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ABSTRACT

One of the ways to describe the human body is as a fluidic system, with
pressure and flow being the fundamental parameters. To date, there has been no
proven general strategy for long term reliable, continuous, and precise measure-
ments of either quantity. Knowing the pressure or flow in various organs could
be extremely valuable to maintaining health and monitoring for diseases like heart
disease, glaucoma, hydrocephalus, and more. This thesis aims to present a generic
pressure sensor packaging scheme to make them reliable for long lifetimes while

inside the body, while also being compatible with active microelectronics.

This thesis discusses the failure mechanisms and sources of inaccuracy over
time, or drift, of standard microelectronic pressure sensors inside the body, and
proposes and analyses a new encapsulation scheme in order to protect against these
factors, such as an electrolytic environment, and biofouling, while being biocompat-
ible and space-efficient. In other words, rather than the performance immediately
after implantation, the bottleneck has been long term reliability of sensors past the
1-3 month range within the clinical accuracy tolerance, much less than a practical

lifetime of at least 1-2 years.

The novel packaging scheme is called parylene-oil-encapsulation, where a
pressure sensor membrane is submerged in biocompatible silicone oil, and then en-
capsulated in situ with chemically vapor deposited parylene, which is also biocom-
patible. The advantages of this packaging scheme, over the contemporary attempts,
such as silicone gel and/or pure parylene coatings are discussed theoretically and

confirmed with benchtop experiments.

To prove the viability of this packaging scheme, we built a wireless intraocular
pressure sensor implant for monitoring glaucoma, and we conducted ex vivo and in
VIVO tests in rabbits. Glaucoma is a disease in which the optic nerve gets damaged,
leading to gradual but irreversible vision loss. Although the mechanisms that cause
glaucoma are varied, the most typical cause of optic nerve damage is excessive
intraocular pressure, or IOP. IOP is a crucial metric to monitor the health of eyes for

patients with or at risk of having glaucoma.

For those with severe glaucoma, the state of care is to go to the doctor’s office
for a single measurement to get a single data point per visit using an instrument

such as a tonometer. This procedure is inconvenient, but even worse, provides an



vi

incomplete assessment of IOP. It is known that IOP fluctuates throughout the day,
and is often higher at night, when patients would not be at the doctor’s office. Also,
the IOP waveform can fluctuate day to day. So unlucky patients may lose eyesight
because the outpatient monitoring method may miss brief periods of elevated IOP,
which can still damage the optic nerve. So doctors have identified that an IOP sensing
implant which can be read at home easily and on demand can prevent vision loss
by giving an accurate assessment of IOP and reduce the burden of time-consuming

outpatient measurements.

In summary, this thesis presents the first practical approach towards a solution
to the problem of general implantable pressure sensors having insufficient lifetimes,
with a specific example to show its compatibility with standard electronics to meet

an actual clinical need.
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NOMENCLATURE

Acetone. An organic solvent, (CH3),CO.

ADC.

Analog-to-digital conversion.

ASIC. Application Specific Integrated Circuit.

CSF.

CVD.

DlI.

DUT.

Cerebrospinal fluid.
Chemical Vapor Deposition. A method of depositing films on samples.
De-ionized water.

Device under test.

ENIG. Electroless Nickel Immersion Gold. A type of surface plating in PCBs.

ESD.

ESL.

ESR.

GDD.

Electrostatic discharge. A phenomenon that can cause permanent damage to
semiconductor devices.

Equivalent series inductance, here in the context of parasitic capacitor char-
acteristics.

Equivalent series resistance, here in the context of parasitic capacitor char-
acteristics.

Glaucoma Drainage Device.

Glass transition temperature. For polymers, the temperature below which the

polymer material is brittle more like glass, or above which, is soft more like
rubber.

Glaucoma. A discase of the eye where the optic nerve gets damaged leading to

12C.

ICP.

irreversible vision loss. The most common cause of optic nerve damage
is hypertension in the eye, i.e., IOP in excess of 22 mmHg (for humans).
However, there are cases where the optic nerve gets damaged when 1OP
would be considered within the normal range.

Inter-integrated Circuit. Alternatively written as I>C. A two-wire communi-
cation bus/protocol where multiple masters and multiple slaves talk over a
serial bus using pull-down or pull-up resistors. One wire is clock, the other
is data.

Integrated Circuit.

Intracranial Pressure, the gage pressure inside the cranium, in other words,
the pressure inside the cranium minus the atmospheric pressure. Usually
quoted in mmHg.
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ID. Inner diameter.
I1D. Identical and independently distributed random variables.

IOP. Intraocular Pressure, the gage pressure inside the eyeball, in other words, the
pressure inside the eyeball minus the atmospheric pressure. Usually quoted
in mmHg.

