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Abstract

Traditional drug delivery methods utilize systemic administration where the medication
is circulated through the entire body. These methods require a high dosage at the point of
entry in order to reach the therapeutic level at the targeted location and can result in serious
side effects. Implantable drug delivery devices can be used to increase efficacy by targeting
specific regions in the body and by safely using higher drug concentrations. Microfabrication
allows for the creation of these minimally invasive devices to treat conditions not previously
possible due to the limited amount of space surrounding the target area. Devices with passive
releasing mechanisms have been commercialized but ones with active mechanisms are still in
the works.

In this thesis, a shape memory alloy (SMA) actuator is micromachined into a
rectangular, planar coil to perform cantilever-like actuation. The SMA-coil actuator forms a
passive resonant circuit that functions as a wireless heat source activated using external
radio-frequency (RF) electromagnetic fields. SiO, stress layers are selectively patterned on
the Nitinol SMA structure to manipulate the cantilever profile at the nominal cold state. RF
radiation with varying field frequencies showed strong frequency dependence of wireless
heating, actuation displacement, and force generation by several actuators with resonant
frequencies of 170-245 MHz. When excited at resonance, these actuators exhibited
maximum out-of-plane displacement and force of 215 um and 71 mN, respectively. The
actuator was integrated into a 10.0x10.5x2.1 mm?® polyimide-packaged chip containing a
micromachined Parylene-C pump chamber to force the release of the drug from the reservoir
by wirelessly activating the actuator. Experimental operation of the prototypes showed
successful release of the test agents from devices placed in liquid and excited by radiating
tuned RF fields with an output power of 1.1 W. These tests revealed a single release volume
of 219 nL, suggesting that the device’s capacity of 76 uL is equivalent to ~350 individual
ejections. Thermal behavior of the activated device is also reported in detail. This proof-of-
concept prototype validates the effectiveness of wireless RF pumping for fully controlled,
long-lasting drug delivery, a key step towards enabling patient-tailored, targeted local drug
delivery through highly miniaturized implants.
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Chapter 1: Introduction

1.1 Background and Motivation

Traditionally, the most common methods of drug delivery include oral, topical,
inhalation, and injection. Besides topical application where the effect is generally localized,
these methods typically utilize systemic administration, meaning that the medication is
delivered through the circulatory system and affects the whole body. In systemic delivery,
high dosages are required at the point of entry in order for the desired therapeutic level to be
reached at the targeted location. This undesirable situation is necessary not only because the
drug is diluted throughout the body but also because of the first pass effect for oral delivery
[1] and the diffusion barriers of certain tissue [2]. The first pass effect is caused by drug
metabolism where the drug’s chemical compounds are converted into hydrophilic products
which are more readily excreted. As a result, oral drug concentration is significantly reduced
before it even enters the circulatory system. Regarding diffusion barriers, abscesses are
collections of infectious material which are “walled-off” from circulation, so high doses of
antibiotics are required to pierce the abscess wall; but in some scenarios the drug cannot
enter the abscess at all [2]. Another example is the eye’s blood-retina barrier which only
allows oxygen and nutrients to pass, blocking larger molecules from the circulatory system
[3]. In this case, it is not even possible to treat diseases of the eye with systemic
administration. And although drugs can be tailored to target specific organs or cells, serious
systemic side effects may still occur, damaging otherwise healthy tissue. For example,
chemotherapy targets rapidly dividing cells like cancer cells but also targets the cells in bone
marrow and hair follicles, resulting in immunosuppression and hair loss, respectively [4], [5].
Localizing drug delivery to prevent the previously mentioned problems could be performed
using implantable devices. Passive devices rely on diffusion to continuously release the drug
at a controlled rate and can be made using either a diffusion barrier to encase a drug reservoir
or a polymer matrix to soak up the drug. Gliadel wafers, Zoladex implants, and Retisert are
commercially available devices to treat gliobastoma, prostate cancer, and chronic non-
infectious uveitis, respectively [6]-[8]. These devices can produce better control over drug

concentration compared to bolus administration because bolus administration results in
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overshooting the drug concentration and less time within the therapeutic range. However, this
constant release profile might not be ideal for treating such issues; active devices may be
more useful as the dosage can be varied and also be tuned to individual patients.

An active device with dimensions in the centimeter range containing the drug delivering
mechanism, batteries for powering, and complex circuitry for operation management may be
highly invasive and pose biocompatibility issues as an implant. Advances in microfabrication
have resulted in significant interest towards building drug delivery devices (DDD) with
micro-electro-mechanical systems (MEMS) technology [9]-[12]. These active devices with
small form factors up to the millimeter range could be implanted directly at the targeted site
with minimally invasive surgery. Some devices have been developed to selectively release
individual drug filled reservoirs from an array of micro-reservoirs using an electrothermal
[13]-[15] or electrochemical [16]-[18] mechanism. Each reservoir is sealed with a metal
membrane and can be opened by applying electrical power. The electrothermal mechanism is
being pursued by the company MicroCHIPS for several different applications including
contraception, osteoporosis, and multiple sclerosis [19]. Its osteoporosis application was the
first wirelessly controlled MEMS-based DDD to be tested in humans [20]. Other DDDs
currently being researched utilize a variety of mechanical and non-mechanical micropumps
[21]. Mechanical micropumps have moving parts such as pumping diaphragms and check
valves; and although non-mechanical micropumps with no moving parts, which are less
prone to failure, could potentially extend the device’s lifetime, they have not been widely
used because their pumping ability highly depends on the properties of the fluid being moved
[11].

Mechanical micropumps typically use a positive displacement pump with a flexible
diaphragm, an inlet valve, and an outlet valve as shown in Figure 1.1. Oscillatory movement
of the diaphragm creates under pressure where fluid is drawn into the pumping chamber and
over pressure where fluid is forced out. The valves are very important as they ensure fluid
flow in the proper direction. Valves can either be passive [22], [23] or active [24], [25];
passive valves require a difference in pressure across them to open or close, whereas active
valves can be controlled independent of the pressure but require more complicated

fabrication.
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Figure 1.1: A basic diaphragm-type pump

Active, reservoir-based MEMS DDDs offer the greatest potential in many applications
because they have higher drug loading compared to infused polymer matrix devices, they are
refillable, and the dosages can be tuned for individual patients. They could be used to treat a
wide range of conditions including brain tumors, chronic pain syndromes, infectious
abscesses, chronic eye diseases, and diabetes [2], [20], [26]. Benefits over traditional forms
of drug delivery comprise of reducing the number of surgeries required, using higher drug
concentrations at localized regions for greater efficacy, reducing the side effects, and not
having to rely on patients to stay on top of their medication.

Microactuators are used to perform work on the diaphragm of mechanical micropumps
and have been enabled with a variety of mechanisms, including electrostatic [27],
piezoelectric [28], electromagnetic [29], electrothermal [30], electrochemical [31], and shape
memory alloy (SMA) [32]. As every mechanism has its advantages and disadvantages [21],
[33], choosing the appropriate mechanism depends on the intended application. In general,
electrostatic actuators have low power consumption and fast response times, but require high
voltages and only produce small displacements. Piezoelectric actuators generate large forces
and have fast response times but also require high voltages for small displacements.
Electromagnetic actuators generate large forces but do not benefit from miniaturization and
often require non-standard techniques for micromachining of magnetic materials.
Electrothermal actuators also generate large forces but consume a large amount of power to

produce relatively small displacements. Implementing these mechanisms usually requires
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connecting the microdevices to an external power source via electrical wires; but this is not
feasible for many applications such as wireless sensor/actuator networks, microrobotics, and
medical implants. Batteries could be included for such applications; however, they have a
limited lifetime and would increase the overall device size, limiting their application range
especially in the medical areas. Passive, wireless actuation does not require an internal power
supply or active circuitry for actuation control and may be more useful for the
aforementioned applications. Wirelessly powered actuators have been reported using a few
different mechanisms, including electrostatic actuation via surface acoustic waves [34] and
magnetic fields [35], magnetic actuation [36], [37], heating via energy beams for bimetallic
actuation [38], and SMA actuation [39], [40].

1.2 Thesis Objectives

The aim of this thesis is to design, fabricate, and test a wirelessly powered, minimally
invasive DDD with overall dimensions of about 10x10x2 mm®. The device will utilize a
diaphragm-type pump with micro check valves to direct the drug flow from a reservoir into
the pumping chamber and then out of the device. These components will be made entirely of
biocompatible materials polyimide and Parylene-C. And by making use of the research

group’s expertise with Nitinol, a SMA actuator will be created and used to activate the DDD.

