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Abstract In this study, a polydimethylsiloxane (PDMS) membrane electrolysis micropump
activated by a miniaturized wireless power transfer (WPT) system is introduced. The
micropump system has total dimensions of 20 x 14 x 8.2 mm®. Combined with a compact WPT
system, the micropump enables the delivery of drugs to the treatment area on demand. The
WPT system consists of an impedance matching network and a two-stage voltage multiplier.
Voltages ranging from 0.8 V to 1.3 V can be generated at different operating distance of 8 cm
to 20 cm away from the RF source. The micropump is capable of delivering liquid continuously
over a flow ranging from 0.11 pL/min to 4.84 pL/min. This micropump demonstrates a
maximum cumulative released drug volume of up to 100.8 yL and was able to produce a
pressure that is higher than the intraocular pressure. The results can be used for the study of
age-related macular degeneration, diabetic retinopathy, and other ophthalmic diseases.

1. Introduction

The demand is increasing for drug delivery devices for ophthalmic treatments. The World
Health Organization (WHO) estimates that at least 2.2 billion people worldwide suffer from eye
impairment or loss of vision as a result of eye diseases and approximately 50 % of these peo-
ple have a vision impairment that could have been prevented but has not yet been treated [1].
Among this 50 %, there are people with moderate or severe distance vision impairment or
blindness due to unaddressed refractive errors (123.7 million), cataracts (65.2 million), glau-
coma (6.9 million), corneal opacities (4.2 million), diabetic retinopathy (3 million), and trachoma
(2 million) [2]. Drug therapy plays an important role in various biomedical applications and dis-
ease treatments [3]. Traditional drug treatments including oral swallowing, eye drops, and intra-
venous injections have been widely used in eye diseases treatments [4]. However, these tradi-
tional methods are limited in their therapeutic effectiveness and drug delivery efficiency. For
example, most diseases are treated by eye drops or topical administration [5]. This limits the
bioavailability of injectable drugs, reducing the effectiveness of drug therapy and requiring fre-
quent administration for the long-term treatment of diseases such as diabetes retinopathy [6],
which undoubtedly brings more pain and discomfort to patients. Furthermore, owing to many
physical and biochemical obstacles such as the presence of the anterior tear membrane, cor-
neal structure, and biological physiological characteristics, the bioavailability of traditional topi-
cal drug is often limited [7]. For strong drugs, the dose must be precisely controlled within the
effective therapeutic concentration range, which is difficult to achieve by traditional drug
delivery methods. Since the amount of a drug in the drug delivery process will gradually
decrease or even fall to the level of ineffectiveness, it is necessary to design a drug delivery
device that can deliver drugs quantitatively and on demand [8].

Microelectromechanical systems (MEMS) are mechatronic systems whose component’s
characteristic size and operating range are in the microscale. MEMS have enabled a wide
range of sensors and actuators to be realized by allowing electrical devices to be placed onto
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microchips [9]. With the increasing maturity of MEMS technol-
ogy in recent years, flow sensors, microvalves, microfluidic
chips have been intensively developed for biochemical analysis
[10], drug delivery systems such as microneedles for controlled
delivery, and new ophthalmic drug delivery systems (treatment
for glaucoma, cataracts, etc.) have been developed in Refs.
[11, 12]. MEMS-fabrication-based micropumps for microscale
devices have been studied by researchers [13]. There are
many types of micropumps based on a MEMS system, includ-
ing drug transport devices controlled by electromagnetic fields
[14, 15], artificial compression spring-driven micropump [16],
and piezoelectrically actuated micropumps [17].

Unlike other MEMS-driven mechanisms, the electrolytic drive
uniquely provides the following features: no moving parts, reli-
able operation, low energy consumption, easy manufacturing,
and no maintenance. The pump mechanism is based on elec-
trolysis. Electrolytic micropumps generally use direct current
(DC) to separate electrolytes into gases. The electrolyzed
gases, oxygen (O,) and hydrogen (H,), induce an actuation
force by different pressures to drive the micropump. The drug
solution in the drug reservoir is driven out of the catheter by
pressure. Although the electrolytic micropump can be con-
structed in different ways, the pump usually consists of at least
two electrodes (usually gold, palladium, or platinum) immersed
in electrolyte. The electrolytic micropump has a simple struc-
ture and is simple and convenient to manufacture.

