at a
lower speed, primarily ranging from 9 mm/s (30%) to 24 mm/s (80%). It was noticed that irregular
linewidth and spacing of layers occurred at a speed beyond the upper limit of the range; in contrast,
non-uniform surface of the deposited layers could be generated at a speed below the lower limit of the
range. Both the printing speed and quality should be considered. In this case, as a consequence of
printing at a printing speed of 22.5 mm/s (75%), the grid structure of the fluidic channel was completed
with fused deposition of the PLA, featuring the FDM formation of cross meshes with a line width of
~350 pm and spacing of ~300 pm as demonstrated in Figure 3a. In addition, the layered stack of the
cross-mesh deposition exhibited a layer thickness of ~100 um as indicated in Figure 3b, thus revealing
the characteristics of the LBL process based on FDM [22].

fused deposition

Figure 3. The 3D printed PLA (Polylactic Acid, -(C3H40O2)-) layers of a multilayer structure based on
the fused deposition modeling (FDM) method, primarily highlighting the design of grid microstructures
with: (a) The cross mesh of fused deposition with a line width of about 350 um and spacing of about
300 um; (b) the layered stack of one single line deposition of the cross mesh with a slicing layer thickness
of 100 pm.
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Finally, with varying speeds for other portions, the whole structure was produced with 18.5 g
(i.e., volume of 18.5/1.24 = 14.9 cm® or mL) for ~9 h. The fabrication time could be reduced by increasing
the layer thickness and/or void volume, in which the fluidic performance of delivery and storage would
be altered for the structure. It can be studied for future optimization of fabrication and performance.
The printed structure was further assembled with electronic parts to perform a functional test of droplet
generation in the following section.

3.2. Assembly of a Microfluidic Mechatronic Device

One thin planar atomizer (WB-16A-1, Whirl Best Com., with an external diameter of 16 mm) was
assembled with the outlet of the 3D printed structure (see Figure 1c) to generate droplets through
its 1700 nozzles (diameter of 6-7 pm) caused by piezoelectricity, as shown in Figure 4a. It was then
sealed and firmly capped with another 3D printed plate to be turned into a packaged atomizer
as illustrated in Figure 4b—d. Herein the atomizer was actuated using a microelectronic controller
(WB-16B-1, not shown in Figure 4) [24] with an electric supply of 3-5 V by virtue of a micro USB
power connector. To examine the piezoelectric effect on the generation of droplets, several experiments
were performed with different driving frequencies in a range of 104-111 kHz. As shown in Figure 4e,
the representative result indicated that the optimal rates of ~1 mL/min could be generated at a
driving frequency of ~107 kHz. This generation rate significantly implied an effective droplet volume
Vprop = (109 pL/min)/(1.07 x 105 s~ x 60 s/min x 1.7 X 10%) = 0.1 pl, thus corresponding to a diameter
Dprop = (6Vprop/m™Y? = (6 x 0.09 x 1071 m3/m)13 = 6 pm in the proximity of the nozzle diameter.
Hence, for a void volume Vyp = 5 mL in the fluidic channel and reservoir (i.e., a void ratio 6 = 0.33 out
of 14.8 mL), the total time available for droplet generation was estimated to be about 5 mL/ (1 mL/min) =
5 min in the case.

(a) thin planar (d)

droplet
generation

Figure 4. One portable mechatronic fluidic device for generation of droplets: (a) Assembly of 3D printed
main body with a thin planar atomizer and a power connector for driving control of droplet generation;
(b) packaging of the assembled body with an internal seal and an outer cap; (c) a packaged atomizer;
(d) generation of water droplets from the device; (e) handheld, compact, and light for personal use.

To further explore the reliability of fluid supply as shown in Figure 4e, different amounts of
liquid were filled into the microfluidic structure for tests. In the experiments, under the normal
operating environment, all of the droplets were successfully generated at the same driving condition,
thereby demonstrating the reliable capillary flow throughout the cross-mesh channel of the PLA layer
using pure water as a typical working liquid of daily life [31,32].

