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Abstract. The study presents the design and fabrication process of a novel
microfluidic active droplet generator and development of a controller to actu-
ate the integrated micropumps. The proposed active droplet generator consists of
a droplet generation geometry and two microfluidic pumps to control the flow rate
of the continuous phase fluid and the dispersed phase fluid to generate a microflow
towards the droplet generation geometry. The droplet generator is developed based
on flow-focusing geometry. Proposed micropumps have a pump chamber and a
reservoir. A layer by layer method is adapted in fabricating the active droplet
generator in which Polymethyl Methacrylate (PMMA) is used as the material. A
heat treating based bonding method is discussed in combining fabricated PMMA
layers together. Piezoelectric transducer, which is used as the actuator, is made
of Lead Zirconate Titanate (PZT) and integrated into the micropump geometry to
produce the microflow. The developed controller is capable of providing a range
of shapes, frequencies, and amplitudes for the input signal leading to successful
operations of the active droplet generator.

Keywords: Active droplet generator - Micropump - Microfluidic device
fabrication - PZT based actuation - Lab on a chip

1 Introduction

Micro electro mechanical systems (MEMS) is an emerging technology which is widely
applied in a variety of application areas in engineering disciplines such as automotive,
biomedical, aerospace, and etc. At present, integration and miniaturization of func-
tionalities related to biomedical systems, organs and laboratories are being thoroughly
explored and have introduced system-on-a-chip, organ-on-a-chip, and lab-on-a-chip
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(LOC) research directions, respectively. LOC devices shrink two or more functions
of a laboratory into one single chip which has the ability to perform point-of-care (POC)
diagnostics [1]. LOC devices are a category of microfluidic devices which have the abil-
ity to manipulate small volumes of fluid. Polymerase Chain Reaction (PCR) test is one
such LOC based diagnostic tool used to identify the Coronavirus in COVID-19 pandemic
situation [2]. In performing laboratory test related tasks, LOC devices require various
modules for sampling, transportation, preparation, separation, detection, and analysis.
LOC devices related to sampling of fluids into small volumes is discussed in droplet
based microfluidics, furthermore droplet generation and transportation is at interest due
to the applicability in biomedical applications such as drug delivery systems, micro
reactors, POC devices, drug encapsulation, etc. [3].

Droplet generation systems focus on creating discrete volumes of fluids using immis-
cible phase fluids enabling high throughput analysis and synthesis conditions of a large
number of samples using a small volume. Additional advantages of microfluidics are
operational flexibility, minimum material usage, higher resolution in separation, fast
analysis, high detection sensitivity, and small footprints [4]. Three major techniques in
microfluidics that use two-phase flow to generate droplets are digital microfluidics, gas-
liquid, and liquid-liquid. Liquid-liquid technique omits the major drawback in digital
microfluidics, which is the electrode size limits the generation of smaller droplets and
only requires a system to generate microflows of one phase of matter which is liquid
suitable for biomedical applications [5]. Depending on the generation method, droplet
generators are mainly divided into two categories, as active and passive types. Active
droplet generation requires an external power source to generate droplets, and by alter-
ing this input signal droplet manipulation is achievable [6]. Major parameters observed
in droplet generation are droplet sizes and the generation frequency. T. Ward et al. pre-
sented a study on controllability of an automatic droplet generator based on droplet size
and frequency [7]. Controllability is an important parameter of active droplet generators
which is required in implementation of droplet generation modules to LOC devices. In
liquid-liquid technique, controlling flow rates of the two immiscible liquids is impor-
tant in formation of monodisperse droplets. Micropumps are capable of delivering fluid
from one place to another in a controllable manner. Considering the various actuation
mechanisms, micropumps are divided into mechanical type and non-mechanical type
micropumps. Comparing the types of micropumps, non-mechanical micropumps limit
its working fluid depending on the method that is used for actuation. Various studies on
controlling micropumps are presented, and the micropumps use valves (active and pas-
sive) or fixed geometry (nozzle-diffuser, tesla valves, nozzle jet) based designs to control
the fluid flow. Fixed geometry based (valveless) designs have comparative advantages
such as durability, fabrication simplicity, and less complexity in controlling [8].