IPA. Isopropyl alcohol. An organic solvent.
IR.  Internal resistance, here in the context of parasitic capacitor characteristics.

ISM Band. Industrial, Scientific, and Medical Radio Band. A designated fre-
quency band in the radio frequency range in which is legally permissible for
devices to cause interference.

LED. Light-emitting diode.
LSB. Least significant bit first.
MSB. Most significant bit first.
OD. Outer diameter.

PA-C. Parylene species equivalent to PA-N with an additional Chlorine atom on its
unit cell.

PA-D. Parylene species equivalent to PA-N with two additional Chlorine atoms on
its unit cell, (or PA-C plus one more additional Chlorine atom).

PA-HT. High temperature parylene species equivalent to PA-N except the CH2
chains are replaced by CF2 chains.

PA-N. Basic parylene species with a benzene center and a CH2 chain.

Parylene. A trade name for poly(para-xylylene). A family of biocompatible poly-
mers which is typically deposited as films onto samples using CVD process.

PCB. Printed Circuit Board.

PLT. Porous Layer Thickness (of parylene). The repeatable thickness of a porous
layer of parylene deposited on oil or other liquids even when the parylene
dimer weight changes.

Polyimide. A biocompatible polymer that is sometimes used for flexible PCBs.

Potting. A process of filling a complete electronic assembly with a solid or gelati-
nous compound for resistance to shock and vibration, and for exclusion of
moisture and corrosive agents.

RF.  Radio Frequency. The electromagnetic spectrum covering 20 kHz to 300
GHz.
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SEM. Scanning electron microscope/microscopy.
SMA. SubMiniature version A. A type of co-axial RF cable.

SPI. Serial Peripheral Interface. A single master and multiple slave communi-
cation bus/protocol. There is a clock, MISO (master-in, slave-out), MOSI
(master-out, slave-in) lines, as well as a slave-select line for each slave.

Tonovet. A handheld measurement device for measuring IOP in animals.

WVTR. Water Vapor Transmission Rate.



Chapter 1

INTRODUCTION

Pressure is defined as force per area. A conversion table for many different

common units of pressure relevant in this thesis is provided in table 1.1.

Table 1.1: Pressure conversion ratios pertinent here. Data compiled from [1].

To Convert Into Multiply By
atmosphere bar 1.01295
atmosphere in. Hg 29.9213
atmosphere mbar or mb 1012.95
atmosphere  Pa or N/m? 1.01295 10°
atmosphere torr or mmHg 760

bar atmosphere 0.9872

bar mbar 1000

bar Pa 1 10°

bar kPa 100

bar psiorIb/in>  14.508

bar mmHg 750.2838
mbar atmosphere 9.872 10 *
mbar bar 0.001

mbar Pa 100

mbar mmHg 0.75028
mbar cm. water 1.0206

kPa Pa 1000

kPa mbar 10

mmHg mbar 1.3328
mmHg Pa 133.28

1.1 MEMS Pressure Sensors

There are many types of MEMS (microelectromechanical systems) pressure

sensors. Most MEMS pressure sensors are based on the phenomenon of a deflecting

membrane, but there are other ways to measure the pressure as well, such as piezo-

electric sensors. But within the scope of this thesis, only membrane-based MEMS

pressure sensors are considered.

Nearly all MEMS pressure sensors based off deflecting membranes function

with one of these two principles. The first principle is to use piezoresistance, where

for piezoresistors are placed as shown in Figure 1.1 on a deflecting membrane and
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connected in a Wheatstone bridge circuit to maximize sensitivity. There are analog
and digital circuit techniques to compensate for temperature (not shown). The

orientation of the resistors changes the sign of resistance change with stress.

Pressure difference
v v oy
_— e

KA Si
piezoresistors

R2
| ]

Rs

Physical placement
of piezoresistors

Figure 1.1: Piezoresistive MEMS pressure sensor. Adapted from [2].

The second principle is measuring the capacitance of a parallel plate capacitor
with at least one deflecting plate. Depending on the geometry, a capacitive pressure
sensor operation can be thought of changing the effective area or distance, or a a
combination of both with pressure. The pressure could be interpreted by a change

in oscillation frequency, time, charge, or voltages.

Pressure Sensitive Capacitor

€A

1
Wresonant(P) = m Cs(p) = ap)

)
Planar Inductor Glass Recess

(a) (b)

Figure 1.2: Capacitive MEMS pressure sensor. Reprinted from [3].

