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ABSTRACT: Micropumps constitute an essential part of precise delivery
and directional volume control of fluid in a microfluidic system. In biomedical
applications, micropump is widely used especially in drug delivery, biological
fluid transmission, organic analysis, liquid measurement, and many more. In
this paper, the concept and design structure hence fabrication of the Thermo
pneumatic micropump prototype are explained. The experimental
measurement of the micropump employing planar diffuser nozzle in
transmits fluid is also presented. Thermopneumatic micropump is comprised
of three different components which are the microheater on the bottom, the
flexible thin membrane that acts as an actuator, and the planar diffuser nozzle
on the top to channel the fluidic. These three components were fabricated
separately due to the different materials and techniques used in each
component. Finally, the whole micropump system was integrated using an
anodic bonding technique. Bulk micromachining technique was used to
fabricated the chamber and thin-film membrane, surface micromachining
technique for the microheater while replica molding technique was used for
the planar diffuser nozzle. The whole diameter size for the micropump was
25 x 20 x 1.6 mm respectively. The microscope image recorded video and data
was used during the experimental measurement, to observed and calculate
the flow rate of meniscus motion flow in the outlet tube of the micropump. At
the end of the experiment, the flow rate range of the micropump measure was
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approximately 770pL to 12.5nL, when the output of 2-12Vdc was applied to
the microheater. This flow rate range is very suitable for drug delivery
applications.
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1.0 INTRODUCTION

The emergence of MEMS microdevices has been pioneered in various
fields over the decade. The new application of MEMS devices is being
discovered continuously. Presently, MEMS technology and
microdevice have embarked and been emphasized in the medical field
including drug delivery and development, point of care diagnostic,
sensitive bioanalytical systems, surgical and therapeutic microsystems.
[1-3]. These microdevices have placed importance on the technology in
providing a better outcome for the patient and a lower overall health
care cost [4-5].

MEMS micropump has played a crucial role in controlling drug
delivery to a specific target in these few years. Compare with the
traditional oral and manual injection for therapeutic -effect,
consumption of micropump in drug delivery system is higher reliable
and efficient [6-7]. Besides, micropumps offer precise dosage,
continuously and automated delivery approach pharmaceutical
therapy treatment [8-9]

This paper provides an explanation of thermo pneumatic
micropump from the beginning of fabrication until the flowrate
measurement for the completed micropump system. Three fabrication
techniques have been described for the three-part of a micropump
component such as bulk micromachining technique of microactuator
membrane and chamber, surface micromachining technique for the
microheater, and replica molding for the planar diffuser nozzle
channel. Before that, the micropump's brief concept and structure were
also presented. Next, the experimental setup for the flowrate
measurement was explained in detail. At the end of the experiment,
the measurement of flow rate is performed in a graph chart and a point
of discussion is also provided.
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2.0 CONCEPT AND STRUCTURE

Thermo pneumatic micropump uses the concept thermal expansion
method which involves the volume expansion or induces stress of
material in response to change in temperature or heat convection as can
be seen in Figure 1. Based on thermally induced volume change or
phase change of fluid that occurred in a chamber, periodically change
in volume of chamber results a pressure change inside the cavity to
actuate membrane. Liquid pressure change can be expressed as:

AP = E (ﬁAT - AVV) 1)

where AP is a pressure change, E the bulk modulus of elastic, f the
volume coefficient thermal expansion, AT the temperature increase and
AVV is the volume change percentage body [10].

In summary, membrane deflection is directly proportional to the
change of temperature inside the chamber. This is also due to the elastic
material properties of the membrane which can be expanded when
heated. Therefore, when the microheater heats up, air space inside the
microchamber will expand. At this point, volume expansion will cause
the membrane to deflect and fluid was sucked into to pump. The fluid
will pump out from the chamber when the heaters are cooling down.

r_w gy
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Figure 1: Concept of thermal expansion that produces pressure on the
thin-film membrane when heated by the microheater.

