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Design challenges of implantable pressure monitoring system
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Pressure in various organs and body parts, such as blood vessels, heart, brain, eyes, bladder
and Gl tracts, is an important indication of health. Long term, continuous pressure monitoring is

critically needed for a number of applications. WWhen combined with existing neuro-prosthetics
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INTRODUCTION

Long-term, continuous pressure monitoring is critically needed for
a number of applications, including the monitoring of the intra-
arterial pressure of patients with hypertension, the intraocular pres-
sure of patients with glaucoma (Schnakenberg et al., 2000), the
bladder pressure of patients with neurogenic bladder dysfunction
(Sansen et al., 1987; Coosemans and Puers, 2005). More frequent
intraocular pressure (IOP) measurements are desirable not only
for a better understanding of glaucoma, which is characterized by
an elevated IOP, but also for a better management of individual
patients (Schnakenberg et al., 2000). Real time, continuous blad-
der pressure information can be used to stimulate the sphincter
muscles in an intelligent way (Sansen et al., 1987). This can be
particularly useful for patients with neurogenic bladder dysfunc-
tion (Coosemans and Puers, 2005). A shunt system currently used
for hydrocephalus or traumatic brain injury treatment could be
more effective with a continuous intracranial pressure feedback
(Olsen etal., 1967). Currently, the most common methods for
continuous pressure measurement are through a catheter-based
system. These methods are often only suitable for short term
measurement since percutaneous connections through skin present
infection risks. Catheter-based systems prohibit free movement of
the subject and limit feasibility to clinical settings. An implantable
telemetric pressure sensor would overcome these limitations and
problems. The combination of microelectronic circuits and wireless
technology led to the first efforts in the 1960s and 1970s towards
developing implantable pressure sensors (Van Citters et al., 1966;
Olsen et al., 1967; Casadei et al., 1972; Cooper and Beale, 1977).
However, a reliable, safe and implantable pressure sensor for long
term applications is not yet available in the market.

MAJOR PRESSURE SENSING METHODS

Pressure sensors can vary drastically in technology, design, per-
formance, application suitability and cost. A conservative esti-
mate would be that there may be over 50 technologies and at least
300 companies making pressure sensors worldwide (http://www.
absoluteastronomy.com/topics/Pressure_sensor). This paper only

devices, they may provide better solutions to many neural disorders. First efforts toward a
long-term implantable pressure monitoring system were initiated more than 40 years ago.
However, a reliable, safe and implantable pressure sensor for long-term applications is not yet
commercially available. This paper attempts to reveal the design challenges associated with
the development of a long-term implantable pressure sensor.
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discusses two types of pressure sensors that are widely studied for
biomedical applications: namely, the piezo-resistive and capaci-
tive. The absolute pressure range for biomedical applications is
typically from 400 to 1200 mmHg. A piezo-resistive sensor relies
on the resistivity changes of the piezo-resistors embedded on the
diaphragmatic membrane when it deforms due to pressure change.
Capacitive sensing uses the diaphragm deformation-induced
capacitance change. Capacitive electrodes are often formed on the
top and bottom surfaces of the sealed cavity and to convert the
information about pressure into an electrical signal (Varadan et al.,
2001). Both types of sensors can be fabricated in a miniaturized
fashion thanks to the advancement of micro-electro-mechanical
systems (MEMS) technology. Piezo-resistive sensors are normally
used in catheter based pressure sensing systems. They may be better
suited for periodic pressure measurement rather than for dynamic
telemetric applications as the power consumption is high. Piezo-
resistive sensor often produces a large temperature error (Flick and
Orglmeister, 2000). Capacitive sensors are more suited to implant-
able devices because of their sensitivity to pressure changes, low
noise and low temperature sensitivity (Akar etal., 2001). Most
importantly, the reduced power consumption is essential for wire-
less applications as power is not randomly available (Puers, 1993).
For this reason research in the area of implantable pressure sensors
tends to focus on the use of capacitive MEMS devices (Sansen et al.,
1987; Chiang et al., 2007; Ginggen et al., 2008). Drawbacks of a
capacitive sensor for implantable applications include the need for
active implanted electronics and its instability over various envi-
ronmental conditions.