There are different categories of pressure sensing. Absolute pressure literally
means the pressure above vacuum. Gauge (or gage) pressure refers to the pressure

relative to atmosphere. Gauge vacuum likewise refers to pressure below atmosphere.
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Differential pressure usually refers to the pressure difference between two inputs
(both non-atmosphere). Differential pressure sensors can act as a gauge sensor if
one of the ports is left open to air. In analog terms, an absolute pressure sensor has
a vacuum sealed chamber so that the pressure across the membrane is proportional
to absolute pressure. A sealed gauge sensor is like an absolute pressure sensor,
except there is a nonzero reference pressure inside the sealed chamber. Once the
signal is digitized, it is simple to add the reference pressure in digital calculation
such that a sealed gauge sensor reports a value in terms of absolute pressure. For
this reason, digital-output commercial chips with an internal sealed gauge analog
pressure sensing diaphragm can be referred to as absolute pressure sensors, if that
is how the bits are interpreted. Commercial MEMS barometers are typically sealed
gauge type, since that would bias a neutral point (i.e. zero deflection) within a range

that is on the order of 1 atm. See Figure 1.3.

Pinput Pinput
vacuum ambient
Absolute Gauge
Pinput Pinputl
Preference PinputZ
Sealed Gauge Differential

Figure 1.3: Types of pressure sensors or measurements. Adapted from [2].

Another way to categorize MEMS pressure sensors is whether they are active
or passive, meaning whether or not they require an energy source, other than the
pressure difference across the membrane itself, to operate.! Most, but not all,
MEMS pressure sensors are active. Indeed, the more common of the two types,
piezoresistive sensors, are all active, and capacitive sensors can be either active or
passive. Active sensors are convenient because they could measure on their own,
given a battery source, and potentially store those measurements for later inspection.

However, all active sensors are based on silicon microelectronics, and thus may be

I'This applies to all pressure sensors as well. For example, the common dial-type pressure gauges
often seen in labs or homes are passive spring-based sensors.



4

susceptible to corrosion, whereas passive sensors are not restricted to using silicon.
This is a significant point. Fundamentally, pressure sensors are transducers which
convert pressure into information. In the modern world, information is stored as
digital bits in the form of voltage, and active sensors can be easily integrated with
digital circuits to store the information as bits and transmit that data wirelessly, in
the case of a medical implant, but passive sensors are trickier. They require remote

sensing to infer the capacitance, and ultimately, the pressure. See Figure 1.2 right.

The most common way of remotely sensing the capacitance is to incorporate
the pressure-dependent capacitor with an inductor to make an LC tank, and remotely
infer the resonant frequency given a known inductance, as 1 = pi:c Unsurprisingly,
this remote measurement has much smaller signal to noise ratio than measuring and
digitizing the signal at or near the sensor itself. The low signal to noise ratio of
passive pressure in implanted settings vastly limits the number applications in which
they can be used relative to the potential diseases whose treatment may benefit from

pressure sensing.

1.2 Organs Pertinent to Long Term Active Pressure Sensing

The human body is a fluidic system, in addition to being an electrical system,
chemical system, mechanical system, etc. In a fluidic system, pressure and flow
are fundamental quantities just as voltage and current are fundamental quantities of
electrical systems. It is no surprise that many diseases and organ health states could
be quantified by pressure and/or flow, just as the electrical signature is one of the
ways used to diagnose the state of cardiovascular health. In this section, several
diseases, each related to a different organ, are discussed to show the breadth of
applicability once a long term active implantable pressure sensor can be achieved

in the clinic.

Summary figures are presented here for overall target pressure ranges and

sampling frequencies depending on the organ of interest (see Figures 1.4 and 1.5).

121 Eye

The human eye produces an intraocular fluid called aqueous humor, which is
99.1% water [S]. The intraocular fluid is produced at a rate of 2-3 puL/min with a
turnover rate of 1.5-2 hours [5]. It is produced in the posterior chamber, which is
naturally filled with vitreous tissue, and diffuses to the anterior chamber, which is
not filled with vitreous tissue [5]. It then exits the eye through the trabecular network

into the Schlemm’s canal, and then through the sclera into the venous system. If



E O Intraccular Pressure
_ I:I Intracranial Pressure
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[ | O Intra-abdominal Pressure
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100 200 mmHg
0 mmHg

calibrated to 1 atm

Figure 1.4: Relevant pressure ranges for in vivo pressure monitoring for diagnostic
applications. Reprinted from [4].

| ] O intraocular Pressure
| | [ intracranial Pressure

] —
[] Bladder
I | | [ intra-abdominal Pressure
| | ] ]
< | | 1 1 —>
10’ 10° Hz

Figure 1.5: Relevant frequency bandwidths for varying pressure signals in vivo.
Reprinted from [4].

the pathway is blocked, or the production is too high, than the intraocular pressure
becomes hypertensive [S]. This excessive pressure is felt by the ends of the optic
nerve, and if untreated can cause irreversible vision loss and even blindness over

time [6]. See Figure 1.6.