In the past 15 years, researchers have been making break-
throughs in the field of drug delivery related to implantable
micropumps that were applied to rabbits and mice [18-20]. Yi et
al. improved the repeatability of the electrolysis micropump by
introducing a platinum (Pt)-coated carbon fiber mesh as a cata-
Iytic reforming element that can speed up the conversion of the
electrolysis process. Owing to the fast gas recombination rate,
the micropump cycle was improved, allowing for a shorter drug
release cycle. A solid drug in the reservoir method allowed a
small amount of solid drug to dissolve in the drug chamber;
pulse power was used to drive the release of the drug solution
[21]. Electrodes based on printed circuit boards (PCBs) are low
in cost, simple to fabricate, have good electrical conductivity.
Water electrolysis process is a well-known method to generate
oxygen and hydrogen [22]. The micropump is moving toward
miniaturization, implantability, an unlimited remote control.
Batteries are no longer the first choice to reduce the size of the
micropump power supply. A wireless power transfer system
that continuously charges the capacitor is one energy storage
method [23]. Meng et al. successfully demonstrated wireless
operation utilizing inductive power transfer with a rectifier circuit
at a flow rate of 3.4 uyL/min [24].

In this work, we propose of using RF power to the pump
wirelessly. RF wireless power has the advantage over induc-
tive coupled wireless power because of its longer range of
operation. The fabrication of the pump is done by simple
PDMS fabrication techniques and PCB fabrication. The main
features of the system are: (1) Powered by RF wirelessly ena-
bling operation range up to 20 cm. (2) Reduced electrolysis
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Fig. 1. Concept of the ophthalmic drug delivery micropump depicting elec-
trolysis pumping of drug into the eye.

pump overall size using a 2-layer PCB design. (3) Controlled
the release of drug doses. In addition, the power consumption
associated with this pump type was less than 1 mW. We dem-
onstrate the feasibility of the device in terms of, delivery flow
rate, cumulative delivery volume, pressure generated, and the
maximum operation distance.

2. Theory and design

The electrolytic actuation method has garnered attention with
its low power consumption, compact size, and the ability to
produce a large displacement. As an effective means of pump-
ing fluid, the electrolytic drive has been widely used in microflu-
idic devices [25, 26]. The electrolysis process was applied to
drive a wireless micropump for intraocular drug delivery appli-
cations. The pressure generated by electrolysis will squeeze
the drug reservoir, and the drug solution can be discharged
through a flexible catheter. Drug solution is delivered to the
treatment site to achieve targeted drug treatment (Fig. 1). For
the treatment of human intraocular diseases, the flow rates
below 2 pL/min is preferred for ocular drug delivery [19].

2.1 Electrolysis micropump module

Fig. 2 illustrates the working principle of the electrolysis mi-
cropump. The micropump is normally off until wirelessly acti-
vated by the WPT. Once the voltage is applied at the elec-
trodes, the electrolysis process begins. The generated gas
generates bubbles and this causes the pressure to increase.

The increased pressure causes the PDMS membrane to
move upward, allowing the drug stored in the reservoir to be
pushed out through the catheter.

There is a 1-mm-diameter round hole in the tank to allow the
drug to flow out of the catheter. Because water molecules have
a stable molecular structure at room temperature, the electro-
chemical decomposition energy of water is relatively high [27].
Under normal laboratory conditions, water molecules require a
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Fig. 2. Schematic diagram of the operation principle of the micropump.

minimum voltage of approximately 1.23 V to break H,O into H,
and O, [28]. It is well-known that alkali and acid or metal salts
increase the ion concentration in the solution. Therefore, NaCl
solution was added to the distilled water to increase the ion
concentration and improve the electrolysis efficiency. In addi-
tion, Nafion® is a fluoropolymer with excellent electrical conduc-
tivity. Nafion®-coated electrode surface was used to increase
the delivery flow rate and reduce electrode damage under
high-voltage operation [29]. The Nafion can also improve the
efficiency of bubble generation [30].

An exploded view of the electrolysis pump system is pre-
sented in Fig. 3. The micropump system was composed of an
electrolysis micropump module and a WPT module located
above and below a dual layer PCB. The electrolysis micro-
pump consisted of a pair of electrodes, an enclosed pumping
chamber, polymer membrane, drug reservoir, and catheter.
Gold was used in the coating on the surface of the electrode to
prevent the copper electrode from being oxidized.