1.3 Thesis Outline

Chapter 2 reviews existing efforts in creating MEMS DDDs with different pumping
mechanisms. Then it focuses on technologies to be utilized in the fabricated device including
Nitinol, wireless resonant heating, and micro check valves. Chapter 3 goes through the
designs of the individual components so that they can be combined to form a miniscule
device. Chapter 4 details the fabrication steps of all the components which include the usage
of photolithography, wet and dry etching, thin film deposition, electroplating, and micro-
electro-discharge machining (LEDM). Chapter 5 describes the experimental set-ups and
presents the collected data. The actuator is tested for resonance, wireless heating, actuation
displacement, and actuation force while the pump chamber is tested for pumping volume.
Then the two components are combined and tested together. Chapter 6 summarizes the work

that has been done in this thesis and provides possibilities of improving the device’s design.
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Chapter 2: Related Work

A DDD was fabricated that could be manually pumped by pressing the device with one’s
finger [26]. It consisted of a polydimethylsiloxane (PDMS) reservoir and a cannula with an
integrated check valve. Its purpose was to treat ocular diseases while reducing the number of
invasive surgeries, thus reducing the chance to cause trauma to the eye. Only one surgery is
required to insert the cannula into the eye through a small incision. The reservoir is located
several millimeters away and can be refilled with a needle. Then the device was improved by
incorporating an electrochemical pump rather than having to manually pump it [41], [42].
Within the reservoir was a Parylene chamber containing water and a pair of interdigitated
electrodes. When electrical current was passed through the electrodes, water molecules
would be split into hydrogen and oxygen gas; because the gases occupy a larger volume, the
chamber expands and forces the drug out the catheter as shown in Figure 2.1. In the latest
revision of this device, an inductor-capacitor (LC) tank, a rectifying circuit, and a voltage

regulator were incorporated to allow for wireless activation [31].

Refill Port

Reservoir (b)

(a)

Bellows

! I Catheter

Valve
Figure 2.1: (a) Components of the electrochemical DDD and (b) its working principle [42]
(© 2012 Springer New York LLC, by permission)

Another implantable device was fabricated that did not incorporate any pumping
mechanism but could still be wirelessly controlled with active microvalves [43]. Basically, it
was a reservoir with release holes that could be opened and closed using a thermoresponsive
hydrogel. A radio frequency (RF) magnetic field would heat the planar LC circuit beneath the
hydrogel microvalves and cause them to shrink in size, allowing the drug to diffuse out as

shown in Figure 2.2.



RF

magnetic
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Figure 2.2: Wirelessly activated hydrogel microvalves [43] (© 2010 Springer New York
LLC, by permission)

When the frequency of the magnetic field matches the resonant frequency of the LC

- -1 . . _
circuit (fr = (22VLC) ~, where L and C are the inductance and capacitance of the circuit,
respectively), the reactance of the inductor and the capacitor cancel out and the power

consumed by the circuit can be simply expressed as
P =v?/R (2.1)

where R is the resistance of the circuit and v is the inductively induced voltage. This results
in maximum power consumption and conversion into thermal energy. Resonant inductive
heating is beneficial over non-resonant inductive heating as the field strength required for a
desired level of heating is much lower, thus exposing the human body to less electromagnetic
radiation. In addition, the frequency selectivity of heating potentially allows more precise and
safer device operation. Both of the presented devices were controlled wirelessly but the
hydrogel device relied on diffusion to release the drug whereas the other device used an
electrochemical micropump with variable flow rate. The benefit of the hydrogel device
though is that it used a simple LC circuit for wireless control; there was no need for a
rectifying circuit or a voltage regulator. These extra components increase the overall device

size and complexity, potentially with more possibilities for failure.



This next device was not meant for implantation but does relate to drug delivery. A
microsyringe was fabricated using a Parylene reservoir and three Nitinol SMA actuators for
pumping [44]. The shape memory effect of Nitinol allows it to be deformed at a low
temperature and then return to its original, pre-deformed shape once it is heated past its
transition temperature. SMA actuators offer attractive features of large forces and high work
output per unit volume without the need for high voltages. In particular, Nitinol is used in
many applications because it is also biocompatible, ductile, and resistant to corrosion [45]—
[48]. Although SMA actuation is relatively slow as it relies on metallurgical phase transition,
this drawback is not a major concern in many cases, leading to studies for a broad range of
applications including biomedical devices [49]-[53] and robotics [54]-[56]. Nitinol has two
different phases, austenite and martensite; transformation between the phases depends on its
temperature as shown in Figure 2.3. As and A (or T,) are the temperatures where the
transition from martensite to austenite starts and finishes. Similarly, Ms and M;s are the

temperatures where the transition from austenite to martensite starts and finishes.
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M, A, M, A, Temperature
Figure 2.3: Typical hysteresis loop of Nitinol

Just like the previous device, LC circuits were used as wireless resonant heaters for
activation. Three separate, planar LC circuits were fabricated next to one another with

slightly different capacitances to target different resonant frequencies as shown in Figure 2.4.
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Nitinol cantilever actuators were bonded directly to them to receive the thermal energy. By
having three wireless heaters at different resonant frequencies, each heater and corresponding

actuator could be controlled independently by modulating the frequency of the RF field.

Outlet A L2 mm Inlet
_ . SMA
Perforationi 3.8 mm cantilever
To / ASS Sl  actuator
op e N
view 5 qh |~
| SEitHE
=1 3
Capacitor fri= 225MHz
electro@A - fro= 257MHz

| iActuator3  fo,= 289MHz
Actuator 1 S 2500 um =

Figure 2.4: Design of the microsyringe using wireless heaters and Nitinol actuators [44]
(© 2011 IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved.)

The free end of the cantilever actuators had to be deformed in order for the Parylene
reservoir to be placed underneath and so the actuators could return to their original (flat)
shape to compress the reservoir during heating. To do so, a layer of silicon dioxide was
deposited on the bottom side of the Nitinol at a temperature (390 °C) higher than A:. SiO,
was used as a stress layer to exploit two mechanisms that work together: 1) Plasma-enhanced
chemical vapor deposition (PECVD) of SiO; results in intrinsic compressive stress which
depends on the processing conditions [57]; 2) SiO, has a smaller coefficient of thermal
expansion (0.5x10° /°C [58]) than that of Nitinol (6.6-11x10° /°C depending on the phase
[59]). These two mechanisms combine so that PECVD SiO, deposited at elevated
temperatures leads to compressive stress after cooling it down, bending the bilayer away
from the side with the oxide when the Nitinol is in its cold (martensitic) state. It may have
been possible to use this device in a peristaltic fashion as a continuous pump, but instead the
reservoir was filled from the inlet port and then sealed off. To eject the fluid, actuator 3 in

Figure 2.4 is activated to compress a third of the reservoir, then actuator 2 is also activated to
8



compress another third. Finally, all the actuators are activated together to completely
compress the reservoir. To activate N heaters, the field frequency is modulated between the
different resonant frequencies; so each frequency only gets 1/N™ of the total time the
magnetic field is on for. To compensate for the temperature drop when the field frequency
was not targeting a particular heater, the RF power had to be increased.

An aspect of the microsyringe to be improved upon is heating of the actuator. Even with
good thermal contact between the heater and the actuator, there will be some delay in heating
between them. Also, less than half of the actuator was actually in contact with the heater.
The heat had to transfer from the planar coil to the bonded region of Nitinol and then
distribute along the length of the cantilever. As noted in the paper, the difference in
temperature between the ends of the actuator reached close to 40 °C during actuation. A new
Nitinol actuator was produced to improve the temporal response and was reported to be 2-3%
faster than the previous actuator [60]. In this design, the heating circuit and actuator were
combined into a single unit; Nitinol was machined into a planar coil structure to act as an
inductor. By depositing a SiO; layer on strategic areas of the coil as shown in Figure 2.5, out-
of-plane displacement was achieved with the center of the coil at the maximum displacement

as shown in Figure 2.6.
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SiO, layer
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Coil line width : 250 ym:; Line spacing : 150 pm
SiO- stress layer length increase by 100 um for each segment

Figure 2.5: (a) Back side and (b) front side of the Nitinol coil actuator with strategic
placement of the SiO, stress layer [60] (© 2013 IEEE, by permission)
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Figure 2.6: Out-of-plane displacement of the spiral coil actuator in martensite phase [60]
(© 2013 IEEE, by permission)

The Nitinol surrounding the coil is used as one of the parallel plate capacitor electrodes;
and SiO, and SU-8 are used as the dielectric layer. Electroplated copper is used as the other
capacitor electrode and to make a corrugated connection between the capacitor and the center
of the coil, completing the LC circuit. This device exhibited faster response because rather
than transferring heat from a separate component, Joule heating was occurring directly in the
Nitinol.