With advancements in micro scale fabrication technology, researchers have success-
fully implemented and developed numerous fabrication methods and processes in recent
studies. Most of the microfluidic devices are fabricated using lithographic techniques.
Polydimethylsiloxane (PDMS) is used as the substrate of the traditional microfluidic
devices due to its biocompatibility and optical transparency. The photolithography pro-
cess and the equipment used in the process is expensive as it requires infrastructure such
as cleanroom facilities. Due to the limitations in lithographic techniques, prototyping of
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multilayer microfluidic chips is being investigated widely [9, 10]. Micromilling is one
such alternative to photolithography as it is a fast and semi-automated process. Ther-
moplastics such as polycarbonate are widely used in micromilling based fabrication of
microfluidic devices. CO; laser machining is also used for layer based fabrication tech-
niques on polymers such as PMMA, PDMS and Polycarbonate for rapid production of
microfluidic devices [11]. For successful functionality of microfluidic devices, damages
to the channels have to be avoided in the fabrication process and the transparency of each
layer has to be maintained for clear observation and detection. Vacuum heat press bond-
ing, CO; gas solvent based bonding, and Isopropyl alcohol based bonding are several
methods discussed in work related to layer by layer fabrication technique [12—14].

A PZT based active microfluidic droplet generator including valveless micropumps
and a flow-focusing based droplet generation geometry is proposed in this study.

2 Proposed Design and Working Principle

Active droplet generation methods are mainly divided into two categories as methods
based on additional forces and methods based on intrinsic forces. Centrifugal, magnetic,
and electric forces based methods are examples discussed in literature for additional
forces based methods. In regards to intrinsic forces based methods, the intrinsic forces
generated by changing fluid velocity, and material properties such as viscosity, channel
wettability, and density [15]. The proposed active droplet generation geometry includes
two micropumps, and a droplet generator. In addition, the system consists of a main
controller, function generator and an oscilloscope. Figure 1 shows the components of
the proposed system for the study.
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Fig. 1. Proposed system layout.

Among the aforementioned two types, the intrinsic method based on fluid velocity
changing method is proposed for the study due to not having limitations on working fluid
(as an example the magnetic forces based droplet generators require conductive fluid to
generate a microflow) and less complexity in the development process. Therefore, it is
required to deliver small volumes of continuous phase fluid and dispersed phase fluid
to the microfluidic droplet generator in a controllable manner. A micropump is a device
with a capability to deliver a small volume in a controllable manner. In this study two
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Table 1. Categorization of micropumps.

Mechanical Micropumps Non-Mechanical Micropumps
Piezoelectric Pneumatic | Hydrodynamic Electroosmosis
Electrostatic Thermal | Electrohydrodynamic | Electrowetting
Electromagnetic

micropumps are used to control flow velocities of the continuous phase and dispersed
phase. Table 1 presents a categorization of micropumps based on the actuation method.

The proposed micropump design belongs to the valveless nozzle jet type and also
double diaphragm type. Main components of the micropump are the pump chamber and
the reservoir. The significance is that the micropump was designed using a layer by layer
method and is fabricated using the laser fabrication method. The pump chamber contains
five layers and the reservoir contains three layers. The micropump design is presented
in [16] as it is studied at a previous stage of the research.

The microfluidic channel provides a boundary for the microflow in the device, and its
geometry has a direct impact on droplet generation. Cross-flow, co-flow, flow-focusing,
and emulsification are the major four geometry types discussed in relation to droplet
generation. Among these methods, flow-focusing geometry is recommended to produce
comparatively smaller droplets [15]. In flow-focusing geometry based devices, the two
immiscible fluids are hydrodynamically focused and thereafter elongated when passing
through a contraction leading to generation of droplets. Figure 2 shows the schematic
diagram of the droplet generation process in a flow-focusing based geometry.

Continuous Dispersed
phase inlet - phase inlet ™ = SRR ‘— Outlet

Fig. 2. Droplet generation based on flow-focusing geometry.