3.3. Tests for Generation Rate of Droplets

A series of experiments in the filling of liquid and generation of droplets for the structure were
performed for evaluation of performance in the application of a thin planar atomizer. In particular,
the device was able to be always laid horizontally to generate upward droplets different from those
in the previous studies [20,34,39], where the capability of droplet generation could be somewhat
hindered by gravity downward. The amount of liquid volume filled inside the same device was altered
nine times to find the stability and availability over time. As a result, Figure 5 shows that the liquid
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volume of generation (from 0.62 mL to 2.35 mL) was approximately proportional to the actuation
time (from 0.47 min to 2.28 min) as expected in theory [29]. Based on the linear fit (regression) of the
experimental data, here the rate, on average, was estimated as being close to 1.0 mL/min, consistent
with the previous results [24]. This result indicates that the 3D printed PLA reservoir and channels
were applicable to capillary flow of water in the microfluidic devices, though residues of liquid existed
inevitably due to slight vacuum and gravity [30].

3
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Figure 5. Liquid volume (mL) of water droplets generated during a period of actuation time (min),
in which the generation rate was approximately 1.0 mL/min based on the linear fit (regression) of nine
sets of experimental data.

Moreover, the orientation of the capillary flow along the microfluidic channels could be varied
simply by virtue of the 3D CAD design and printing. This is analyzed and discussed in the next section.

4. Discussion and Analysis

4.1. Reduction in Surface Roughness

Since PLA is a thermoplastic material, the surface of the 3D printed PLA should be capable of
being treated thermally for flatness, where the 2D sectional profile and roughness (R,) were particularly
inspected [40]. This smoothening process could be beneficial for enhancement of mechanical strength
on the surface; the printing defects such as voids and cavities might be also diminished to prevent
leakage of liquid from the fluidic reservoir and channels. To modify the surface flatness, one PLA
specimen with a size of 20 mm X 10 mm was fabricated by 3D printing and clamped between two
flat plates of glass by weights. Then, it was heated in a vacuum oven at 190 °C and 400 mmHg for
30 min, as illustrated in Figure 6a. In particular, it is noticed that the plate of glass was measured by a
laser scanning microscope (Keyence, JP) with a roughness of 0.022 um, thereby providing it with a fine
contact surface for thermal pressing.

As shown in Figure 6b, the PLA specimen obviously featured a wavy surface with a maximum rise
of ~10 pm due to the fabrication of 3D printing by FDM. The roughness of R, for the wavy surface was
obtained with a value of 1.12 pm before thermal treatment. However, the wavy surface was flattened
with a R, of 0.023 um, approaching that of the glass surface, as shown in Figure 6¢. In addition, with the
roughness of R, 49-fold smaller than previous one (i.e., 1.12/0.023 = 49), one might expect fine sealing
and shining properties of the surface for the prevention of potential leaking of liquid as supplied
for the outermost capped layers of a packaged microfluidic structure [6,7]. Therefore, this treatment
would beneficial to commercial production and packaging of 3D Printed microfluidic devices in future
use [34,41].
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Figure 6. Surface modification of a 3D printed structure of polylactic acid (PLA) material: (a) Thermal
treatment within a vacuum oven, and 2D profiling of the PLA specimen with a roughness R, = 1.12 pm
before treatment in (b) and Ry = 0.023 um after treatment in (c).

4.2. Characteristics of the Grid Structures

Taking advantage of the flexibility of the CAD/CAM in 3D printing, the grid structures can be
simply varied in line width (w) and spacing (s) of layers. Here, nine specimens of PLA were designed
with the same size (i.e., length X width X height = 35 mm X 25 mm X 56 mm and Vst = 49 cm?
in volume) but different combinations of width (w = 300-500 pm) and spacing (s = 250-400 pm).
As illustrated in Figure 7, each of them (No. 1-9) was produced in less than 11 h, which can be
estimated with solid volumes (V) of less than 40 cm® according to the previous Equation (2).
The nine formations after 3D printing appeared similarly in a grid structure. However, the actual
line widths of specimens deviating from designed ones were estimated with values of 301 um (No. 9)
to 656 um (No.1), while the actual spacing was estimated in a range of 185-463 um, as detailed
individually in Table 1. In addition, their solid volumes (V15) were estimated with 20.30-38.33 mL
(cm®) using a precision balance (Precisa XS125A-5CS, Switzerland) and material density (i.e., 1.24 g/cm3
for PLA). Thus, the void volumes (Vyp) and porosities () of the grid structures were obtained with
10.67-28.70 mL (cm?®) and 22-59%, respectively, thus corresponding to the previous Equations (3)
and (4).