Normal vision Glaucoma impaired vision

Figure 1.6: Glaucoma related vision impairment. Reprinted from [7].
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This phenomenon is called primary open angle glaucoma, and is by far the
most common type of glaucoma, although there are other types in which the optic
nerve gets damaged despite regular IOP [8]. There was about 60 million people
worldwide with glaucoma, and estimated that number will be 80 million by 2020
[8]. This thesis focuses on the large group in which IOP readings may be relevant.
Typical 1OP is around 16 mmHg (gauge) and IOP above 21 mmHg (gauge) is
considered excessive [5]. It is also known that IOP can fluctuate throughout the day,
and is often higher at night, when the doctor’s office is typically closed [9], [10].
See Figure 1.7. Even brief periods of excessive IOP can damage the optic nerve
over long periods of time [9].

30 DIURNAL/WAKE NOCTURNAL/SLEEP DIURNAL/WAKE

|IOP (mmHg)

18 -+

16 -

14

12

]O-Tll'lTIII'I'IT
£ 2 £Z £ 3 ¥ z z z = :z
2 8 8 8 8 8 8 8 8 8 8 8
M o M~ Y = = M e R em e

Clock Time

Figure 1.7: Twenty-four-hour intraocular pressure (IOP) pattern in the contralateral
eye. Reprinted from [10].

The most common types of treatment for primary open angle glaucoma
includes eye drops or oral medication to treat the excessive fluid production and/or
insufficient natural draining [11]. If those do not reduce IOP sufficiently, or the
medicines lose effectiveness over time, the glaucoma is called refractory glaucoma
[5], [12]. Atthis point, patients typically get a trabeculectomy, which makes a hole in
the trabecular mesh or get a glaucoma drainage device (GDD) implanted to increase
drainage [5], [13]. There are studies about the success and complication rate for

the various surgeries and implants [13]. Drawbacks exist for both approaches. An
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ablated hole without and implanted tube can heal and seal again, or drain too much,
leading to hypotony [11], which is associated with other risks, and a tube may clog

over a longer time scale, but is also more intrusive [13].

For those with severe glaucoma, their IOP needs to be monitored very carefully
to ensure that the therapy is successful, because every day excessive IOP is not
treated contributes to irreversible vision loss [9]. One cannot feel that that the IOP
is excessive, and the loss of vision begins at the periphery, making it difficult to
notice day-to-day changes until the visual impairment is substantial. The current
method to measure IOP in humans requires a visit to the doctor’s office because it
requires a tonometer and special training to operate correctly to get an IOP reading
which meets the clinical accuracy tolerance of 2 mmHg [5], [14], [15]. This also
involves the use of topical anesthetic for humans [16]. Interestingly, even though
humans need anesthetic, animals such as rabbits and dogs can tolerate the IOP
readings without anesthetic [17]. For this reason also, it is inconvenient for patients
to get IOP readings every week or two, but there is no better alternative in the clinic
[18].

Goldmann Applanation Tonometry Tonopen
for IOP measurement

Figure 1.8: Goldmann applanation Tonometry and Tonopen. Reprinted from [19],
[20].

Thus, an intraocular pressure sensor which could be operated at home, and
would give accurate readings over the long term, could give an incredible improve-
ment in quality of life in terms of vision retained by catching the status of excessive
IOP sooner than later, and in time saved by avoiding doctor’s visits, especially given

the fact that many glaucoma patients are older than the general population.

Another fact to consider is that an IOP sensor has to be small in volume, since

there is not much available space. Either the device needs to go inside the eye, where
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it must be deliverable by a needle of 1 mm diameter at maximum, or it must exist
outside and somehow interface with the intraocular fluid with a tube, and not be
more than 2-3 mm thick [4]. The small size constraint and tight accuracy tolerance
makes the use of passive pressure sensors difficult for measuring IOP. Ideally, the
sensor could also measure on its own and record the data for upload later, but a

sensor that yields accurate data long term would be a step forward in the field.

1.2.2 Brain

Hydrocephalus is a condition where too much cerebrospinal fluid (CSF) is
created in the brain relative to the rate it can drain out, causing excess intracranial
pressure (ICP) on the brain. ICP is also quoted in mmHg and is a gauge pressure
quantity. Those with hydrocephalus often get drainage shunts, which solves the
problem, until they get clogged up much like GDDs can get clogged [4]. If the drains
get clogged, it can result in migraines and even death if not addressed quickly. In
hydrocephalus, ICP above 15 mmHg is considered dangerous [21]. Similarly, there
are other conditions in which knowing the ICP would be useful, such as traumatic

brain injury, brain tumors, or strokes to name a few [4], [21].