3 Design and Fabrication of the Active Droplet Generator

Initially, micropumps and the droplet generator geometry are designed as separate units,
based on layer by layer method in a manner that a sequential bonding of the layers results
in a single microfluidic device. Secondly, the designed layers are cut on clear acrylic
sheets using laser cutting technique. Pump chamber and reservoir of each micropump
are bonded as separate units in the process using heat treatment (HT) based bonding and
later bonded together after gluing PZT discs. Finally, two micropumps are bonded on
the bottom surface of the droplet generator geometry and the overall fabrication process
is shown in Fig. 3. Layer by layer fabrication is considered as a thin film fabrication
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technique. Therefore, each layer of the design is modelled using SOLIDWORKS®
software.

Chamber i
\ lf '
Design ’—‘Reservo'r Laser cutting HT bondlng
M ’ =

Droplet Generator

| Micropump 1 | | MlcropumpZ
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Assembling T HT bonding Gluing d a;/

Fig. 3. Fabrication process.

Figure 4 shows the layers of the droplet generator, reservoir, pump chamber, and the
complete assembly of the device. Inlet and outlet channels dimensions of the droplet
generator are selected to reduce fluidic resistance.
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Fig. 4. Layer by layer design of the (a) Active droplet generator including two micropumps; (b)
Droplet generator; (c) Reservoir; (d) Pump chamber.
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Height of the inlet and outlet channels (shown in Fig. 5) are 1 mm and the width
is 4 mm and 6 mm respectively. Height, width, and length of the contraction geometry
are 1 mm, 1 mm, and 2.5 mm. Size of the droplet generation geometry is 220 mm x
60 mm x 4 mm. Considering the micropump, the cross section of the nozzle jet design
is 1 x 0.3 (mm?). Size of the micropump chamber is 100 mm x 60 mm x 7 mm and
the volume of the reservoir is 10 cm>. A layer with 5 mm thickness is added as the top
layer of the reservoir to insert the fluid.

Outlet channel Assembly holes
Y Y

O O O (@]

r : < Continuous
( ;J - phase

‘ [: P inlet channels
N <

@] O O C

Dispersed phase inlet channel

Fig. 5. Droplet generator layer design.

The nozzle jet type valveless micropump design has a minimum feature size of
300 pm at the nozzle end. Layer design with the nozzle jet geometry is shown in Fig. 6.

Nozzle jet

Pump Micropump

chamber outlet channel

Fig. 6. Middle layer of micropump design.

The significance of layer by layer fabrication method is the ability to scale down
to nanometer scale using silicon based MEMS fabrication technology. Due to the bio
compatibility, transparency, cost effectiveness and availability, PMMA is selected for
the fabrication of the active droplet generator. Additionally, using PMMA sheets as the
material provides advantages in laser machining and assembling of microfluidic devices
using layer bonding. Comparing layer by layer method with silicon deposition based
fabrication, in the latter case requirements of advanced technology and equipment are
significant. Therefore, each layer of the design is fabricated using PMMA sheets by laser
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machining and the layers after fabrication are shown in Fig. 7. RECI W4 laser cutting
machine having a CO3 laser tube is used and the power rating of the laser beam is 200 W.
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Fig. 7. Fabricated layers using laser machining technique (a) Droplet generator; (b) Pump
reservoir; (¢) Pump chamber.

PMMA sheets having 1 mm thickness are used for all layers of the droplet generator,
layer two to four (from the bottom) of the pump chamber, and the bottom layer of the
reservoir. Bottom layer and layer five belonging to the pump chamber use 2 mm thickness,
and second and third layers from the bottom of the pump reservoir are fabricated using
5 mm PMMA sheets. Laser beam with a diameter of 0.02 mm is focused on the top
surface of the PMMA sheet with a cutting power of 35 W. Cutting speeds are set to 20
mms~!, 15 mms™!, and 5 mms~! are used for sheets having 1 mm, 2 mm, and 5 mm
thicknesses respectively. A heat treatment based bonding technique is used to combine
adjacent layers and the steps of the bonding process is shown in Fig. 8.

Cleaning Appling Aligning
solvent layers

Fig. 8. Heat treatment based bonding process.