2.1 Thermo pneumatic micropump structure

Thermo pneumatic micropump was constructed from microheaterater
as the air supply for the pump thin-film membrane act as an actuator
complete with microchamber heater as well as microchannel for fluid
flow. The microheater was the main supply for the Thermo pneumatic
micropump. The thin-film membrane was acted as an actuator to
attract and push the fluid into the chamber while the fluid chamber is
the component used during the fluid pumping process. The trapped
volume air in the microchamber will be heated when the microheater
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receivers the power supply hence planar diffuser nozzle was
channeling the fluid flow or to control the fluid movement.

Figure 2. represents a side view of the micropump consisting of three
layers of the substrate structure. The first layer is the substrate for the
microheater, followed by a thin film membrane with a heating chamber
on the second layer and the final layer of the planar diffuser nozzle
element. The overall dimension of the pump is approximately 25 x 20
x 1.6 mm. A three-dimensional image of the micropump is depicted in
Figure 3. Each pump component is fabricated separately due to the
different processes and materials used. After the functionality and
measurement testing for each component is completed, all components
are combined using anodic bonding.

Nozzle

Polyimide i

Glass subirate

Figure 2: Side view of Thermo pneumatic micropump
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Figure 3: 3-dimensional view Thermo pneumatic micropump

Micro heater structure consists of thin-film metal elements that are
deposited on a silica boron glass substrate. Besides good thermal
insulation, silica boron glass is also transparent thus having the
advantage to facilitate the process of aligning the entire component at
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the end of the fabrication process later. The micro heating element can
generate thermal energy to expand the air volume in the heating
chamber and turn to deflect the thin film membrane that acts as a
microactuator on the Thermo pneumatic micropump system. When
this condition occurs, the pressure difference between the inlet,
chamber, and outlet will allow fluid to flow in and out of the pump
[11,12].

The heating chamber and flow chamber structure are designed
separately to prevent the contamination of the fluid that is pumped in
and out of the micropump. Normally, when heating occurs heater is
concerned to produce dust or particles that can change the structure of
fluid therefore by separating the design, contamination can be avoided.
Thermo pneumatic micropump also choose planar diffuser nozzle
because of the capability to produce a high flow rate [13,14] reduce
clogging [15, 16] with low cost and ease fabrication process [17,18]

3.0 DEVICE FABRICATION

Thermo pneumatic micropump are separated into three different
components which are micro heater fabrication, the diaphragm of the
thin-film membrane with heater chamber fabrication, and planar
diffuser nozzle fabrication. Each of these components has an essential
function in the micropump system. The micropump involve three
separation process due to different material and technique used. Micro
heater and membrane with heater chamber fabrication used to bulk
and surface micromachining technique while the planar diffuser nozzle
was fabricated using mold replication technique.

3.1 Micro heater fabrication

Figure 4 represents the fabrication step of the microheater system.
Firstly, a thick 180um boron silica glass substrate was cleaned using
RCA standard procedure to clean any grease or impurities on the glass
surface. Then, the glass is baked in a hot place at 120°C for 20 minutes
for hydrophilic treatment purposes. Next, the glass is coated with a
12 um photoresist and pattern transfer is performed through the
photolithography process. The AZ 400K developer with a ratio of 1:2
was used to develop the pattern. After drying the pattern, a metal
sputtering machine was used to deposit 50 um chromium as an
adhesive layer and 200 um of platinum as a conductive layer on the
glass substrate. Finally, the lift-off method is performed to reveal the
heater conductive element structure.
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3.2 Micro actuator fabrication