Check valves are critical to the success of a positive displacement pump. They should
open for forward fluid flow and close for reverse flow. Many different types of micro check
valves have been investigated, some that work in-plane [61]-[63] and others that work out-
of-plane [64], [65]. An in-plane, piston-type microvalve was made inside a microfluidic
channel as shown in Figure 2.7 [61]; the non-stick polymer piston is able to move freely
along the constrained channel. During forward flow, the piston is pressed against the right
stop but the fluid is allowed to flow through the top bypass channel. During reverse flow, the
piston is seated against the left stop, blocking all fluid flow. Other in-plane check valves
were designed to mimic the valves found in the cardiovascular system of humans which have
simple structures and soft tissues [62], [63]. 4-hydroxylbutyl acrylate (4-HBA) is the elastic

material used to make the check valves for the micropump shown in Figure 2.8.
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Figure 2.7: (a) In-plane, piston-type check valve during (b) forward fluid flow and (c) reverse
fluid flow (Reprinted (adapted) with permission from [61]. © 2002 American Chemical
Society.)

Pumping Chamber
& Membrane

PUMPING MODE 200pm

Figure 2.8: Pneumatic micropump utilizing 4-HBA in-plane check valves [62] (© 2006 The
Royal Society of Chemistry, by permission)

An out-of-plane check valve was fabricated using Parylene as the valve disc and silicon
as the valve seat as shown in Figure 2.9 [64]. Four S-shaped beams were used to tether the
valve disc, making it twist upwards during forward flow. The length and low stiffness of the
tethers resulted in large vertical displacement of the disc and minimal flow resistance. Other
out-of-plane valves were designed to reduce the flow resistance further by completely

eliminating the tethers [23]. The floating disc design uses a valve cap to keep the disc within
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a confined region as shown in Figure 2.10. By changing the structure of the valve cap and
seat, two very different valves are produced. The first design (Figure 2.10(a)) works as a
typical check valve where any forward fluid flow is allowed and reverse flow is blocked. The
second design (Figure 2.10(b)) still blocks reverse flow but only allows forward flow within
a certain pressure range. This works because of a two-level valve seat; below the threshold
pressure, the disc sits on the valve seat’s top level and completely blocks the fluid path. But
above the threshold pressure, the disc deforms and the trenches in the top seat level allows
for fluid flow. And then if the forward pressure gets too high, the disc becomes highly bent
and completely seals off the bottom seat level. Such a valve could be useful in implantable
DDDs to prevent accidental release of the drug during abnormal pressure spikes; for

example, a patient with an ocular device rubbing his or her eyes.
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(Backward pressured) (Forward pressured)

Figure 2.9: Out-of-plane Parylene microvalve with long S-shaped tethers [64] (© 1999 IEEE,
by permission)
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Figure 2.10: Floating disc, Parylene microvalves with (a) regular check valve behavior and
(b) pressure-bandpass behavior [23] (© 2008 IEEE, by permission)

In this thesis, a MEMS DDD will be developed partly with ideas from the previously
mentioned works. The pumping chamber will contain out-of-plane check valves similar to
the one in Figure 2.9 rather than the more complex ones in Figure 2.10 to simplify the
fabrication process. A Nitinol actuator will be chosen for pumping of the device because of
the research group’s expertise with this SMA. To implement wireless actuation, an LC circuit
will be used for inductive resonant heating of the Nitinol. And to ensure fast response of the

actuator, the actuator and the LC heater will be made into a single component, similar to the
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design shown in Figure 2.5. However, one weakness of this self-heating design is that it only
produces a maximum force of 30 mN [60] which is very small when compared to the
similarly sized cantilever design, with a separate wireless heater, in Figure 2.4 with 840 mN
[44]. Another weakness is that the design does not allow for easy coupling between actuation
and the element being moved since the actuation location is at the center of the coil. The aim
of this study is to combine the benefits of both actuators: faster response, larger actuation

force, and easier integration with a more commonly used form factor.
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Chapter 3: Device Design

3.1 Actuator

Towards addressing the issues of the previously developed Nitinol wireless actuators
noted in Chapter 2, a micromachined Nitinol actuator was designed, as shown in Figure 3.1,
to offer cantilever-like motion with increased maximum force for the drug delivery
application. The micromachined coil structure allows for wireless heating directly in the
Nitinol via resonant RF fields. With it being rectangular-shaped, the longitudinal coil lines
act as cantilever structures to produce out-of-plane displacements during heating. Cantilevers
are one of the most common MEMS actuators; therefore, this new design could significantly
expand the applicability of wireless MEMS actuators in biomedical, robotics, and other fields

beyond this particular DDD application.

Gap =0.10 mm
Line width = 0.25 mm

Top SiO,

Bottom SiO,
Nitinol
Copper

Si0,and
polyimide

Figure 3.1: Design of the rectangular-coil actuator for cantilever-like actuation

The large rectangular area on the left side is used as part of the capacitor and is the fixed
end of the cantilever. The total length of the actuator was set to less than 10 mm (9.2 mm) so

it could fit within a ~10x10 mm? device. The bottom oxide is used to bend the free end
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upwards while the top oxide is used to counteract the slope caused by the bottom oxide. The
aim of the latter oxide is to keep the tip portion of the cantilever parallel with the substrate
plane; this is practical in many cases that require forces applied to an object on the substrate
to be along the vertical direction (not the case with an angled cantilever tip). The length and
thickness of the oxide layers were adjusted so the free end would be relatively flat and allow
for a box-like pump chamber to fit neatly underneath without any major gaps. These
dimensions were determined through finite-element analysis (FEA) performed using
COMSOL Multiphysics® 4.3b. The Nitinol thickness was chosen to be 100 pum. Thicker
Nitinol generates a larger actuation force; however, this is a tradeoff for the amount of
displacement with a given stress (oxide) layer thickness. By using an oxide deposition
temperature of 290 °C and defining the physical properties of Nitinol [59], [66], 2-um-thick
SiO, on both sides of the Nitinol produced the simulation shown in Figure 3.2 with a
relatively flat free end and a maximum displacement of 230 um when the Nitinol is in its

cold phase.
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Figure 3.2: FEA simulation showing the free end on the right side with an out-of-plane
displacement of 230 um at room temperature; side view of the displaced actuator (bottom)
shows a relatively flat profile around its free end
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The next task was to design the inductance and capacitance of the actuator for a resonant
frequency in the megahertz range. The coil’s turn width was chosen to be 250 um with
100 pum spacing between each turn. A larger ratio of the turn width to the gap between the
lines, while maintaining the total actuator width, would also produce more force due to the
increased combined Nitinol width; but there needed to be sufficient spacing between each
turn to avoid electrical shorts. Four turns of the coil resulted in a total actuator width of
2.7 mm and an inductance of 57.5 nH. SiO, was chosen as part of the dielectric layer in the
capacitor since it was already being used to stress the Nitinol; one deposition could serve two
purposes. A layer of polyimide was added to the SiO, dielectric to fill in any possible
pinholes in the oxide to prevent a short circuit between the electrodes. To remove the need
for wire bonding between the coil and the capacitor, a copper layer was patterned to form a
capacitor electrode and an electrical connection between the capacitor and the inner end of
the coil; this completed the LC circuit as shown in Figure 3.3. SiO, was also selectively
patterned beneath the interconnect to prevent shorting between the copper line and the
Nitinol while the actuator is in motion. To balance out the stress caused by SiO, in the
capacitor and on those small areas, the same amount of oxide was patterned on the back side
of the Nitinol layer. With FEA, the 2-um-thick SiO, and 2.64-um-thick polyimide dielectric
layer resulted in a capacitance of 15.0 pF (similar to the analytical value of 14.1 pF

calculated from C = €A/d for a parallel plate capacitor); the actuator had a total resistance of

1.86 Q. Using the equation fz = 1/ (2nVLC), the resonant frequency is calculated to be
171 MHz which is in the desired range. When the actuator is exposed to an RF
electromagnetic field with a frequency matching its fg, it generates an ac electromotive force
(EMF) most efficiently. The resulting ac current produces Joule heating directly in the coil
and when its temperature passes the activation (austenite-phase) temperature, T,, defined by
the particular Nitinol composition, the coil returns to its remembered, flat shape. If the RF
field is shifted to a frequency outside of the actuator’s active range (Figure 3.3, defined by
the range of field frequencies which cause the actuator to produce a temperature higher than
T,) or simply turned off, the actuator will cool down below T, and the Nitinol will return

back to the martensite phase where it becomes compliant. The stress layer deforms the SMA
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structure once again so that actuation can be repeated. Following the simulations,

photomasks were designed in Tanner EDA L-Edit using the previously stated dimensions.