2.2 Wireless power transmission module

A block diagram of the wireless power WPT is shown in
Fig. 4 shows how the micropump works. The WPT system was
based on the work previously reported [23]. An RF signal gen-
erator and panel antenna were used as a transmitting source
to send RF electromagnetic waves in space. The transmitted
electromagnetic signal was received by the receiving module
and transmitted to the micropump. The WPT circuit included
three modules: a receiving antenna, impedance matching net-
work (IMN), and 2-stage voltage multiplier. The receiving an-
tenna was used to receive signals. A ceramic antenna was
used in the WPT circuit for their compact size. The IMN was a
group of capacitors and inductor to match the impedance of the
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Fig. 3. Schematic design of the electrolytic micropump: (a) exploded-view
diagram of the electrochemical actuator and major components; (b) as-
sembled drug delivery system.

ceramic antenna and voltage multiplier in order to get an effi-
cient power transmission within the circuit. The 2-stage voltage
multiplier converted AC voltage into DC voltage and doubled
the induced DC voltage. Here, the electrolysis electrode was
considered as a load of the WPT circuit. Therefore, the elec-
trolysis electrode was directly connected to the output of the 2-
stage voltage multiplier.

3. Fabrication

The dual layer PCB was fabricated by Hansaem Digitec, Ko-
rea. The PCB was designed with two-layers (top: electrolysis
electrode, bottom: WPT circuit) as shown in Fig. 5. The micro-
pump’s octagon electrodes (75 um width, 125 pm spacing),
8 mm overall size were located on the top surface of the two-
layer PCB (thickness 1.5 mm), as shown in Figs. 5(a)-(c). The
electrodes were made of copper (35 um height) and treated
with the ENIG process. The outside of the electrode was cov-
ered with a gold coating (0.05 ym height), and nickel coating
(7 um height) which helps to prevent from oxidation. PDMS
(SYLGARD™ 184, Dow Corning Cooperation) with a mixture of
crosslinking agent at a ratio of 10:1 was used to fabricate the
micropump structure. The cylinder pumping chamber and drug
reservoir was built by punching a block of PDMS using a bi-
opsy punch. The PCB was designed with two pumping cham-
ber and drug reservoir have the same size internal diameter of
8 mm and thickness of 1 mm. It was designed to contain
150 uL of electrolyte and drug solution each, respectively.
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Fig. 5. Photographs of the electrolysis micropump: (a) topside PCB with ENIG electrodes in an octagon pattern; (b) close up photo of the electrodes; (c)
photograph of receiving module showing IMN and voltage multiplier circuit; (d) assembled micropump system; (e) SEM image of the PDMS membrane.

PDMS membrane was fabricated by spin-coating on a Si wafer
(at a speed of 5500 rpm for 30 s) using a spin-coater (ACE-200,
Korea), and was finally heated at 70 °C for 2 h on a hot plate.
An assembled micropump is shown in Fig. 5(d). As electrolysis
process generates gases [19], it induces an actuation force
that pushes a flat PDMS membrane bends upward owing to
the expansion of the gas. Therefore, the thinner the membrane
thickness, the more displacement of the pump given the same
generated pressure. The target thickness of the PDMS mem-
brane was around 11 pm [Fig. 5(e)]. This was the thinnest
thickness of 10:1 PDMS that we could reliably fabricate with
good uniformity. By setting the experimental parameters such
as coating speed, and time, the thinner membrane can be
fabricated. However, membranes thinner than 10 um was diffi-

cult to peel off from the silicon wafer and easily ruptured under
the operating pressure.

4. Experimental methods

4.1 Real-time electrolysis pressure & flow rate
measurement

A pressure sensor and microcontroller (Arduino Uno R3, Italy)
were used to measure the pressure of the pumping chamber in
real-time to characterize the performance of the micropump. As
shown in Fig. 6(a), a pressure sensor (WPXV5100DP, Frees-
cale) was directly connected to the micropump catheter. The
output of the pressure sensor was monitored on a laptop
through the microcontroller.

700



Journal of Mechanical Science and Technology 35 (2) 2021

DOI 10.1007/s12206-021-0130-2

(a) Pressure
Micropump Sensor

§ Testing Micropump |

RF Signal Generator

Arduino

(b) femmdadl Transmitter Antenna == (c)

Pressure

Pressure
sensor

Fig. 6. (a) Schematic diagram of the pressure test setup; (b) photograph of the experimental set up to measure micropump’s output flow rate; (c) close up

photograph of the pressure test setup.