w: 450 ym, s: 350 pum

-w: 350 pym, s: 300 pm

35!;300)”’[1,3350},]1’1}: - w: 300 pm, s: 300 pm { F w: 300 pym, s: 250 pm

Figure 7. Nine specimens of 3D printed grid structures of PLA with a variety of feature dimensions
in computer-aided design, where the line width (w) and spacing (s) are combined within a range of
250 um to 500 um.
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Table 1. Measurement and comparison of capillary equilibrium for the nine samples of porous network structures fabricated by the 3D printing method of PLA in

the study.
Sample ]?stima.ted Estim'ated E§timated E'stimated Porosity of =~ Theoretical Theo'retical The.orefica Est'ima.ted Er'ror 'in
Number Line Width, Spacing, Solid Volume, Void Volume, Total Laplace Capillary ILiquid Liquid Liquid
(No.) w s VMma Vvp Volume 1 Pressure, Ap Height Volume 2 Volume Volume 3
(um) (um) (mL) (mL) (%) (Pa) (cm) (mL) (mL) (%)
1 656 195 37.40 11.60 24 307 3.1 6.17 6.53 6
2 621 185 38.33 10.67 22 324 33 5.98 7.36 23
3 321 463 20.30 28.70 59 129 13 6.42 8.14 27
4 351 361 22.06 26.94 55 166 1.7 7.72 7.63 1
5 363 314 23.51 25.49 52 191 1.9 8.41 9.63 15
6 317 284 25.44 23.56 48 211 21 8.59 9.88 15
7 308 332 22.10 26.90 55 181 1.8 8.40 8.73 4
8 334 274 24.15 24.85 51 218 22 9.38 9.45 1
9 301 277 25.06 23.94 49 216 22 8.96 9.89 10

Note: 1. Total volume, VST (49 mL) = VMA (solid volume) + VVD (void volume); 2. Theoretical liquid volume = Theoretical capillary height X Porosity of total volume; 3. Error in liquid
volume = |(Estimated liquid volume-Theoretical liquid volume)/Theoretical liquid volume.
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Furthermore, using the Equation (1), the Laplace’s pressures (Ap) of water (yry = 72 mN/m)
caused by the capillary effect on the square pore (r = s/2) were estimated with 166-324 Pa, where the
contact angle of the PLA surface was estimated with Ocs = 78°. Thus, the liquid height (hc) and
liquid volume (V'), in which it remains static in capillary equilibrium with the liquid weight, can be
expressed below [7,36]:

= )
< pLxg’
V= h—CX5XVST, (6)
hst

where py, is the liquid density, g is the gravitational acceleration, and kgr is the height of the structure,
respectively. Using Equations (5) and (6) with pp = 1.00 g/cm? and g = 9.81 m/s?, the theoretical
height hc = 1.3-3.3 cm and the theoretical liquid volume V1, = 5.98-9.38 mL. It was noticed that the
height could be increased for capillary pressure on the surface using liquid with low surface energy;
nevertheless, this would also diminish the jetting speed of droplets as driving the atomizer. In this
case, it was propriate for the thin-plate device. Hence, this ensured that the capillary pressure was
sufficient to drive the flow of liquid from the lower inlet into the upper atomizer, as shown previously
in Figure 4.

Eventually, the actual liquid volume of 6.53-9.89 mL was estimated from the experimental
measurement as shown in Table 1, agreeing with the theoretical volumes, of which the error from
1% (No. 4) to 27% (No. 3) was yielded, with 11% on average. Furthermore, these various errors
implied the irregularity and inaccuracy of the 3D printed microstructures in cross-mesh shape and
at micro-scale dimension. Compared to the dimensions in CAD, linewidth (w) of 300-500 um and
spacing (s) of 250-400 pm, the estimated dimensions showed actual values of 301-656 pm (linewidth)
and 195-277 um (spacing) with a variety in deviation. This could be improved further, along with the
rapid progress of versatile 3D printing technologies, in the future [42,43].