RF electromagnetic field
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Figure 3.3: Conceptual diagram and working principle of the wireless, cantilever-like

actuator based on a resonant Nitinol coil with an integrated capacitor
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3.2 Pump Chamber and Reservoir

The entire device was built around the 9.2x2.7 mm? Nitinol actuator to have an overall
size of about 10x10x2 mm?®. To maximize drug loading, the remaining space was set aside

for the reservoir as shown in Figure 3.4.

Reservoir
Through holes
Interior wall ——= ><
Space for / Channels
actuator
| / )
<« Qutlet
Pump
chamber

Figure 3.4: Pump chamber and reservoir of the drug delivery device

The pump chamber has to be beneath the free end of the actuator so it was placed at the
bottom right corner. It was made to be 1.75 mm wide and 2.94 mm long. The height of the
chamber has to be less than the displacement of the actuator (230 um); but since the chamber
would be formed by depositing Parylene over a block of sacrificial material, the height would
be limited by the achievable thickness of the sacrificial layer.

The device walls were designed to be machined out of a 60-mil-thick (1.524 mm) sheet
of polyimide. The exterior walls encase the entire chip and the interior wall separates the
fluid in the reservoir from contacting the actuator. These 300-um-thick walls are quite rigid
to prevent the chip from collapsing due to possible external pressures. Because of the interior
wall, a channel underneath it is required to connect the reservoir to the pump chamber.

Another channel is also needed to bring the drug from the pump chamber to the exterior. The
19



channels would be created by wet etching through a 5-mil-thick (127 um) substrate of
polyimide; the top of the channels would be sealed with Parylene-C and the bottom side by
bonding on another sheet of 5-mil-thick polyimide. Even though the polyimide etchant is
isotropic, the smallest width of the channels will be ~100 pm.

In order for the fluid to be pumped directionally, out-of-plane check valves are created at
the two through holes in the pump chamber (Figure 3.4) from two layers of the Parylene; one
layer acting as the valve disc and the other as the valve seat. The inlet valve has the disc on
the top layer whereas the outlet valve has it on the bottom layer. Four different valves were
placed on the photomasks as shown in Figure 3.5. All of them had 500-um-diameter valve
discs and 300-um-diameter holes in the valve seats. Valve (a) has 50-um-wide and 100-pum-
long tethers, (b) has 100-um-wide and 100-um-long ones, (c) has 30-um-wide and ~230-um-
long ones, and (d) has 50-um-wide and ~225-um-long ones. These valve designs are similar

to the ones previously reported in [22], [64] except the current design uses a thin layer of the

Parylene as the valve seat rather than a thick, rigid substrate.

N\
9.9.0.0

Figure 3.5: Four valve designs with different sized tethers

The model of the fully packaged pump chamber and reservoir is shown in Figure 3.6. A
12-mil-thick (305 pum) polyimide piece is used to seal the top of the DDD, making the total
device size 10.0x10.5x2.1 mm®. A 0.8x0.8 mm? square hole is created in the cover for
refilling purposes and is to be plugged during operation. This device design is considered to
be implantable because, in addition to its small form factor, all components in contact with
the human body and the drugs are made of polyimide or Parylene-C, both commonly used

biocompatible materials.
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Figure 3.6: 3D model of the DDD (excluding the actuator) and a close-up view of the valves
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Chapter 4: Fabrication

The following chapter describes the steps involved with fabrication of the entire drug

delivery device. Specific process parameters can be found in Appendix A.

4.1 Actuator

A planar piece of 200-um-thick nickel titanium alloy (Alloy M, As = 40 °C, T, (or Ag) =
65 °C, Memry) was thinned down to 100 pum using a wet etchant consisting of 10%
hydrofluoric acid, 30% nitric acid, and 60% distilled water. With the Nitinol thinned down to
the desired thickness, alignment holes were drilled through the sample to allow for accurate
back side lithography. A uEDM machine (EM203, Smaltec) was used for all precise
machining of the Nitinol samples. Two through holes were made using a tungsten electrode.
Then the sample was ultrasonically cleaned with soap, acetone, and IPA to remove the EDM
oil and debris. A 30 s descum was also performed using a PECVD machine (Minilock-Orion,
Trion Technology) for cleaning. With the same machine, SiO, was deposited onto the
Nitinol; after heating the reactor chamber to 290 °C, the sample was loaded and 2 um of SiO,
was deposited over 30 min. Then the sample was flipped over and the other side received
another 2 um of SiO,.

In order to pattern each SiO; layer independently using wet etchant, the other side had to
be protected. SPR220-7.0 positive photoresist (Rohm and Haas Company) was deposited
onto a glass substrate using a spin coater. The Nitinol sample was placed onto the wet
photoresist and baked on a hotplate at 115 °C for 5 min to adhere it and to protect the SiO,
on the underside from the etchant. To pattern the top SiO; layer, a 1.5-um-thick layer of
S1813 positive photoresist (Rohm and Haas Company) was spun on. The sample was
exposed using an MJB-3 mask aligner (Karl Suss) and then developed. The excess space on
the substrate surrounding the actuator was masked off to prevent etching of SiO; in the areas
that did not matter. This reduces the curvature of the sample after etching, making it easier
for subsequent processing. The sample was submerged in buffered oxide etchant for 20 min
to pattern the top SiO, layer. The mask was then removed and all the photoresist was washed
away using acetone and IPA. The sample had a slight curvature due to the stress of the oxide

on only one side. It was flipped over and bonded onto another glass substrate using SPR220
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again. Bonding it not only protected the patterned oxide but also kept the sample flat. The
baking temperature was higher than T, so the Nitinol flattened out while the photoresist
solidified, keeping the sample flat even when cooled down. The SiO; layer on the back side
(now facing up) was patterned in the same way as the top side; photolithography with S1813
was used to define the features, the outer areas were masked off, SiO, was etched, and the
sample was separated from the glass substrate. Now the sample was relatively flat since both
sides had similar amounts of oxide.

Flipping the sample over again (top side facing up) and masking off the area surrounding
the capacitor, the surface was descummed and a polyimide precursor (HD-3007, HD
Microsystems) was spun on as a dielectric layer. After soft baking and removing the mask,
the polyimide was cured at 300 °C to produce a 2.64-um-thick layer, according to its data
sheet [67]. The sample was adhered to a glass substrate and S1813 was patterned to define
the areas for metal deposition. Next, 15 nm of titanium followed by 150 nm of copper was
deposited using an electron beam evaporator (Airco-Temescal). Then a 37-um-thick negative
dry film photoresist (PM240, Dupont) was applied using a hot roll laminator. The photoresist
was exposed then developed to form an electroplating mold, after which 30-40 um of copper
was electroplated in the mold to thicken the capacitor electrode and to form the bridge
connecting the capacitor to the inner end of the coil. Afterwards, the PM240 was stripped off
using 3% potassium hydroxide which also dissolved the SPR220 and lifted off the excess
evaporated metal layer. The sample was flipped over and bonded onto a glass substrate one
final time. With the copper bridge on the underside, the Nitinol was finally micromachined
into the designed coil shape using tEDM and then released from the substrate for final

cleaning.
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Figure 4.1: Fabricated actuator in the martensite state on a glass substrate with (a) an angled
view and (b) a side view showing the displacement of the cantilever-like structure. (c) and (d)

Scanning-electron-microscope images of the completed actuator showing its capacitor end
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Figure 4.2: Actuator fabrication process flow (not to scale). (a) Thin down Nitinol and

deposit SiO; onto both sides; (b) pattern top oxide; (c) pattern bottom oxide; (d) deposit

polyimide and Ti/Cu seed layer; (e) electroplate thicker layer of copper; (f) flip over and

bond to a glass substrate; and (g) machine out coil shape using HEDM and release from glass
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4.2 Pump Chamber and Reservoir

A piece of 5-mil-thick polyimide film (Fralock) was cut out and cleaned with acetone
and IPA. Next, 3 um of Parylene-C was deposited onto both sides of the substrate using a
Parylene deposition system (PDS 2010 Labcoter 2, Specialty Coating Systems). Then 7-um-
thick SPR220 was spun on, soft baked, and exposed. After post-exposure baking, the
photoresist was developed with MF-24A (Rohm and Haas Company) and the sample was
placed in the Trion PECVD machine for an oxygen plasma etch. This dry, anisotropic etch
was used to pattern through the Parylene layer with the photoresist as an etch mask. After all
the remaining SPR220 had been washed off, S1813 was spun on to the top side, over the
patterned Parylene features; then the sample was exposed and developed; this photoresist
layer was used as a spacer to prevent the valve disc on one Parylene layer from bonding with
the valve seat on the other layer. Then Kapton tape was used to seal all the edges of the
polyimide substrate to a silicon wafer. The surface was descummed and another 3 um of
Parylene was deposited; the tape prevented the back side from receiving any Parylene vapor
during the deposition. The second layer of Parylene was patterned the same way as the first
layer; photolithography was performed using SPR220 to form an etch mask, the Parylene
was etched through using O, plasma, and the remaining photoresist was removed with
acetone and IPA. Fabrication of the check valves was complete. Etching past the first
Parylene layer was not much of a concern since the polyimide underneath would later be
etched via wet chemistry; but controlling the etch depth of the second Parylene layer was
important because over etching would ruin the features in the first layer.