1.2.3 Heart and Cardiovasculature

Measuring the blood pressure at various spots over long time periods is the
state-of-care for treating many diseases. One application is to watch for repaired
aneurysms [4]. In fact, the only FDA-approved implantable pressure sensor is for
predicting heart failure within the pulmonary artery, called the CardioMEMS Heart
Failure System (Acquired by St. Jude, then Abbott). Pulmonary hypertension
means that the heart has to work harder than normal, and a rising pulmonary artery
pressure may be indicative of the onset of cardiac arrest [22]. The CardioMEMS
HF system uses a passive device, so it takes multiple readings to reach confidence

that the pressure value is accurate. More will be discussed in a later section.

1.2.4 Bladder

Paraplegics are paralyzed below the waist, and do not have sensation in the
lower half of their bodies. This can include lack of bladder sensation. Often times,
a catheter is used to empty the bladder and is left there for up to two weeks [4].
If there is clogging, or the bag gets full, there is excessive pressure in the bladder,
which can lead to kidney damage [23]. An implanted or semi-implanted sensor
could alert the patient that the bladder pressure is too high.



1.3 Implantable Pressure Sensors

There is a long history of implantable pressure sensors in academia, but a
rather brief one in the clinic, so far. This section will discuss various reasons for
failure for long term stability in implanted pressure sensors, as well as contemporary

attempts for context.

1.3.1 Challenges Preventing Long Term Use
The two typical issues that cause pressure sensors to become inaccurate are

corrosion, and biofouling.

1.3.1.1 Corrosion

Corrosion is a redox process. There are two kinds of corrosion: galvanic
corrosion and electrolytic corrosion. Galvanic corrosion is also called bimetal
corrosion, because it is when two metals of differing electric potentials are in
contact with each other through the presence of an electrolytic solution. A small
current will flow from the metal acting as the anode and flow into the metal acting
as the cathode. As the anode oxidizes, it will corrode away. This can be alleviated
with a technique using a sacrificial metal in contact with the rest of the metal, so the
sacrificial metal will corrode away instead of the functional metal. Zinc anodes are

commonly used as sacrificial anodes, though not necessarily in biomedical settings.

Electrolytic corrosion is a similar process as galvanic corrosion where the
anode will corrode, except there is also the presence of an active current, which
speeds up the corrosion. The key to protecting from electrolytic corrosion is to keep
the solvents far away from the currents, as the solvents are necessary for the mass
transport of ions and electrons [24]. Silicone oil with higher viscosity has slower

mobility for ions as well [25].

1.3.1.2 Biofouling

Part of the body’s immune response is to identify foreign objects of all kinds,
and eliminate them or at least isolate them, in the case of non-degradable materials.
This also known as the foreign body response, and while it keeps us healthy, it poses
a challenge for medical implant longevity. Specifically, proteins or cells may coat
or accumulate on the surface of objects [26]. Cells may even encapsulate and apply
stress [27]. For example, a study on fibrous capsules around breast implants found

that fibrous capsules which caused minor irritation had a Young’s modulus 10 MPa,
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while the fibrous capsules of the most severe and painful type had Young’s modulus
of almost 30 MPa [27]. This material accumulation can affect the mechanical
performance of pressure sensors. In general, all else equal, the larger the implant,
the thicker the biofilm accumulation will be by the time it saturates [28], [29]. Also,
different organs have different foreign body responses. For example, the eye is
immunoprivileged, meaning that the foreign body response is lighter than average,
which is an evolutionary result that prevents us from going blind for every foreign
particle that happens to be seen inside the eye [30]. However, the foreign body

response inside the bloodstream will include cells and proteins [26].

1.3.2 Contemporary Attempts
Here are some recent work in literature on implantable pressure sensors,

categorized by important aspects towards practical clinical use.

1.3.2.1 Passive LC tanks

In 2010, a passive LC tank flexible pressure sensor was made for measuring
IOP [31]. It had a flexible coil, so that it was injectable with a needle and demon-
strated to change its resonant frequency with pressure. However, other factors such
as the medium in between the tissue, temperature uncertainty and misalignment
issues in real cases make it unlikely that this could be used to retrieve an absolute
IOP value within a 2 mmHg precision. In fact, the authors could not present an
in vivo absolute IOP value, either acute or long term. Additionally, the device was
unanchored in the eye, and the authors acknowledge this could be a problem in the

long term. There were no electronics inside this device.

Figure 1.9: Wireless IOP sensing Using Flexible LC Sensing. Reprinted from [31].