At the beginning of the bonding process, the PMMA sheets are thoroughly cleaned
with 70% isopropyl alcohol. A thin film of solvent is added between the PMMA sheet
surfaces and then layers are aligned sequentially and clamped onto each other using
clamping clips before heat treating. Screw bolts are driven through the holes shown in
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Fig. 4 and are fixed using nuts to ensure proper alignment of the layers. As the next step,
fabricated layers are heat treated at 68 °C for 15 min using an electrical oven and are left
to cool down to room temperature. After bonding the pump chamber, two piezoelectric
discs are bonded on the top surface of layer 9 and bottom surface of layer 11 using
Cyanoacrylate as the bonding medium. KBS-35DA-3A type piezoelectric transducers
are used as PZT discs shown in Fig. 9.
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Fig. 9. Components of the piezoelectric transducer.
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The diameter of the brass disc is 35.0 £ 0.1 mm and the thickness is 0.25 4= 0.03 mm.
The PZT disc has a diameter of 25.0 & 0.1 mm and a thickness of 0.53 4= 0.1 mm. The
electrode disc diameter is 23.5 mm and a thickness similar to the PZT disc. Then,
reservoir layers are bonded using the HT based bonding method as a separate unit.
Similarly, the two fabricated micropumps are bonded with the droplet generator to form
the device.

4 Development of the Controller

In controlling an active microfluidic droplet generator operating on fluid velocity chang-
ing methods using a flow-focusing geometry, the flow rate is the major parameter. In
the proposed device, the flow rate is controlled by varying the actuating parameters of
the integrated PZT disc. Therefore, a controller is developed to provide the flexibility
in introducing various waveforms, input frequencies, and peak to peak voltages to the
micropump which consists of two PZT discs. A function generator is used to introduce a
range of frequencies and voltages whereas an oscilloscope is used to measure the output
of the control circuit. Figure 10 presents a diagram that illustrates the hardware setup of
the controller.

g gy S

/

Controller

Power supply

generator | signal l\ amplifier transformer jl'mgn—all_ I_I:_i_”l_“_?d_l_gc__g]

Fig. 10. Hardware setup for controlling.
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The controller amplifies the input signal from the function generator and transmits the
amplified signal to micropump through a step-up transformer to actuate the micropump.
The developed main controller and electronic components are shown in Fig. 11.

Heat sink
Power amplifier
Step-up
transformer
Variable
resistor Step-down
transformer

Fig. 11. Main controller.

Function generator (Tektronix AFG 2021) is able to generate sinusoidal, square and
trapezoidal signals, ranging from 10 mV to 10 V in amplitudes and 1 pwHz to 20 MHz
in frequencies. A step-down transformer (1 A) is used to step down the 230 V to 18 V
to power up the TDA7293 based power amplifier that amplifies the signal received from
the function generator. Amplified signal is measured by using a digital oscilloscope
(Tektronix TBS1102B-EDU).

5 Results and Discussion

The droplet generator and the two micropumps are assembled together successfully and
the resulting device has a length, width and height of 200 mm, 60 mm, and 22 mm
respectively. As a solvent assisted bonding process is used, the major issue occurred in
fabrication is the incapability to bond PMMA sheets together in one step. The droplet
generator design has layers with several designs which are different from adjacent layers,
and it is difficult to clamp two layers with uniform surface contact. In addition, this issue
is further enhanced with the increment in the number of layers. This leads to an uneven
spread of the Isopropyl alcohol when sheets are bonded together as one single device
resulting in voids which are unfavorable for the fluid flow in channels. Therefore, the
bonding step needs several iterations to ensure successful bonding between layers and
it is required to fill the voids with the solvent followed by heat treating. Micropump
is fabricated by combining the layers of the pump chamber, reservoir, and two PZT
elements and the fabricated micropump is shown in Fig. 12.
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Reservoir

Pump outlet

PZT disc

Fig. 12. Micropump after bonding process.