Next, the sample was flipped over and the Parylene on the back side was patterned to
form an etch mask; this defined where on the substrate the polyimide etchant could react with
to etch out the microfluidic channels and the through holes. The sample was flipped over
again to add a ~200-um-thick sacrificial layer for the pump chamber. Although a thick layer
of photoresist (160-180 um) could be attained by spinning on several coats of SPR220 at low
speed for a short duration, the resultant film becomes too opaque; mask alignment was
difficult. Instead, a small amount of SPR220 was manually applied on the pump chamber
area. The sample is then baked on the hot plate at 75 °C for 3 hours, followed by gradual
cooling. Since the alignment marks were not covered by photoresist, it was possible to
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perform accurate photolithography. Due to the layer’s large thickness, a long exposure time
was required. To circumvent an extremely long exposure that leads to thermal damage
(bubbling) of the photoresist, it was repeatedly exposed (with shorter intervals) and
developed until all the excess photoresist was removed. After the photoresist was fully
patterned into a ~170-um-thick block, the substrate edges were taped onto a wafer to prevent
Parylene deposition on the back side again.

A quick 30 s descum was performed to clean the surface while avoiding bubbling of the
photoresist which is due to the heat and the vacuum in the reactor chamber. Then 5 um of
Parylene was coated onto the top side of the substrate. Now there was Parylene covering the
entire substrate except for the etched patterns on the back side. The sample was removed
from the wafer and then the exposed areas on the polyimide substrate were wet etched to
form the channels leading from the reservoir to the inlet valve and from the outlet valve to
the exterior of the device. The polyimide etchant contained 40% potassium hydroxide, 20%
ethanolamine, and 40% distilled water and was heated to 87 °C [68]. Because of the small
channel widths, an ultrasonic bath was used to assist the etching process. The device was
then rinsed with hot water. With the channels etched into the polyimide as shown in Figure
4.3, removal of the sacrificial layer with acetone was possible. Once all the photoresist was
flushed out of the pump chamber, IPA followed by hot water was pumped through it to

remove the organic solvents.
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Figure 4.3: (a) Front side and (b) back side of the microfluidic channels and Parylene pump
chamber created in/on the polyimide substrate; (c) inlet valve with the valve disc on top,
(d) outlet valve with the valve seat on top, and (e) scanning electron microscope (SEM)

image of an outlet valve formed on the polyimide channel structure
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The walls of the final device were mechanically micromachined out of a 60-mil-thick
piece of polyimide (Fralock) using the Smaltec EM203. The drill bit machined through the
entire depth of the polyimide along the edges of 3 rectangles, one for the actuator, another for
the reservoir, and a final one surrounding the previous two. The two interior blocks were
removed to produce the piece shown in Figure 4.4 with exterior walls and an interior wall to
separate the actuator and pump chamber from the reservoir.

A piece of 5-mil-thick polyimide was bonded with the two previously made components.
HD-3007, which also acts as an adhesive, was spun onto the new polyimide piece at
3000 rpm for 30 s and baked on a hotplate at 100 °C for 5 s. This brief soft bake was to dry
the adhesive slightly to prevent it from filling in the channels and blocking fluid flow. The
piece containing the pump chamber was then placed on top of the adhesive. More HD-3007
was applied to the bottom side of the walls and then placed on to the pump chamber piece.
~40 kPa was applied to the combined device while baking at 100 °C for 30 min to bond the
three pieces together. Afterwards, a through hole was punctured into the 5-um-thick Parylene

to connect the reservoir to the underlying channel.

Figure 4.4: 60-mil-tall polyimide walls for the DDD
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Figure 4.5: Pump chamber and reservoir fabrication process flow (not to scale). (a) Deposit
Parylene onto both sides of the polyimide substrate; (b) pattern top side Parylene layer;
(c) deposit photoresist spacer layer; (d) deposit Parylene onto top side and pattern; (e) pattern
back side Parylene layer; (f) deposit and pattern sacrificial photoresist and deposit Parylene
onto top side; (g) wet etch channels into polyimide and remove sacrificial photoresist; and

(h) make a through hole and bond to the device walls and another polyimide layer
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4.3 Complete Device

Two small pieces of 12-mil-thick polyimide (Fralock) were cut out and bonded onto the
bottom side of the actuator. One piece was bonded at the capacitor end and another piece at
the free end using HD-3007 adhesive at 125 °C for 15 min. The polyimide at the free end
was used as a thermal barrier between the actuator and the pump chamber to minimize
heating of the pumped out fluid. The other piece was to raise the fixed end by the same
height. More HD-3007 was applied to the bottom side of the polyimide spacers and then the
actuator was placed in its designated spot; it was bonded in place by heating the entire device
to 100 °C for 10 min. This fixed the capacitor end to the base of the device and the free end
to the top of the pump chamber. Then the excess polyimide substrate protruding past the
device walls was cut off. Using the HEDM system, a 10x10.5 mm? piece of 12-mil-thick
polyimide, with a 0.8x0.8 mm? square refill hole, was made to fit exactly over the device

walls; then it was bonded on as shown on the right of Figure 4.6(a).
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Figure 4.6: Completed DDD chip (left) without and (right) with the top cover; (b) close-up
SEM image of the integrated Nitinol actuator coupled with the pump chamber
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Chapter 5: Results and Discussion

5.1 Actuator

A copper coil (with four turns, a rectangular form, and a size comparable to the actuator)
was used as an external antenna and connected to an impedance analyzer (4396B, Agilent
Technologies) for wireless testing of the fabricated actuators. The actuator was placed
directly above the antenna to inductively couple them together. By looking at Figure 5.1, the
phase dip determines the resonant frequency to be 167 MHz which strongly agrees with the
COMSOL simulation of 171 MHz.

: § : : : : fr = 166.60 MHz
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Figure 5.1: A phase dip recorded in the impedance of the external coil antenna inductively
coupled with the actuator indicating its fg of 167 MHz

A fabricated actuator without the capacitor-coil interconnect was directly connected in
series to the analyzer using a wired interface to evaluate the inductive and capacitive

components of the device. The actuator was modeled as a series RLC circuit using the
33



equivalent circuit function in the analyzer and it calculated that capacitance = 11.2 pF,
inductance = 59.8 nH, and resistance = 12.0 Q. The inductance agrees very well with the
COMSOL simulation of 57.5 nH. The capacitance was less than 15.0 pF due to the thicker
dielectric layer, and the extra resistance can be attributed to the contact resistance in the
wired interface. Probing only the inductor, the inductance, Q-factor, and resistance of the coil
over a range of frequencies are shown in Figure 5.2. The inductance at its resonant frequency
matches the value determined by the equivalent circuit model. The coil’s Q-factor had a peak
of ~7.5 at ~230 MHz, slightly higher than the measured fg (194 MHz) of the actuator. The
increase in the parasitic resistance with frequency is presumably caused by the skin effect
induced in the coil.