DESIGN CHALLENGES OF AN IMPLANTABLE PRESSURE
MONITORING SYSTEM

An implantable pressure monitoring system should at least con-
sist of two parts: an implantable pressure sensor and an external
device. The external device needs to interface with, and pos-
sibly provide power and commands to, the implanted sensor,
and downloads data from it. For wireless sensing applications,
data transfer can be achieved through the use of radio frequency
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(RF), infrared or optical media. Of these options, RF is the most
popular. There are several prescribed frequency bands that are
available for the medical device community to choose from
(Akyildiz et al., 2002; Budinger 2003): the very high frequency
(VHF) band at 174-216 MHz, the ultra high frequency (UHF)
bands at 401-406 MHz and 450-470 MHz, and several narrow
bands within the industrial, scientific and medical (ISM) bands
of 6765 kHz to 245 GHz. Selection of a frequency for wireless
implant system communication depends on the location of the
implant, power needed to run the implant device, bandwidth
needed to download and upload data to and from the implant
device, and more. In general, for an implantable device utilizing
RF communication, a frequency in the low-MHz region provides
a good compromise between bandwidth and tissue absorption
(DeHennis, 2004; Yu, 2004). The challenges associated with the
electronics design for the external device or at system level will be
discussed elsewhere. This paper focuses on the challenges associ-
ated with the implantable device design.

Besides pressure sensor(s), some electronic circuitry for first-
stage data processing, power management and signal receiving
and transmitting is preferably included in the implantable device.
Common requirements for an implantable pressure sensor include:
the device must be small, have insignificant drift over the period of
its use, be compatible with modern imaging techniques (Computed
Tomography (CT) scan, Magnetic Resonance Imaging (MRI) scan
and ultrasound, etc.), be hermetic and biocompatible, and comply
with the Food and Drug Administration (FDA), American National
Standard Institute (ANSI), Association of Medical Instrumentation
(AAMI) and International Standard Organization (ISO) guidelines.
Geometry, measurement range, data transmission rate, sampling
rates, and sensitivity are the other design considerations which
strongly depend on the application. The following discussion
addresses the most critical of these.

DRIFT

Drift has been one of the major challenges for realization of a
reliable implantable pressure sensor. The drift of a catheter based
pressure sensor is handled by frequent re-calibration through an
external known reference pressure. However it is impossible to re-
calibrate a pressure sensor once it is implanted without surgical
intervention. Two kinds of drift are offset drift and sensitivity drift.
Offset drift refers to the changes in a sensor from its calibrated state.
This may be caused by the changes of mechanical properties of the
sensing element (diaphragm) due to aging from its calibrated point,
or changes of the reference pressure cavity (absolute type) because
gases leak into a vacuum cavity or out from the gas-filled cavity.
Sensitivity drift may be caused by mechanical fatigue (elastic modu-
lus change) of the diaphragm, or mechanical stiffness changes due
to attachment of cells or tissues to the sensing diaphragm over time
or diaphragm material corrosion. Zhou et al. (2000) reported sili-
con wafer showed sign of corrosion in Bicarbonate Buffered Saline
(BBS) at 37°C after about 6 months. The properties of the materials
used for constructing the pressure sensor are often temperature
dependent, which determines the temperature dependency of both
offset drift and sensitivity drift. MEMS sensor designers developed
intelligent circuits to compensate for both offset drift and sensitivity
drift of their specific sensor products. Packaging of the pressure

sensor can also lead to both sensitivity and offset drift. This impact
may be reduced through careful design of device packaging and
materials selection.

One way to minimize the drift induced by the attachment of vari-
ous biological substances to the diaphragm is to design the mechani-
cal stiffness of the diaphragm much greater than the mechanical
stiffness of the potential attached tissues. However, this will signifi-
cantly reduce sensor sensitivity. Frischholz et al. (2007) proposed a
biomaterial nano-layer to reduce cell growth on the sensing element.
However, no detail about the method or materials to be used was
offered in his paper. One other way is to protect the sensing ele-
ment from direct contact with connective tissue by containing the
pressure sensor in a bellow structure filled with silicone oil or other
uncompressible liquid. One unavoidable challenge of this approach
is guaranteeing the external pressure is transmitted to the sensing
element freely without distortion. Another challenge is compensat-
ing for the offset drift induced by the temperature dependency of
the coefficient of thermal expansion of the uncompressible fluid.
A silicone pearl was used by Flick and Orglmeister (2000) as the
transmitting media to measure pressure indirectly where a silicone
capsule is responsible for the protection of the system. No discussion
on the above mentioned challenges is offered in this paper.

DATA SAMPLING RATE AND LOW POWER CONSUMPTION
Sampling rate is a variable that depends on the application. Higher
sampling rate is preferred since it often provides more informa-
tion. However, the power consumption increase of the telemetry
commensurates with the increase in the data transmission sam-
pling rate. For a battery powered device, higher power consump-
tion means shorter lifetime of the device. For a remotely powered
device, higher power consumption will decrease its communi-
cation distance. Moreover, more heat will be generated due to
higher power consumption from the implant which may damage
the contact tissue. ISO 14708—Clause 17 requires any part of an
implantable device surface temperature increase should be less
than 2° Kelvin. The implementation of micro-fabrication tech-
nologies has allowed the development of devices with decreased
size and power consumption.