A 680 um thick <100> silicon nitride Si:=Ns was used for a base substrate
of the thin film membrane and microchamber. After the standard RCA
cleaning process was completed, AZ 4620 photoresist was spun onto
both sides of the nitride surface. The photoresist on the backside of
nitride is thicker than the other side due to the diaphragm requirement
for the next process. Then the sample was placed on the hotplate for
the pre-the baking step at approximately 3 min at 120°C. Then, the
process was followed by pattern transfer also known as
phophotolithographyuffered oxide etch (BOE) solution was used to
remove the exposed nitride while the unexposed nitride layer is used
as a mask for potassium hydroxide (KOH) etching. Next, KOH with
the concentration of 45 wt% at 80°C was applied to remove the
undesired silicon layer until 100um thick membrane was left. At this
point, polyimide was deposited on the backside of the other wafer. The
polyimide needs to be cured with incremental degradation
temperature from 50 — 350°C for 1 hour. The sample was then re-
immersed in 35wt% KOH solution at 70°C to etch the rest of the
residual silicon layer. At this point, careful observation was required
to avoid the membrane tearing or damage due to the very thin layer
etched. The etching was stopped after the polyimide membrane layer
reveal. Until here the thin microchamber was completely performed.
All of these process and step is presented in Figure 5.

I
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Cr and Pt metal deposition

Photoresist and metal lift off by acetone
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Figure 4: Fabrication steps for microheater

3.3 Diffuser nozzle fabrication

In order to construct a planar diffuser nozzle, the mold master structure
must first be constructed. Same as the previous process, silicon dice
must be cleaned using the RCA standard procedure before proceed to
the next steps. SU8 2075 was then poured on the silicon substrate and
spun on the spin coater at 500 rpm followed by 2000 rpm to get the
thickness of 110 um. Next, a photolithography process was performed
to transfer the diffuser nozzle pattern. The process was then followed
by the pre-baked and post-baked technique before the mold was
revealed by the SU8 developer and Isopropanol (IPA). Finally, the hard
mold master structure of the planar diffuser nozzle was obtained.

As shown in Figure 6, the PDMS mixture was then poured on into
the SU8 mold master structure. Before that the 2 cm Tygon tube was
attached to the master mold. Next, the sonification process was
performed to cure the PDMS replica. The cured PDMS replicas were
then peeled off from the SU8 master pattern and combined with the
previous component to represent a thermopnumatic micropump
system. The diffuser nozzle was fabricated with the dimension of 20
mm? at the inlet and outlet pumping chamber, 110 pm depth and 20
mm of total length with divergence angle id 10°.
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Figure 5: Fabrication steps for the microactuator
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Overall, the thermo pneumatic micropump constructed consisted of
a microheater, thin-film membrane with a heater chamber and planar
diffuser nozzle. The microheater is built with platinum as a conductive
heating element which is deposited onto boron silica glass surfaces
using the surface micromachining technique. An adhesive agent
between platinum and glass was 50 um deposited chromium. Thin
membrane polyimide is constructed with silicon microchamber using
bulk micromachining technique act as the microactuator while the
microchannel or diffuser nozzle element was fabricated from PDMS
using soft lithography or replica molding technique. The whole
specification of the thermopenumatic micropump can be referred on
Table 1 while the actual thermo pneumatic micropump is illustrated in
Figure 7.

SUS master mould
ready to be use

Tygon tube is attached
on master mould

Pour PDMS onto
the master mould

B Tygon tube r__.L_—_—_j_: ZJL_\_J
g

CIPDMS L
[ SUS8 master mould I
[ Silicon substrate

Peel off the PDMS layer

Figure 6: Fabrication steps for planar diffuser nozzle
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Table 1: Specification of thermo-pneumatic micropump

Parameters Material Unit
Micro Heater Pt, Cr
Width w 50 um
Spaces s 50 nm
Thickness (Pt, Cr) t 200, 50 nm
Total length 1 20 mm
Thin Film Membrane Pi
Thickness t 4 um
Area A 4 mm
Micro Chamber
Depth h 680 um
Window Area A 20 mm
Trench pole 54.7°
Diffuser/nozzle element
Depth h 110 pm
Total length 1 40 mm

Pi membrane + heater
Inlet +/heater chamber

- ‘
\ l | e Outlet

PDMS — &)
replica =

Pioject™
board

Y Glass 5
Heater pad 4 ; Siblel 7 =

— 10mm

Figure 7: Actual thermopneumatic micropump

4.0 MEASUREMENT AND TESTING

After the measurement and functionally testing for each component is
carried out, these three component is then integrated into one complete
system using an anodic bonding technique and the whole system
namely as thermopneumatic micropump. The functionality,
performance, and capability of the micropump to pump the fluid were
carried out as mentioned in the next paragraph.