4.2 Wireless operation

As mentioned above, the objective of this study is to achieve
wireless control of the micropump. In this experiment, distilled
water was used as the main electrolyte in the pumping cham-
ber. To increase the ion concentration and electrolyte conduc-
tivity, diluted sodium chloride 0.9 wt% NaCl solution was added
into electrolyte. NaCl solution was filled into the pumping
chamber and drug reservoir. The flow rate and volume of the
liquid discharged from the catheter were calculated by measur-
ing the liquid displacement in the catheter use a mitutoyo (CD-
15AX, Japan) [Fig. 6(b)]. An RF signal generator (Agilent
N9310A, Keysight Technologies) was used as a signal source
to produce an RF signal at 1.215 GHz with a magnitude of +20
dBm. The transmitting antenna was a panel antenna ARC-
PCA0913B01 (ARC Wireless LLC). To measure the voltage
received by the micropump, an oscilloscope (Agilent
DS0O1072B) was connected in parallel to the micropump. Ac-
cording to the voltage measured by this oscilloscope, the total
efficiency of the WPT system was calculated. There were no
obstacles between the transmitting antenna and the micro-
pump system.

5. Results

5.1 Real-time electrolysis pressure measure-
ment

Fig. 6(c) shows the close up photograph of the pressure test
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Fig. 7. The electrolysis pressure in the pumping chamber at different ap-
plied voltage.

setup and Fig. 7 shows the real-time pressure generated by
electrolysis in the pumping chamber. The pressure increase
rate was positively correlated to the applied voltage, as pre-
dicted. The pressure generated in the pumping chamber in-
creased faster at higher input voltage. At the input voltage of
1.3 V, the generated pressure reached 1.6 kPa after 10 min,
which is higher than intraocular pressure (IOP) [19]. Whereas
at 1.1 V input voltage, the electrolysis pressure surpassed IOP
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Fig. 8. Flow rates and cumulative volume testing for micropump power by WPT system: (a) performance of the micropump system under distance-controlled
condition from 8 cm to 20 cm; (b) the generated voltages by WPT system at different operation distances; (c) the electrolysis currents at different voltages; (d)
cumulative volume released by the micropump under supplied voltages ranging from 1.0 Vto 1.3 V.

after 30 min, which was almost triple the time in the case of
1.3V.

5.2 Flow rates and cumulative volume

The correlation between the operation distance, voltage, and
the flow rate was analyze [Figs. 8(a) and (b)]. The maximum
flow rate achieved was 4.84 uL/min at a supply voltage of 1.3 V
and operation distance of 8 cm. The micropump obtained a
flow rate ranging from 0.11 pL/min to 4.48 uL/min for an opera-
tion distance ranging from 8 to 20 cm. A minimum voltage of
0.8 V was obtained at 20 cm with a corresponding flow rate of
0.11 pL/min.

The current of the micropump was measured every 5 min
during the entire experiment, as shown in Fig. 8(c). The elec-
trolysis process was boosted by the high supply voltage (1.3 V)
(0-10 min). Spontaneously, the high supply voltage facilitated
the oxidation process of the electrodes. Since oxides of metals
have lower conductivity than the metals themselves, this de-
creased the electrolysis process. Therefore, we observed a
drop in the current (15-25 min) followed by a plateau in the
release volume. The cumulative volume of the micropump is
shown in Fig. 8(d). The micropump stopped pumping after
about 55 minutes for the 1.2 and 1.3 volt condition. This indi-
cated that the micropump reached its fluid discharge limit so
the pressure did not continue to increase.