Then the heating profile of the first actuator was examined using the experimental set-up
shown in Figure 5.3. The signal from an RF signal generator (HP8657A, Hewlett Packard)
was amplified with a power amplifier (TIA-1000-1R8, Mini-Circuits) to produce RF
electromagnetic fields using the transmission coil antenna. An amplified RF output power of
up to 1.1 W was used for testing. The actuator was aligned and located in proximity
(distance ~1 mm) to the external antenna in these tests. An infrared (IR) camera (VarioCAM
HiRes research 1.2 Mega, Jenoptik) was used to observe the actuator from above. Using the
resonant frequency recorded from the impedance analyzer as a starting point, frequencies
around this value were tested; it was found that 170 MHz produced the highest temperatures
rather than 167 MHz. This can be explained by the fact that the analyzer measures the
resonant frequency of the actuator in its cold state whereas RF testing looks at the actuator in
its hot state. The slight deformation between the two phases causes a change in its
inductance, thus altering the resonant frequency. And 170 MHz agrees even better with the
COMSOL simulation of 171 MHz since it was modeling a completely flat actuator, in other

words, the hot state.
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Figure 5.2: Characteristics of (a) inductance, Q-factor, and (b) parasitic resistance of the
fabricated actuator device measured as a function of frequency through a wired interface
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Figure 5.3: Experimental set-up used for wireless RF heating and actuation tests of the
fabricated actuators

Using an output power of 0.66 W, the actuator was able to hit 80 °C within 20 s as
shown in Figure 5.4(c). But only the innermost coil turn reached that temperature; the further
away the turn, the cooler it was. In this case, the two inner turns of Nitinol should have fully
changed from martensite to austenite (temperature greater than T,) but the two outer turns
would not have. The temperatures of the inner turns were found to be consistently higher
than those of the outer turns; this effect is likely caused by a non-uniform magnetic-flux
distribution within the coil (higher towards its center) [69] (also reported with a previous
actuator design [60]). Due to the presence of the transitional state between the martensite and
austenite phases (this particular Nitinol composition has As; = 40 °C and As = 65 °C,
equivalent to T, as defined before), temperatures between As and T, do not result in a full
transition to the austenite phase but the material still contains a percentage of it. And as a
result, those turns should still produce a (smaller) displacement.

Note that the measured regions are where the SiO; layer is located. It appears that the
bare Nitinol was lower in temperature and that the copper did not really heat up, but this is
not true. The temperatures displayed by the IR camera are very dependent on the emissivity
of the material; in general, metals are inefficient at emitting infrared radiation and have low

emissivity. The emissivity values can used to correct for the temperature readings but large
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corrections are often unreliable [70]. So rather than recording the temperature of the Nitinol,

the oxide was chosen and its (high) emissivity was used for imaging.

(a) (b) (c)
Figure 5.4: 170 MHz RF heating of the Nitinol actuator with 0.66 W at (a) 0 s, (b) 10 s, and

(c) 20 s. Numbers 1-5 located in the legend correspond with the spots on the actuator with 1

at the top in ascending order

Due to a small change in the capacitance (caused by accidental contact of a chemical that
could have affected the capacitor’s dielectric layer), the field frequency producing the highest
temperature shifted slightly from 170 MHz to 185 MHz — this modified resonant frequency
was verified through the phase-dip detection method as well. The new frequency response of
the actuator is shown in Figure 5.5; the reported temperatures were obtained from spot-1 in
Figure 5.6. The RF field was turned on for 10 s then the actuator was allowed to cool for 20 s
before the next frequency was activated. Figure 5.6 also shows the thermal response of
different coil turns with the RF field on for 15 s and an output power of 0.78 W. Even with
the actuator’s center turn at 100 °C, the outermost turn only reaches 56 °C, which is higher
than As but lower than T,. Similar measurements were made at varying RF powers and the
peak temperatures for each of the different powers are plotted in Figure 5.7. With an output
power of 1.1 W, even the outermost turn was able to pass T,; however, with such high power,
the innermost turn reaches nearly 150 °C. Large heat stress due to repetitive actuation could
be a source of premature failure, shortening the device’s longevity. In addition, the hotter the

actuator gets, the longer it takes to cool down, resulting in longer cycling times.
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Figure 5.5: Thermal response of a fabricated actuator with a fz of 185 MHz to temporal

wireless excitation at 0.60 W with varying frequencies; temperature was probed at the center
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Figure 5.6: Temporal thermal responses for different coil turns excited using an RF output

power of 0.78 W at 185 MHz
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Figure 5.7: Maximum achieved temperature of different turns at 185 MHz after 15 s over a
range of RF powers

Next was to measure the displacement of the actuator’s free end (with the capacitor end
anchored) during heating and cooling. With the antenna beneath the actuator, a laser
displacement sensor (LK-G32, Keyence; sensing resolution 10 nm) was used to record the
movement. The laser was aimed at the end of the coil turns and a 0.50 W RF field was turned
on for ~20 s to produce the graph shown in Figure 5.8. The displacements sharply shot up
immediately after the radiation was turned on and started saturating until the field was turned
off, after which the displacement dropped off quickly but slowed down (at around 60 pum of
displacement) as heat dissipated from the actuator. The result indicates that the innermost
coil turn reached 160 um (84% of the full displacement) within ~1.5 s, comparable to the
speed reported with the non-cantilever design in [60] with half the RF power. The outermost
turn reacted slower to the RF field but reached a slightly greater displacement (194 pm) than
the innermost turn. It is also visible that the outermost turn exhibited faster return than the
innermost one when the RF was turned off. The spatial distribution of heat in the coil (Figure

5.4) can explain these differences in mechanical response, i.e., the innermost turn displaces
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faster due to more heating but returns to the cold state slower because it is surrounded by hot

outer turns. It is worth noting that the discontinuities seen in the displacements after turning

the RF on for ~1.5 s are likely related to an overshoot of RF power with the system used.
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Temporal behavior of the displacement produced at the device’s free end with the

RF field activated for 20 s

The effect of field frequency on the actuation displacement was characterized using

another device (with a thicker dielectric polyimide layer, resulting in fr = 245 MHz). The RF

signal was

turned on for 5 s then the actuator was allowed to cool down for 30 s before the

next frequency was activated. The resulting displacements are plotted in Figure 5.9 with a

peak of 215 pum.
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Figure 5.9: Frequency dependence of actuation displacement recorded under temporal

excitation at different field frequencies surrounding the device’s fr (245 MHz)

The force generated by the actuator was measured using a digital force gauge (DS2-1,
Imada) as shown in Figure 5.10. The ends of all longitudinal coil turns on the capacitor side
were fixed on a substrate as an anchor and the ends on the other side were in contact with the
gauge’s probe so that every coil line contributed to the total force produced. The maximum
force in this setting (under RF excitation with an output power of 0.78 W at resonance) was
measured to be 71 mN. The change in measured force over a range of field frequencies
surrounding the device’s fr (Figure 5.11) also clearly indicates the actuator’s frequency

dependence.
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The observed maximum force of 71 mN is more than twice the force obtained from the
self-heating SMA coil actuator in [60]; however, it is much less than the normal cantilever
actuator reported in [44]. There are various sources for this outcome and some are related to
the specific design of the current device. Comparing the regular unpatterned cantilever in
[44] and the current coil cantilever, both actuators used the same Nitinol thickness but the
combined width of the coil turns in the current cantilever results in a total width less than half
of the other one. Also, the entire length (5 mm) of the unpatterned cantilever was covered
with the oxide stress layer, hence the full length of the cantilever contributed to force
generation when heated. In contrast, the current coil cantilever has shorter oxide on the
bottom (3.25 mm); thus less SMA is at work to generate a downward force during heating. In
addition, the top oxide actually negatively impacts the force generated downwards (the SMA
in this stress region generates upward displacements and thus lowers the downward force).
This oxide arrangement was effective in adjusting the profile of the cantilever to bring the
free end nearly parallel with the substrate; however, this is indeed a trade-off with the
produced force as observed in this experiment. This suggests that if the force is of particular
interest for a certain application, one could redesign the profile adjustment or simply
eliminate it, i.e., covering the entire bottom side with oxide and removing the top oxide layer

to maximize the force.

5.2 Pump Chamber and Reservoir

The next set of tests was done to analyze the performance of the fabricated pump
chamber by measuring the volume of fluid being pumped out. The device was surrounded by
distilled water and the reservoir was filled with 10% sodium chloride. Using an electrical
conductivity (EC) meter (HI 87314, Hanna Instruments), the change in conductivity of the
surrounding water was measured and related to the amount of released salt. Compression and
expansion of the chamber was carried out using a 3-axis stage with three stepper motor
drives (MAX302/M and DRV001, Thor Labs; 0.5-um-bidirectional repeatability). A large
glass dish was used to contain the distilled water; inside it sat the device, the EC probe, and a
magnetic stir bar as shown in Figure 5.12(a). Attached to the stage was a shaft with double-

sided adhesive tape at the protruding end (the tape ensures that retracting the shaft would
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expand the chamber). The shaft was aligned to the center of the pump chamber as shown in
Figure 5.12(b) and lowered until the chamber was completely compressed. Pump chambers
with the different valve designs were actuated using this stage and all of them were visually
found to work but only design (a) from Figure 3.5 was used for further testing.