41 Experimental setup

Figure 8 shows a schematic diagram and layout of a functionality test
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of a thermo pneumatic micropump in the laboratory. The actual
measurement is also illustrated in Figure 9. The Aigo scope image 9.0
microscope was used to record the fluid flow rate during the test. The
microscope lens was placed aligned with the measurement scale and a
Tygon tube. Colored ionized water was used as the fluid in the test to
provide a clear observation and analysis. Next, the power supply is
connected to the microheater using a wire connection on the mini-
project board and a connector pad of the microheater.

When the supply is applied to the microheater, the color liquid
slowly enters the diffuser inlet into the fluid chamber and then exits
again at the outlet nozzle. This meniscus movement was captured and
recorded for further flow rate measurement and calculation.

To Aigo Image
Microscope

Video Camera

Pl membrane

I | D) water

? Micro heater
A

Figure 8: Schematic diagram and layout for thermo pneumatic
micropump functionality test

Figure 9: Actual functionality test of thermo pneumatic micropump
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5.0 RESULTS AND DISCUSSION

Figure 10 shows the recorded and captured movement of fluid from
the experimental test. An initial scale of fluid before any movement is
marked with the yellow line as well a reading scale is set in every 30
seconds with a scale size of 0.1 mm. The flow rate produced from the
fluid motion can be determined by calculating the liquid flow along the
Tygon tube with volume count in the cylinder. The meniscus transition
distance fluid in this figure is taken for 2 minutes 30 seconds with the
maximum input voltage of 12V.

Finally, the result of voltage supply versus flow rated is recorded in
Figure 11. As shown in this figure, the pumping rate of the micropump
is 770pL at a 6V input supply with 33.5°C estimation temperature in the
microchamber, while the maximum flowrate is 12.5nL, 12 V and 63.5°C
respectively. According to the previous functionality test on the thin
film membrane and microchamber, this is the final point where the
experimental test should be terminated. If the temperature inside the
chamber exceeds 70°C, the thin film membrane will be torn and
damaged which means all the micropump systems will also collapse.

From the experiment, it can be observed that when the power
supplied increases, significantly the temperature inside the
microheater will increase and the pumping rate also increase
respectively. Based on previous findings in [19], the deflection of the
corrugated diaphragm is about three times compared with the flat one.
However, since the paper used the same concept of air expansion and
cooling in the chamber cavity, both flowrate obtained can be used for
the drug delivery system. As mentioned in [20], micro-dosing through
drug delivery application devices requires an extremely small flow rate
but there is no specific flow rate for each microdosing. There is various
flowrate that has been done by the previous researcher which in as
smaller 0.13 pL as and higher as 4800uL. The flow rate range depends
strongly on application. As mentioned in [20], the achieved flow
between 0.77 nL/min and 12.5nL/min in this paper is suitable for micro-
dosing the animal trials on small lab animals. The main concern for the
drug delivery system was the safety application hence a crucial for
them to have an accurate and precise flow rate. Therefore, in each
design of the drug delivery system, the ability and capability of the
system must be known to identify where are suitable applications can
be consumed.
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The material used to fabricate the components are relatively
economic, easy to obtained and fabricate. Nevertheless, the
consumption of supply below 12V provides a distinct advantage
because it is portable and easy to obtain.

Figure 10: Distance of fluid motion for 2 min 30 second
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Figure 11: Relationship between flow rate and applied voltage.
6.0 CONCLUSION

In this paper, a thermo pneumatic micropump was successfully
fabricated using three different processes and materials. Material,
technique, dimension, and component used are explained in detail.
The three components were then integrated using an anodic bonding
technique to be complete the micropump system. Next, the
functionality tests and flow rate measurement for the micropump are
performed to determine the suitable application of the micropump in
the medical field based on performance and medical device
requirements. The experimental results show that with the pumping
rate of 770pL-220nL, the term pneumatic system is suitable to be used
as a therapeutic substances device in a drug delivery system.
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