We defined the inflective point of the micropump which is the
maximum cumulative volume of the micropump as a function of
input voltage and operation time. In order to find the deflective
point, we first calculate the cumulative volume as a function of
time:

~

V=0.84><(%><a><t2) (1

where V is the cumulative volume (uL), 0.84 is the cross-
section area of the catheter (mm?), a is the accelerated speed
of the flow rate mm/s?, and t is time (s). The deflective point is
the volume when V” =0, where the cumulative volume is
largest. Before the inflective point, the cumulative volume in-
creased quickly. The flow rate reached a maximum of
4.8 uL/min (1.3 V supply voltage) after 10 min. After the inflec-
tive point, the flow rate gradually decreased until it reached a
maximum cumulative volume of 100.8 uL. When the micro-
pump was supplied by a small voltage (< 1.2 V), the flow rate
was more stable. The inflective points of the supplied voltages
of 1.0 V and 1.1 V appeared, respectively, at 105 min and
115 min at minimum flow rates of 0.14 uL/min and 0.11 pL/min.
In general, the deflective point informed the maximum drug
volume that a micropump can achieve under certain conditions.
It may be desirable to match the deflective point to the specific
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drug dose in real applications.

5.3 Pump efficiency

As mentioned above, the actuation force of the electrolysis
micropump comes from the separation of water into hydrogen
and oxygen. The electrolysis of water was selected as the ac-
tuation mechanism for low power consumption, high pump
efficiency, simple structure, and the ability to generate large
displacements [31, 32]. The corresponding electrochemical
reactions are given by

Anode: 2H,0(l) 5 O,(g) + 4H"(aq) + 4¢”
Cathode: 2H,0(I) + 2¢” 5 20H (aq) + Ha(g)
Net: 2H,0(1) 5 O4(g) + 2H(g)

The electrolysis discrepancy (1) of water can be defined as

V. _ .
__ experimental
1=t (2)

theoretical

where Veerimen 18 the generated gas volume by measure-
ments, and Vipeoreticar 1S the theoretical volume of the generated
9as [33]. Vipeoreticar is Closely related to the applied current [34].
The corresponding theoretical generated volume can be calcu-
lated by

SN 3)

D iheoretical = Z F m

where i is the current in amperes, F represents Faraday’s con-
stant (96.49 x 10° C/mol), and V,, is the atmospheric pressure
(24.7 x 10° m¥ mol) at room temperature. If obtained current is
used, VineorsticasCN be calculated as

theoretical — Dipeoreticar <t (4)
where Vieoiica iS the theoretical gas generation rate (m%/s) and
tis the electrolytic time in seconds. We assumed that the vol-
ume of the discharged drug in the reservoir was proportional to
the generated gas (Vieoretica) in the pumping chamber. There-
fore, the pump efficiency can be calculated by taking ratio of
the applied voltage to the output flow rate as shown in Fig. 9.

_ Applied voltage

pump

®)

Flow rate

The micropump achieved maximum efficiency of 80.6 % at
the applied voltage of 1.3 V. The efficiency dropped to 51.2 %
and 50.0 % at the applied voltage of 1.2 V and 1.1V, respec-
tively. Additionally, we noticed that there is a trade-off between
efficiency and sustainability of the electrolysis micropump. At
the supplied voltage of 1.3 V, the generated flow rate was up to
4.84 yL/min [Fig. 8(a)], however this high flow rate quickly
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Fig. 9. Micropump efficiency optimization based on applied voltage.

dropped to null as electrodes were oxidized. On the other hand,
the oxidation reaction was observed to be negligible at low
applied voltages whereas the electrolysis efficiency as around
less than or equal 50 %. Therefore, the flow rates remained
stable for a long period of time, which were up to 2 h [Fig. 8(d)]
for the micropump efficiency of 40 % and 50 % (Fig. 9).

5.4 Total efficiency of WPT system

An important parameter to evaluate the performance of the
WPT system is the total efficiency n.. By calculating and ana-
lyzing the efficiency n,, the circuit design of the micropump
driver can be guided and optimized to reduce unnecessary
power consumption. The n, of the system is calculated as

P, 1
=20 = IV x— 6
.= (6)

where Ppc is the output measured power consumed by the
micropump, / is the current, V is the applied voltage, and P;, is
the RF power emitted by the transmission antenna. Here we
assumed that the power harvested by the WPT was fully
transmitted to the micropump. Using Eq. (6), the total efficiency
of the WPT system was calculated, and the result is shown in
Fig. 10. The low n, of the WPT system was expected due to
the high transmission loss of electromagnetic wave in space.
Additionally, the small size of the receiving antenna which
was used in the micropump system made it receive less elec-
tromagnetic power. The highest n, was 0.91 % which was
achieved at a distance of 8 cm from the source. The ne rapidly
reduced as the micropump system was shifted away from the
source, down to 0.05 % at 20 cm away from the source.
Though the WPT system achieved less than 1 % n,, it pro-
duced sufficient power to drive the micropump.