The first and only FDA approved implantable pressure sensor remains to
be the CardioMEMS Heart Failure pressure sensor [4]. It is a custom designed,

passive resonant frequency device. It may be modelled as an LC tank with variable
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capacitance, but more accurately it is made of two independent traces, placed in
parallel so the two wires give it both inductance and capacitance, and both parameters
are modelled versus the deflection to get the best possible accuracy. The device is
enclosed in glass and is rather stiff, but large in area (see Figure 1.10). The use of
glass with high stiffness is how the low drift is achieved. Despite the accumulation of
biofouling in the pulmonary artery, the overall stiffness of the deflecting membrane
is not changed by a significant fraction, so stable pressure sensing is achieved.
However, the passive nature of the device means that fundamental changes would
be required to make this device record pressure on its own, which could jeopardize
the longevity due to corrosion or even make the manufacturing incompatible with
the current method. Thus, the custom pillow with a large antenna coil is needed to
investigate the pressure, and multiple recordings with precise alignment is needed
to give confidence the pressure reading is accurate. The daily monitoring of these
values is time consuming. In other words, while it is the only proven low-drift
implantable pressure sensor, its approach is not generally applicable to other organs
due to space limitations, and there is room for improvement in the pulmonary artery

pressure monitoring as well.
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Figure 1.10: CardioMEMS Heart Failure System. Reprinted from [32].

1.3.2.2 Optical Measurement

An interesting device for measuring IOP uses a miniature pressure dependent
chamber and an artificial neural network to analyze the Raman spectroscopy response
with a nanoengineered black silicon surface (see Figure 1.11 [33]—[35]. They could
achieve precise IOP measurements, with the ability to get a reading after it was
implanted 9 months in an animal, and seemed to meet the accuracy of 2 mmHg
over 4.5 months, which is impressive [34]. However, this optical approach requires
careful alignment to overcome inaccuracy, which is future work for the authors. The
cite that 10 degrees misalignment will cause an additional 2 mmHg error [35].

However, this implant is tiny and so it suffers the same anchoring requirement as
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the Chen, et al. device. Also, this device requires the eye to be open and using
a sophisticated laser source, so this seems challenging for potential use at night or
while asleep by humans. However, there is a lot of fundamental research that can
be done with this 100 Hz sampling rate, wireless real time IOP sensor.
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Figure 1.11: Black silicon optical IOP sensor. Reprinted from [34].

1.3.2.3 Commercial IOP e [ants

The Argos-10 (formerly Eyemate-10) (Implandata Ophthalmic Products
GmbH, Hanover, Germany) implantable pressure sensor is a capacitive, active pres-
sure sensor, which is powered by an external reader. Like the approach taken in
this thesis, the reader powers the implant, collects a reading, and sends digitized
pressure reading back to the reader module. However, this device is different in that
there is no specific scheme to address the drift problem. In their own publications,
they mention that frequent recalibrations are necessary [36]. In fact, in one paper,
the mean bias from a sample was calibrated out every measurement event for long
term drift analysis [37]. In addition, it was found that "YAG membranotomy to treat
retroprosthetic membrane formation can lead to a malfunctioning of the telemetric

systems. After completion of the laser procedure, telemetric values were measured
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out of range" [36]. However, they note that the device is safe for up to one year,
but that since the device takes a lot of space in the posterior chamber, the onset of
glaucoma because of the device may be possible [36]. We believe that the constant
recalibrations are impractical for patients, and is not a general solution to the drift

problem in implantable pressure sensors.

Figure 1.12: Argos-IO IOP sensor. Reprinted from [38].

Although it is not an implant, it is worth mentioning the Triggerfish contact
lens IOP monitor, by Sensimed, since it was FDA approved anbd CE marked by
2018 (see Figure 1.13). Much like the Argos-1O, it is wirelessly powered. However,
this device requires a coil to be worn on the face, and is intended to catalog 24
hours of continuous IOP data. However, it cannot guarantee absolute accuracy of
IOP, since it infers the IOP due to corneal stretching, which suffers from too high of
variability in the population to guarantee an absolute measurement. Rather, it can
only provide relative IOP throughout the day, so that it can suggest a time of day to
measure the IOP with a method that is absolutely accurate. While it is definitely a
progress in the field, we believe this approach is not a final general solution in the
long term either, as it relies on another device altogether, and assumes that the time
of day for peak IOP is absolutely stable [39].
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Figure 1.13: Sensimed Triggerfish. Reprinted from [39].