HERMETIC AND BIOCOMPATIBLE PACKAGE

The development of a durable packaging solution for a sensor that is
compatible and resistant to the human fluids is a well known chal-
lenge. One such factor that makes it so challenging is the corrosive
environment in which the implant device has to survive (Kanda
and Aoshinma, 1981). Another factor is the biocompatibility and
hemo-compatibility of the package material (Yuen et al., 1990). It is
crucial for the life of a device and the protection of the body to use a
material that would satisfy both needs. Kotzar et al. (2002) evaluated
the biocompatibility of several typical MEMS materials, including Si,
poly-§i,SiO,, Si,N,, SiC, Ti and SU-8 epoxy photoresist and reported
negative biocompatibility issues. Other biocompatible materials that
have been successfully used for implantable medical device packaging
include titanium and its alloys, noble metals and their alloys, bio-
grade stainless steels, some cobalt-based alloys, tantalum, niobium,
titanium-niobium alloys, Nitinol (a shape memory alloy), MP35N" (a
nickel-cobalt-chromium-molybdenum alloy), alumina, zirconia, and
some biocompatible glasses and polymers (Jiang and Zhou, 2009).
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A hermetic package is necessary to prevent moisture from ingres-
sion into the implant device that might cause failures such as open
circuits, surface electrical leakage, and electrical shorts due to mois-
ture-promoted dendritic growth of silver and gold. Ingress of other
active gases, such as oxygen, could also cause attachment failure of
solder-attached components due to solder oxidization.

One particular challenge associated with packaging implantable
pressure sensors comes from the fact that MEMS pressure sensor
performance is very sensitive to packaging-induced stress and the
packaging processes. The two most typical materials used for MEMS
pressure sensor manufacturing are silicon and glass. Corning 7740
(Pyrex®), Corning 7070, Corning 1729, Corning 9626, Schott 8330
(Tempax®) and SD-2 (HOYA) are the most popular glass materials
because they have a close coefficient of thermal expansion (CTE) to
silicon (Rogers and Kowal, 1995; Harz and Engelke, 1996). Anodic
bonding is widely used to form the hermetic seal between glass and
silicon. At the present time, most silicon micro-sensors are made
using this technology. It does not need interlayer materials, which
simplifies the manufacturing process and eliminates biocompat-
ibility concerns. Good biocompatibility of both Si and Pyrex® glass
has been documented (Dokmeci et al., 1997; Kotzar et al., 2002).

Similar to micro pressure sensor manufacturing, minimizing
residual stress is the most important goal for packaging pressure
sensors for implantable applications. If direct bonding to the pres-
sure sensor body is required, selecting materials that have well-
matched CTEs for pressure sensor packaging is the key. Minimizing
parasitic capacitance should always be kept in mind when design-
ing a package for a capacitive pressure sensor. Increased parasitic
capacitance will degrade the pressure sensitivity of the implantable
pressure device. Parasitic capacitance could be reduced by using
short leads, enlarging distance between leads and low dielectric
constant materials between leads.

OTHER DESIGN CHALLENGES

One other design consideration for the implantable device is its
compatibility with popular imaging diagnostic tools, such as CT
scan, MRI and ultrasound. MRI is a tool that is especially useful
in neurological (brain), musculoskeletal, cardiovascular, and onco-
logical (cancer) imaging. The implantable device has to be designed
so it is at least MR safe if not MR compatible. Ferrite material can
significantly improve RF communication efficiency. However, a
second thought must be given when one is to use ferrite materials
in the implant device since it interacts with MR and cause heating
and significant imaging distortion. Overdose X-ray exposure could
permanently erase the stored data in memory chips and potentially
cause device failure, so cautions are to be given. High intensity
ultrasound energy could potentially damage electronic assemblies
inside the implant and the package and cause device malfunction
or failure, which raises the bar of requirements for both electronics
assembly and package integrity.

CONCLUSION

Long term, continuous pressure monitoring is critically needed
for a number of applications. An implantable telemetric pressure
monitoring system will fill this important need. Minimal drift,
adequate data transmission and sampling rates while maintaining
low power consumption, and biocompatible and hermetic pack-
age are among the top design challenges. Above challenges must
be overcome before a reliable, long term, and continuous pressure
monitoring system can be realized.
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