4.3. Capillary Liquid Flow within a Grid Structure

Finally, we designed and fabricated small grid structures (4.2 mm X 4.2 mm X 2 mm, Vgt = 35.3 uL)
to demonstrate the capillary liquid supply, in which the red liquid (ink) was used, making it visible for
the filling process [44]. As one representative example displayed in Figure 8, each of the four liquid
droplets with an individual volume of 2.5-3.5 uL was consecutively generated and filled into the
porous channels (designed with w: 300 um, s: 200 um, 6 = 0.4 and Vyp = 14.1 pL). As a result, it was
observed that the flow was generated, in each case, within a few seconds (i.e., 1-5 s) due to the capillary
effect moving faster along the channel (i.e., y-direction, see (b) and (c)) than rising up (i.e., z-direction,
see (d) and (e)) to fill it up in a height of 2 mm with four droplets (Vi = 10-14 puL approaching Vyp).
Nevertheless, the flow rate, dynamically in motion of liquid, shall be higher than that needed (1 uL/s
in the order of magnitude) to satisfy the requirement for the rate of droplet generation when applied
for an atomizer (e.g., 1 mL/min = 16.7 uL/s). To further explore the influence of line spacing (s) on
the capillary flow, another grid structure with gradient spacing (As = 50 pm) was designed and 3D
printed, in which the linewidth remained constant (w = 300 um) for different spacing (s = 200-450 pm),
as shown in Figure 9. It showed the fast capillary flow transforming in a few seconds: the droplet
was filled and directed spontaneously from the coarser areas (i.e., larger spacing) to the finer ones
(i.e., smaller spacing) in the 3D grid structure. This evidence significantly indicated that the droplets
out of nozzles shown in Figure 5 were substantially pumped through the microfluidic grid channels.
This verified the essential performance of liquid supply for droplet generation expected in conceptual
design. Furthermore, the loss of driving pressure due to friction on irregular channel walls should be
taken into account in future studies [32,37].
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z filling liquid
4 \I/ X
grid
structure droplets

; ﬁll(lad with
w: 300 pm, s: 200 pm : ’ 4 droplets

Figure 8. Demonstration of capillary liquid supply into a 3D printed grid structure (4.2 mm X
4.2 mm X 2 mm) from each droplet of 2.5-3.5 pL generated by a pipette: (I)-(IV) consecutive droplets
from the first D; to the fourth D4 and (V) filled with the 4 droplets of 10-14 puL in total.

WERRINTHE gradient spacing

Figure 9. Demonstration of one droplet (I) into a 3D printed grid structure with a constant line width
(w =300 um) and gradient spacing (s = 200-450 um, As = 50 um) using a pipette: continuous motion
of capillary flow through the initial filling (II), secondary transport along the y-axis (III), and final rise
along the z-axis (IV) eventually reaching the top.

In this way, this fundamental design of quasi-static processes within the grid structures can
be also led toward the 3D channels with gradient changes of line width and spacing. Microfluidic
atomizers based on the novel design can be produced for present and future applications such as
pulmonary drug delivery and spray cooling [33,39]. In addition to droplet generation as an atomizer,
the combinational approach of 3D printing techniques and microfluidics can be cost-effective and
versatile, attributes that are demanded in more applications than ever. In the future, this can be utilized
as a fundamental 3D platform to adaptively realize more microfluidic devices for the delivery of
biochemical materials [35,45,46].

5. Conclusions

In the paper, we report a FDM approach based on 3D printing techniques to fabricate
three-dimensional (3D) grid structures of a microfluidic device featuring the micro channels (for the
supply of liquid) and micro actuation (for generation of droplets). Analytical and experimental results
showed that the liquid was able to be filled into the 3D printed channels and was then jetted, constantly
forming droplets after fluidic actuation, thus providing an alternative method for flexible design
and efficient manufacturing at low cost. All the grid structures mainly composed of the reservoir
and the fluidic channels were able to serve for the supply of liquid based on the combination of the



Actuators 2020, 9, 0110 12 of 14

piezoelectric and capillary effects. Finally, their solid and fluidic performances of grid structures,
such as surface properties and capillary flow, were verified to demonstrate potential applications of
versatile microfluidic devices in the future.
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