(b)

Figure 5.12: (a) Pumping the device using the 3-axis stage and (b) a close-up view of the

shaft aligned with the Parylene pump chamber
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The external stage was set to apply consecutive 250 um displacements because it was
close to the maximum stroke that the pump’s diaphragm could safely make without the shaft
separating from the pump chamber. The pump was repeatedly actuated 5 times every 3 min
for a total of 5 sets, to vary the conductivity of the water medium with the ejected saline
(3 min intervals were selected to reach stable conductivity of the medium). The conductivity

of varying concentrations of NaCl [71] were interpolated to give the equation
G = 21304C + 0.0904 (5.1)

where G is the conductivity in uS/cm and C is the concentration in %. This equation shows
an excellent fit with the reported data (within 0.95% error for the conductivity range involved
in the current study) and with it, the measured conductivities were translated into
concentrations of NaCl. Then the volume of liquid pumped out per set was determined with
the equation
(¢ = C)W%
Vo="—(—"7 (5.2)
NacCl

where Cs is the concentration after the conductivity reading stabilized, C; is the concentration
before the pumping started, V,, is the volume of the surrounding water, and Cys,c; is the saline
concentration in the reservoir. The volume ejected per set is shown in Figure 5.13.
Afterwards, tests with 10, 15, and 20 pumps per set were also performed. The average
volume of liquid expelled was determined to be 497 nL/pump when the pump chamber is
actuated 250 um. By doing analysis similar to the previous test, the volume per pump for
each amplitude was determined and plotted in Figure 5.14; the saturation seen after 200 um

of displacement is due to the expansion limit of the chamber structure noted above.
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5.3 Complete Device

After bonding the Nitinol actuator to the polyimide substrate but before bonding on the
lid, the device was tested. Figure 5.15(a) shows the heating of the integrated actuator using
an RF power of 0.85 W for 5 s. (This time period was selected to be the same as in the
wireless release tests described later, which was revealed to be enough time to complete the
release of a single pump, after which the actuator cooled down during a much longer resting
time before making the subsequent pump.) The temperature reading at spot-1 (77.1 °C)
indicates that the center of the coil exceeded T, (= 65 °C) which is necessary to actuate the
Nitinol-coil cantilever. Spots-2 and -3 show the temperatures of water in the reservoir and
near the outlet nozzle, respectively, suggesting that even the outlet region adjacent to
(~1.0 mm away from) the actuator was still close to room temperature.

Exterior heating is another important factor in terms of the device design and packaging.
Any heating on the exterior surfaces should be within a level that does not cause thermal
damage to tissue (below ~43 °C [72]). In light of this aspect, the temperature distribution on
the polyimide casing of a fully packaged chip was monitored while exciting the chip
wirelessly under the same conditions. Figure 5.15(b) shows an IR image of the chip’s back
side after a 5 second activation, showing that the maximum temperature over the entire
surface was 42.3 °C (at spot-1). The location of this highest temperature is reasonable as it is
where the actuator’s anchor is located and thus should experience the greatest level of heat
flux (since the pump chamber or an air gap is present between the other parts of the actuator
and the casing). This temperature is around the safe-level threshold and may need to be
lowered by optimizing the device packaging and/or by simply using a different Nitinol
composition with lower phase transition temperatures. Since there was ~560 um of polyimide
(two 127-um-thick substrate layers and a 305-um-thick spacer serving as the actuator’s
anchor) between the actuator and the bottom surface, this measurement indicates that the
temperature on the top wall of the pump chamber likely reached a level greater than 42 °C
(only had a 305-um-thick spacer between the pump chamber and the actuator). Further
characterization is needed to determine the actual temperature inside the pump chamber,
possibly via direct temperature probing of the interior liquid with a modified set-up (e.g.,

thermocouple probing).
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Figure 5.15: IR images of (a) the integrated actuator and the surrounding structures in an
excited, open chip showing temperature readings of the actuator’s innermost coil (Spot-1),
water in the reservoir (spot-2), and water at the outlet (spot-3); and (b) the fully packaged

chip excited in the same manner showing the temperature distribution of the polyimide

casing with a highest temperature of 42.3 °C appearing around the actuator’s anchor region
48



Figure 5.16 shows the dynamic displacement response of the actuator/pump while
wirelessly resonating the device for 5 s. The maximum displacement was substantially
reduced compared to when the actuator was free, 83.5 um versus 207 um. This indicates that
the actuator was able to partially compress the ~170-pum-thick chamber but did not produce
enough force to fully squeeze it due to the reaction force produced by the water-filled pump
chamber. Nevertheless, as discussed next in this section, the obtained displacement was

found to be sufficient to achieve temporal ejections of solution from the device.
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Figure 5.16: Displacement of a water-filled pump chamber produced by a wirelessly
activated Nitinol actuator using an RF output power of 1.1 W

To determine the volume of liquid pumped out by the wirelessly activated device, tests
measuring the conductivity change in the surrounding water were performed in a manner
similar to the previous test, except 30-35% nitric acid was used to load the reservoir. Use of
this highly conductive solution enabled the detection of a single pump through conductivity
change (not available with the saline due to its lower conductance). Figure 5.17 shows the

experimental set-up used for these tests.
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Figure 5.17: Experimental set-up for testing the performance of the complete device

The RF signal was turned on for 5 s and then the actuator was allowed to fully cool
down for 85 s before it was heated again, allowing for uniform dispersion of the ejected
agent and stabilization of the ambient conductivity. The position of the chip was adjusted to
bring its outlet nozzle slightly above the water level but close enough to it so that a droplet
coming out from the nozzle would be pulled away into the water. Figure 5.18 plots the
cumulative amount of released agent (in moles, converted from the recorded conductivity
data) as a function of time along with its temporal molar amount.

Interpolating the conductivity versus concentration data for HNO3 [71] and using the
same analysis as before, the average volume per pump from Figure 5.19 (except the first
activation, which may have been affected by the initial priming of the pump and outlet
channel) was determined to be 219 nL. Using the volume per pump versus actuation
displacement plot in Figure 5.14 and the maximum displacement of 83.5 pm found in Figure
5.16, the pumping volume was interpolated to be 217 nL, agreeing well with the result of
219 nL.
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Figure 5.18: Cumulative and incremental molar amounts of released HNO3 per pump
quantified from the recorded conductivity change of the surrounding water by repeated

ejections from the RF-excited DDD chip without submerging its outlet nozzle
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A single ejection of 219 nL along with a reservoir capacity of 76 uL (measured later in
this section), suggests that the chip can be pumped ~350 times before requiring a refill. As an
example of its clinical relevance, human parathyroid hormone fragment (1-34) (hPTH(1-34))
is used for anabolic treatment of osteoporosis and is shown to reduce the occurrence of bone
fractures when drug doses of 20-40 pg are administered daily [73], [74]. With 40 pg daily
doses and a solubility of 80 mg/mL [20], the developed DDD could be used for 5 months
before refilling; in comparison with the device from MicroCHIPS for this application [20],
the above period is much longer than their capacity of 20 days and is provided by a DDD
with a >80x smaller device volume. It should also be noted that the developed chip’s
capacity can be easily increased by simply enlarging the drug reservoir (e.g., doubling its
height) while maintaining its miniaturized form with a lateral size of ~10 mm.