1.3.2.4 Other General Packaging E [ants

Another group has a similar approach to ours, where a pressure sensor is
encapsulated by silicone oil, but instead it is in a prefabricated balloon (see Figure
1.14) [40]. The balloon is rather large compared to our pressure sensor packaging
scheme, as will be shown, and the stability data is at room temperature, rather
than body temperature. Since the bag is prefabricated, putting the sensor and other
components inside and sealing with another material is critical, which is another

potential failure point.

Sealed end
Incompressible fluid-filled
medical grade balloon

Sealed end

Pressure
sensor

Implant anchor.

Figure 1.14: Balloon with oil pressure sensor packaging. Reprinted from [40].

Yet another paper packaged a pressure sensor with parylene on silicone gel
[41] (see Figure 1.15). As can be seen, the drift data shows nearly immediate
sensitivity drift up to 2% or more, and the package dramatically increases the size
of the pressure sensor portion. The sensitivity and offset drift in part due to silicone
swelling, possibly exacerbated by the fact that it is encapsulated by the parylene,

which may cause stress.
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Figure 1.15: Parylene on silicone gel. Reprinted from [41].

1.3.25 Temperature Sensing and Calibration

Nearly all sensors have some sensitivity to temperature, and pressure sensors
are no exception. In fact, assuming that the body temperature is fixed inside the
body leads to more error than necessary, especially for implants that may be near the
surface of the body, such as an intraocular pressure sensor. In fact, an impressive,
energy-autonomous, cubic-millimeter IOP implant with advanced electronics got
hampered by the oversight that it did not measure temperature in addition to pressure,
despite the familiarity and capability of building integrated circuit temperature
sensors by that same group [42]. The outer surface of the eye can fluctuate in
temperature up to 10 °C [43]. It should be standard practice to incorporate a
temperature sensor in all implanted sensors to calibrate for temperature dependence,
as this anecdote demonstrates the error that arises when assuming the temperature
is constant. In a IC, a temperature sensor is very small and not energy demanding
compared to the rest of the system, so it could have been incorporated essentially

without a drawback. No long term in vivo data could be found for this implant.

Figure 1.16: Cubic-millimeter IOP sensor implant. Reprinted from [42].
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1.4 Parylene

Parylene is the common name for a family of polymers widely used in the
medical and electronic industries. The scientific name is poly-(para-xylylene). The
base unit consists of a benzene ring. The four most common types of parylene
are parylene-N (PA-N), parylene-C (PA-C), parylene-D (PA-D), and parylene-HT
(PA-HT).

Parylene-N is the basic version, where PA-C and PA-D replace one or two
aromatic hydrogen atoms for chlorine respectively. Parylene-HT has CF, instead of

ethylene chains (see Figure 1.17).

FO @1 g te]

Parylene-N Parylene C Pac;ylene—D Parylene-HT

Figure 1.17: Molecular structures of common parylene types, reprinted from [44].

Parylene is an excellent insulator, and is biocompatible material. PA-N, PA-C
and PA-HT are rated ISO 10993 biocompatible [44]. It is deposited by chemical
vapor deposition, also known as the Gorham process [45], [46]. (See Figure 1.18).
Dimer powder is loaded into a vaporizer chamber, which vaporizes the dimer, which
then goes through a pyrolizer to split the gaseous dimer into monomers. Then the
monomer reaches the deposition chamber, typically at room temperature, and the
gas solidifies due to the relatively cool surface. The temperature of the substrate and
and the mass of the parylene molecule affects deposition rates [47]. The sticking
coeflicient may depend on the substrate and temperature, but once the substrate is
coated, the sticking surface is that of the parylene itself [46]. The low sticking
coeflicient makes the coating more conformal, because the first point of contact
is not much more likely to retain a parylene unit than the later points of contact.
The deposition pressure, which is under 100 mTorr, gives the parylene monomer
a mean free path of about 1 mm, which influences how conformal is the coating
[48]. Parylene’s high surface mobility also plays a factor in how conformal is the
coating [49]. In general, if surface mobility is low, then material deposition can be
described by a nucleation site model, rather than an overall equal coating as is the

case with parylene.
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PA-C is the most common type of parylene, as it easy to access, and is
biocompatible. Additionally, there is literature on the adhesion of it to various
surfaces. On the other hand, PA-HT has a much higher temperature tolerance than
PA-C (hence the acronym), but is harder to access, yet it is also biocompatible. The
benzene rings in the parylene is why the parylene is very chemically inert. The
fluorine atoms in PA-HT give it high temperature tolerance, but also much poorer
adhesion qualities. However, the ethylene-like chains make parylene extremely
flexible [48].

There are excellent treatises about parylene in the literature and on the web
for many properties and summaries of the characterization and uses for parylene
[48].