6. Discussion

In this study, we developed a wireless electrolysis micro-
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Table 1. A comparison between this work and other micropump designs.

Ref Source of enen Size Electrodes Max. operation Max. power Transmission Max. flow rate
' 9y (mm) distance (cm) consumption frequency (uL/min)

[20] Inductive powering 20x15x8 TilPt 4 1Tmw 2 MHz ~3.30

[24] Inductive powering NA TilPt NA ~04mwW 200 MHz 340

[35] Urasonic 22x7x5 Pt 11 ~9mW 1.15 MHz 0.23

transducer
! Diameter: 10
[36] RF magnetic Height: 5 Cu NA 5W 153 MHz 0.17
[37] Inductive powering NA Pt 5 0.36 mW 500 kHz 1.04
This work | Miniature WPT system 20x14x8.2 Cu 20 0.9 mwW 1.215 GHz 4.84

~ 104 [35] while our electrolysis micropump was able to obtain the
% u similar flow rate at 18 cm operation distance.
g 0.8- Additionally, the wireless electrolysis micropump developed
[ . . . .
& produce a high range of flow rate for a variety of applications.
£ 0.6, The micropump achieved a high flow rate (4.84 uL/min) while
,3_ consuming less power than other presented micropumps [20,
=] . .
> 0.44 Y 35, 36]. Note that the maximum flow rate was compared in
H \ wireless operation mode only. As for intraocular drug delivery,
g 024 .\ the required flow rate was no more than 2 pL/min [19], our
% e micropump can induce sufficient flow rate for intraocular drug
5 0.0 delivery from a distance of 10 cm.

8 10 12 14 16 18 20
Distance (cm)

Fig. 10. The total efficiency of the WPT system versus distance between
transmitting antenna and WPT system.

pump that able to deliver the drug at a maximum flow rate of
4.84 uyL/min. The electrolysis micropump is easy to manufac-
ture and simple to use. The micropump is designed to store up
to 150 pL of the drug solution in a reservoir to meet the treat-
ment demand. The micropump can discharge 100.8 L of drug
solution, accounting for 66.7 % of the drug reservoir. This re-
duces any wasted drugs owing to dead volume. We optimized
the design of the WPT module to greatly reduce the overall
size and weight of the micropump system. The micropump can
be operated wirelessly at the maximum operation distance of
20 cm, thus increasing the space flexibility of the micropump.

A comparison of the specifications of the micropump to
those of related studies is shown in Table 1. The micropump
provides a wide range of flow rates. The drug release flow rate
was ranging from 0.11 pL/min to 4.84 uL/min when the opera-
tion distance was adjusted from 8 to 20 cm. The WPT system
offers longer operation distance than other inductive powering
systems [20, 24], ultrasonic powering system [35], and inte-
grated implantable electrolytic micropump [37]. Cobo et al.
demonstrated a wireless infusion micropump that uses an in-
ductive power system to drive the micropump for chronic drug
delivery in small animals [20], with an average flow rate of
3.3 yL/min. The ultrasound-driven implantable micropump can
reach the flow rate of 0.23 pyL/min at 11 cm operation distance

On the other hand, we noticed the oxidation of the electrode
during the electrolysis process especially at high operation
voltage (1.3 V). Even though the electrode was treated with
ENIG process, it was not able to protect the electrode against
high voltage for a long time. Therefore, the electrode needs
further optimization to prevent it from oxidation. Additionally,
the drug solution was replaced with distilled water in the ex-
periment, and thus the flow rate may be different from the ac-
tual supply of the drug solution. Extensive animal studies are
needed and planned to comprehensively assess the pharma-
cological efficacy and safety of these areas.

7. Conclusion

A fully wireless electrolysis micropump system was fabri-
cated and demonstrated. The micropump system induced flow
rates ranged from 0.11 pL/min to 4.84 uL/min with an operation
distance up to 20 cm. The micropump efficiency was 80.6 %
and the actuation pressure was up to 6 kPa, which is higher
than the intraocular pressure. This indicates that the wireless
electrolysis micropump system can be used for ophthalmic
drug delivery. The micropump system was designed to be
compact and light-weight with simple fabrication process. The
targeted application of this study was the administration of eye
drug treatments but can be applied to other drug delivery appli-
cations as well.
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