As a preliminary test of wireless pumping and release from a fully submerged device for
visual verification, a fabricated chip’s reservoir and pump chamber were filled/primed with a
dye solution (food coloring). With a small syringe (100 puL, Hamilton), it was found that the
reservoir had a capacity of 76 uL. The chip was immersed in distilled water (gently agitated
with the magnetic stirrer) and excited with a tuned RF field radiated from the antenna located
outside of the water-filled plastic container. The RF signal was repeatedly activated with a
cycle of 5 seconds on and 13 seconds off. Ejection of the dye solution into the surrounding
water was clearly observable as shown in Figure 5.20(a). With no agitation, cumulative
release of the dye near the outlet nozzle was evident as shown in Figure 5.20(b).These tests

qualitatively validated the device’s functionality in a liquid ambient.
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Figure 5.20: Images from the preliminary test of controlled wireless release through a
fabricated DDD chip, with color dye, immersed in distilled water (a) with and (b) without
flow. The chip was periodically excited by radiating an RF field (tuned to the fr of the
device) with an output power of 1.1 W
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The temporal release test was also conducted with a fully submerged device loaded with
the HNO;3 solution and its pumping volume was evaluated by measuring the change in
conductivity of the surrounding water. As shown in Figure 5.21, the device was pumped
every 90 s for a total of 10 pumps.
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Figure 5.21: Cumulative and incremental molar amounts of released HNO3 per pump
quantified from the recorded conductivity change of the surrounding water by repeated

ejections from the RF-excited DDD chip completely immersed in water

The volume ejected per pump was calculated (after accounting for the very small
leakage observable in the conductivity data) and is plotted in blue in Figure 5.22. The volume
released each pump shows an apparent tendency of gradual decrease followed by saturation
with subsequent pumping. This outcome seems to be led by the condition that a small amount
of water from the surroundings was drawn back into the pump chamber during operation, as
suggested by Figure 5.21 that indicates a consistent decreasing trend in the ejected molar
amount (or in the conductivity gain of the surroundings). When backflow is present, the

concentration of the agent in the pump chamber is reduced, consequently affecting the
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volume calculation. Knowing the molar change with each pump (quantified with the
recorded conductivity data), the volume calculation can be compensated to estimate the
actual volume of ejection. By comparing the molar amount of the agent ejected from one
pump with the prior pump (Figure 5.21), the average decrease per pump was found to be
~5%. Then each pump’s volume was corrected by a factor of 1.05"D where n is the pump
number. The result (in red in Figure 5.22) suggests that the actual release volume is relatively
constant around 400-450 nL/pump (larger than in Figure 5.19 as a different device with a
taller pump chamber was used).
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Figure 5.22: Released volume per pump of the completely immersed DDD with no backflow

compensation in blue and with compensation in red to estimate the actual volume

A possible reason for this backflow is that the retracting (upward) force provided by the
Nitinol actuator was not adequate to expand the pump chamber fast enough. (Note that the
upward force is generated by the SiO; stress layer and not by the Nitinol that generates the
downward force utilized to squeeze the pump; it is known that the force produced by the
stress layer is smaller than the force produced by the Nitinol [60].) Because the check valves
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are passive, a pressure difference is required to fully close them; if the pump chamber
expands without providing the required pressure difference, the outlet valve may remain
slightly open and allow for backflow. If this is the case, the test agent coming from the
reservoir is mixed with the surrounding fluid coming through the outlet valve; thus the
subsequent pump is diluted and the conductivity gain is lowered. This hypothesis is
supported by the experimental result from Figure 5.19 that shows a relatively consistent
pumping volume when the outlet is positioned right above the water level, hence physically
preventing any backflow. Nevertheless, the experiment indeed demonstrates that ejections
from the DDD can be radio-controlled with the developed prototype via resonant RF power
transfer to the integrated Nitinol actuator.

As evident from Figure 5.22, the presence of backflow affects the precision of the
delivered dose. To address this issue, the valves could use more compliant tethers (so that
less pressure is required to fully close the valves) or use slanted tethers that apply a force on
the disc against the seat to help the valve close [75]. Another potential method is to
incorporate active valves; for example, thermoresponsive hydrogel valves [43] could be
integrated and synchronously controlled with the actuator using the same RF excitation
principle by assigning them wireless heaters with different resonant frequencies and by
modulating the RF field corresponding to these frequencies [44]. This could offer not only

complete valve closure but also full controllability over the valves.
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Chapter 6: Conclusion

In this thesis a wirelessly activated, implantable drug delivery device with an integrated
SMA actuator was designed, fabricated, and tested. It was made from the biocompatible
materials polyimide, Parylene-C, and nickel titanium alloy. The actuator was micromachined
from Nitinol into a planar, rectangular spiral coil using LEDM. Compressive layers of SiO,
on the Nitinol were micropatterned to adjust the profile of the inductive structure and its
actuation range. Acting as a cantilever, the free end was displaced in martensite phase and
was flat in austenite phase. A capacitor was monolithically integrated onto this Nitinol
inductor to form a resonant LC circuit, serving as a frequency-selective wireless heater for
out-of-plane actuation. The cantilever actuators were found to have a maximum actuation
displacement of 215 um and generate up to 71 mN of force. Heat generation, actuation
displacement, and force generation were shown to be controllable by varying either the field
frequency or the RF output power. The thermomechanical behaviors of the fabricated
actuators were characterized to reveal a force generation >2x a previously reported Nitinol
actuator (based on the same self-heating mechanism) with comparable RF power. Similar
temporal response with 50% the applied power was found as well. The form factor of the
developed actuator may be advantageous in increasing its usability and application range as
cantilevers are widespread in MEMS designs. Exploiting the advantage, this wireless
actuator could, with proper packaging, be applied to a variety of biomedical applications
including micropumps and microvalves for implantable microfluidics, such as the developed
DDD. Because the actuation can be controlled by the field frequency, an array of these
actuators could be implemented into a single device while allowing control over individual
actuators. This potentially not only enables complex tasks in a device but also contributes to
its miniaturization as actuation control can be implemented in a fully passive manner without
the need for separate control circuitry or an internal power source.

After the actuator and the pump chamber were independently tested, they were bonded
together to form the entire drug delivery device. Wireless delivery was experimentally
demonstrated using microfabricated prototypes in water. The prototypes were revealed to be

able to release consistent volumes of the agents with controlled timings upon RF radiation.
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The device was found to exhibit partial compression of the pump chamber and some
backflow of the surrounding medium into the pump chamber during its expansion mode;
possible causes of the phenomena and their solutions were proposed. The demonstrated
delivery volume of 219 nL/pump and drug capacity of 76 pL suggest that the chip could be
functional for up to 5 months without refilling in case of the application for anabolic
osteoporosis treatment. The promising results obtained encourage further development.

There are several key aspects of this design that could be improved for greater and more
consistent performance. In particular, backflow needs to be addressed by altering the design
of the valves. Also, as shown when measuring the force generated by the actuator, a larger
displacement of the free end resulted in a larger force; this could be achieved by using a
thicker oxide layer or by patterning it differently. A larger force would compress the chamber
further and expel more fluid per pump. Better heat distribution in the actuator would also
affect the force since the outer turns were not fully in austenite phase. One possibility is to
fill in the gaps between the coil turns with a thermally but not electrically conductive
material (e.g. thermally conductive epoxy), promoting heat flux from the central region of the
coil to its perimeters while preserving the inductive function of the Nitinol coil. Another
improvement aspect was that manually applying the sacrificial photoresist to shape the pump
chambers resulted in varying thicknesses between samples. Spin coating with a photoresist
more suitable for producing very thick layers would significantly increase the consistency of
the pumping volume across multiple devices. Lastly, the polyimide adhesive used to bond all
the components together should be replaced with a biocompatible adhesive that does not
require high temperature curing. In the prototypes, the polyimide adhesive was solidified but
not fully cured at 300 °C because of the damage that would have occurred to the Parylene
layers.
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Appendix A: Detailed Parameters Used for Device Fabrication

PECVD
Pressure Temperature Gas flow
Process Power (W) (mTorr) (°C) (sccm)
Descum and O; 200 400 20 0, =80
plasma etch
. . N.O =64
SiO, deposition 200 500 300
DES=4
Photolithography
Photoresist SPR220-7.0 SPR220-7.0 S1813 PM240
. ~170 pum (with
Thickness 7 um iterative process) 1.5 um 37 um
500 rpm and 500 rpm and
220 rpm/s for 15 220 rpm/s for | N/A, laminated
. s N/A (manual 15s on at 1.5 feet per
Spin coat S .
4000 rpm and application) 4000 rpm and | Minute and 105
2090 rpm/s for 2090 rpm/s for C
30s 60 s
115 °C for 2 o 115°C for 1
Soft bake min 75°Cfor3h min N/A
Exposure 12 min 3x 3:20 min 6 min 5:30 min
(MJB-3) (Canon) (MJB-3) (MJB-3)
Rehydrate 1h 1h N/A N/A
Post exposure 115 C for 2 N/A N/A N/A
bake min
MF-24A for MF-24A for 15 MF319 for 1% NaCO; for 4
Development i . . ) . .
1:45 min min 1:30 min min
Stripper Acetone Acetone Acetone 3% KOH
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Polyimide Dielectric Layer (2.64 pm)

Spin coat at 1000 rpm and 550 rpm/s for 10 s followed by 3000 rpm and 1540 rpm/s for
60 s. Soft bake at 90 °C for 90 s followed by 120 °C for another 90 s. Then load the sample
into the PECVD and set the temperature to 200 °C. Hold it at 200 °C for 30 min then
increase the temperature to 300 °C. After holding it at 300 °C for 1 h, cool it back down to
room temperature. The pressure is set to 1000 mTorr with 15 sccm of N, during heating and

50 sccm of N, during cooling.
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