Vaporization Pyrolysis Deposition

Dimer Monomer Polymer
di-para-xylylene para-xylylene poly(para-xylylene)
150°C, 1.0 torr 680°C, 0.5 torr 25°C, 0.1 tomr

v Pag—
Figure 1.18: Parylene deposition process (Parylene-N shown). Reprinted from [44].

Further, parylene has been shown to be an excellent MEMS material itself, not
just as an encapsulate [5], [48], but also as a substrate and a bulk material [50]. For
example, its thickness can be selected depending on the amount of dimer wished,

which can effect the stiffness of the piece, and plasma etching techniques allow for
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the patterned removal of material. Plasma techniques can also modify the surface
hydrophobicity/hydrophilicity [5S1]. Other techniques such as chemical treatment or
annealing may also modify the adhesion [52], [53].

As parylene deposition grows, the density grows and porosity lessens, and
other properties saturate at about 0.5 to 1 um, as more and more particles enter the
matrix of polymer [54]. The physics of the deposition also accounts for the typical

compressive stress for its deposition on solids (20 MPa) [55].

Parylene is less permeable to gases than silicone by orders of magnitude, but
it is nonzero [44]. See table 1.3. The permeability of parylene grows according to

the Arrhenius relationship at a rate of doubling roughly every 10 °C [56].

1.5 Glass Transition Temperature
As a plastic, parylene can undergo various plastic deformations. One of
the properties that can itself change is the glass transition temperature. The glass

transition temperature is a way of characterizing the material.

Plastic materials can undergo a change with temperature where they are more
crystalline at lower temperature, and more rubbery at higher temperature. The
transition is not instantaneous with temperature, but rather a temperature range.
Nonetheless, it is common to quote a single value as a shorthand for the boundary

between these states, and this is called the glass transition temperature [5], [S7].

Plastic polymers like parylene, can undergo permanent change, hence the
name. Even though Figure 1.19 may imply an indifference to time or history effects,
those do occur. Specifically, flexible, freshly deposited parylene at room temperature
may exist in the glassy region initially, but if the temperature exceeds even the glass
transition temperature and cooled down again, it can become brittle and more glass-
like. The mechanics of this are studied in depth in literature [5], [57], [58]. Fresh
PA-C has a glass transition temperature Ty of around 42 °C, but PA-D has a Ty of
around 82 °C, while PA-HT has a Ty in excess of 200 °C, much higher temperature
than any process involved in this project [5], [44]. As explained in the later chapters,
avoiding exceeding the glass transition temperature of the parylene as deposited on
oil is critical to maintaining the mechanical properties and avoiding unpredictable
behavior such as plastic shrinking. For example, this can greatly change the pressure
offset in the film and make the sensor inaccurate.
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Figure 1.19: Elastic modulus response versus temperature change. Reprinted from

[5].

1.6 Solubility and Permeability

Water diffusion follows Fick’s law.

ac
ot

If there is a liquid in contact with a gas, then the concentration C is related to the

=Dr?C (1.1)

the pressure of the gas p by Henry’s Law.
C=Sp (1.2)

where S is the solubility constant. This linear relationship holds at small concentra-

tions until the saturation concentration is reached, where it can be written

Csat = Spsat (1.3)

Relative humidity Ry is defined as
Ry = — (1.4)

Within the context of saline soaking tests and in the context of medical implants, we
simply assume Ry to be 100%. The form of the equation for the water saturation

limit versus temperature is

E
M1 = Aexp RTa (1.5)
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Silicone oil is available in a variety of viscosities. In Figure 1.20, two
viscosities of silicone oil (100 ¢St and 10k cSt) were each examined for their water
saturation limit by two different methods, the Karl Fischer method and the Freeze
Dry method [59]. As seen in the figure, the water saturation limit of silicone oil is

around 300 100 ppm at body temperature.

Water Saturation Limit of Silicone Oil
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Figure 1.20: Water saturation limit for silicone oil versus temperature. Parameters
and equation taken from [59].

The low saturation limit of the oil is key to limiting the electrolytic corrosion
in the long term more than the permeation. Unless the permeability of the encapsu-
lating material is low enough to be on the order of glass or hermetic metals, which
parylene and other organic polymers are not, then the saturation limit of water at the
interface or surface of metal or electronics is the determining factor, not the barrier
properties [60]. In other words, since equilibrium will be reached, Fick’s law is
moot. See Tables 1.2 and 1.3 and Figure 1.21.

Also notice the much larger value of water vapor saturation limit for polyimide
than for parylene or oil [63]. This is a significant bottleneck for the use of polyimide
for very long term implants, although polyimide is admittedly easier to obtain/make
since the technology is more mature. There are additional requirements for hermetic

materials and packages, as is well documented [64].