The Piezoelectric effect of the discs depends on the input voltage and the frequency
of the signal. Initially, performance of a PZT transducer against a square, trapezoidal, and
sinusoidal waveform is observed at an amplitude range of 10 mV to 3 V and a frequency
range of 1 Hz to 300 Hz. When a square or a trapezoidal function is provided to the PZT
element, there is noise due to sudden fluctuations in the input signal. Frequent failure
of the PZT element is also experienced with aforementioned signal types. Conversely,
when a sinusoidal waveform is selected a minimum distortion of the signal, noise, and
failure is observed. It is observed that PZT elements require a smooth input signal for
successful operation. The sinusoidal waveform is selected to the proper functionality
of the droplet generator and an operating voltage range for a set of given frequencies
is identified. In this regard, input voltage value is changed using the function generator
where the frequency is set to a specific value at each test. Figure 13 shows the operating
voltage range obtained in each test carried out for the frequency values 10 Hz, 15 Hz,
20 Hz, 25 Hz, 30 Hz, and 35 Hz.
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Fig. 13. Frequency vs. operating voltage.
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No load conditions of the control circuit are tested to identify the cutoff region of the
output signal when changing voltage and frequency of the input signal. The maximum
output voltage of the TDA7293 based power amplifier is 50 V. At a constant frequency
value of 100 Hz, the input peak to peak voltage value is decreased from 1.8 Vto 1.3V
and the cut off region disappears at 1.6 V. Accordingly, the input voltage is maintained
at or below 1.6 V. It is observed that the micropump is actuated at input voltage values
greater than 100 V. Therefore, the maximum peak to peak output signal of the amplifier
which is below 50 V is increased to a value above 100 V using a 12 V to 230 V full wave
step-up transformer (1 A). Additionally, as the micropump is a double diaphragm type
the actuating signal is provided at the same phase to achieve suction and compression
pumping stages. To perform droplet generation, it is needed to actuate both pumps
independently, therefore two similar controllers are required. Active microfluidic droplet
generator is assembled by combining the two micropumps with the droplet generation
layers as shown in Fig. 14.

Outlet Dispersed phase inlet

Micropump 2

Micropump 1 Continuous phase inlet

Fig. 14. Fabricated active microfluidic droplet generator.

Micropump 1 pumps the dispersed phase to the dispersed phase inlet channel which
is located 15 mm above the pump outlet channel which is the layer 9 (shown in Fig. 4).
Similarly, micropump 2 pumps the continuous phase to the continuous phase inlet chan-
nel located at a same height. Therefore, the pump head loss is neglected as it is considered
to have similar effect in performance of both pumps. Due to the optical transparency
provided by the PMMA material, PZT transducers are clearly visible to the top view of
the device. Electrical connections are attached to avoid each inlet of micropumps and the
outlet of the droplet generator to secure the device from contamination with the fluids.

6 Conclusion

A PZT based active droplet generator is successfully designed and fabricated with the
capability to control the flow rates of continuous and dispersed phase fluids which is
required to control the droplet sizes and generation frequency. The layer by layer method
based fabrication technique proposed in the study is implemented for the components
of the device including the droplet generator, micropump chamber, and reservoir. All
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the layers are fabricated using laser machining technology and combined using a heat
treatment based bonding method. It is concluded that the layer by layer method together
with laser cutting technology provides an effective combination in fabricating microflu-
idic devices. In this research, PMMA material is used to fabricate the layers of the active
droplet generator. PMMA is considered 100% recyclable material and it is considered
biodegradable. Therefore, this developed active droplet generator can be recyclable and
biodegradable after its use. Significant importance of the sustainable designs are the min-
imalistic negative impact on the environment, hence usage of PMMA adds this advantage
to the presented droplet generator. PZT based piezoelectric transducers are used to actu-
ate the device and it is observed that the input signal with sinusoidal waveform performs
smoother than square and trapezoidal waveforms in actuation. The developed controller
possesses the ability to provide a sinusoidal waveform in a range of voltages and fre-
quencies. Results show that the maximum voltage with reference to a given frequency
increased.

In future, with the identified operating range of frequencies and the voltages of the
micropumps, the droplet generator can be tested for different flow rates of dispersed
and continuous phase fluids. Thereafter, the relationship between the diameter of the
droplets formed and the droplet generation frequency can be studied with the flow rate
ratios of the fabricated micropumps. To observe the effect of the surface roughness in
generating droplets, application of surfactants on microchannel surfaces is required prior
to the experimental procedures. Finally, the study will be directed towards the feasibility
of integrating the PZT based active droplet generator to a Lab-on-a-chip device.
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