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Abstract
We demonstrate the application of polydimethylsiloxane (PDMS) thin films in highly sensitive
pressure and oxygen sensors, designed for pressure and oxygen content measurements within the
heart and blood vessels. PDMS thin film displacement as a result of pressure changes was transduced
by a capacitive detection technique to produce quantitative measurement of absolute pressures.
Oxygen measurements were obtained by transducing the current change between a Pt and an Ag/
AgCl electrode on a glass substrate, with KCl soaked filter paper as the electrolytic media that is
separated from the oxygen carrying fluid by a thin PDMS membrane. The best sensitivity for the
pressure sensor was ~0.1 nA/KPa, with a noise limited resolution of ~0.09 KPa. For the oxygen
sensor, the best sensitivity was ~2.75 μA for 1% change in oxygen content of the surrounding media,
with a noise limited resolution of ~6.18 ppm oxygen. These experimental results agree with
theoretical modeling predictions, and suggest that the semi-permeable and biocompatible PDMS can
be successfully adopted as the contacting membrane in an integrated sensor design to quantify
pressure and oxygen content in blood.
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1. Introduction
Reliable and accurate blood pressure and oxygenation measurements within the cardiovascular
system have important clinical applications. In particular, following pediatric heart surgery,
pressures and oxygen content in the various heart chambers provide important clinical
information on the functional status of the cardiopulmonary system, and therefore require
constant monitoring during postoperative recovery. Presently, intracardiac pressures are
monitored by fluid-filled catheters that traverse the wall of the heart and body wall to connect
to an external transducer. There are associated significant bleeding, infection, and malfunction
risks. Oxygen measurements require removing significant volume of blood from the patient
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for blood gas analysis. This not only wastes blood volume in sometimes very small patients,
blood gas analysis does not allow for continuous oxygenation monitoring in critically ill
patients. There is a clinical need to develop an integrated sensor system that can simultaneously,
and continuously, monitor pressure and oxygenation within the cardiovascular space. And
because of the size constraints in infants and small children, this novel sensor system needs to
allow for sufficient miniaturization.

A variety of pressure sensors exist based on optical, capacitive, piezoelectric, and piezoresistive
transduction mechanisms [1] - [4], with piezoresistive and capacitive most commonly adopted
in the clinical setting. The piezoresistive sensor, developed in the 1980s, has gained popularity
because of its high linearity within the sensitivity range. However, it is prone to temperature
variations, so temperature compensation circuits are necessary. In addition, it requires a very
thin diaphragm to obtain sufficient sensitivity, which in turn requires sophisticated fabrication
processes (i.e. ion implantation or thermal diffusion processes). On the other hand, capacitive
pressure sensors have improved sensitivity, and are largely independent of environmental
temperature fluctuations. In addition, capacitive pressure sensors are relatively simple and less
expensive to fabricate, and their high scalablility allows for easier miniaturization.

Oxygen sensing in blood has primarily been developed using either optical or electrochemical
methods. Optical sensing method applies a light source into blood, and requires fluorescence
or luminescence technology to detect absorption. Typically the intensity of luminescence
decreases along with time and the oxygen concentration in the sample can be calculated from
the degree of quenching. Because of the high power requirement, and the need for sizable
components, application in the pediatric cardiovascular system is prohibitive. However,
electrochemical methods that apply a Clark electrode using platinum electrode (cathode), silver
electrode (anode) and KCl electrolyte hold great promise as an implantable sensor system for
intra-cardiac oxygen sensing. For example, Suzuki et al. suggested an integrated miniaturized
system to measure pO2, pCO2 and pH using glass fabrication technology [5], and further
developed an electrochemical microsystem to measure pO2 in blood sample using Clark type
electrode to characterize its sensitivity [6].

In order to develop an integrated pressure and oxygen sensor, we report the application of
PDMS thin films in a novel capacitive and electrochemical sensor design. The application of
PDMS offers distinct advantages over other biocompatible materials: (i) higher sensitivity due
to low young’s modulus of PDMS (<100 MPa), (ii) very high permeability to oxygen but
impervious to liquids, and (iii) proven biocompatibility. Due to low young’s modulus of PDMS,
highly sensitive pressure sensors can be fabricated by transducing the PDMS membrane
deflection [7]. This is especially critical for sensors with small dimensions, as in pediatric
cardiovascular application, which in general have reduced sensitivity due to reduced deflection.
Integrating the PDMS thin film as the separation membrane in the electrochemical Clark
electrode, the high permeability for oxygen also allows for fast response time for oxygen
sensing. In this study, we report the feasibility of using thin PDMS membranes for measuring
changes in oxygen content and pressure in a fluid environment. These results suggest that
PDMS thin films can be successfully adopted in an integrated pressure and oxygen sensor
design, with potential for clinical cardiovascular applications.

2. Materials and methods
2.1 Pressure sensor design

The operation of the pressure sensor is based on the change in deflection of a thin PDMS
membrane with change in fluid pressure. The pressure induced deflection of the PDMS
membrane can be estimated from the change in capacitance between the membrane (which can
be made conductive by coating with a metal film), and another conductive stationary electrode
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placed in close proximity [see Fig. 1 (a)]. The change in capacitance can be determined from
the change in ac current flowing between the two plates of the capacitor upon application of
an externally applied ac voltage [3]. The deflection of a thin membrane w(r) at a given radial
distance r [see Fig. 1 (b)] is given by [8]:

(1)

where, p is the uniform differential pressure applied at the bottom of the membrane, rm, ν, E
and t are the radius, poisson’s ratio, elastic constant, and thickness of the membrane,
respectively. The calculated variations of w(r) as a function of its thickness and radius based
on Eq. (1) are shown in Figs. 2 (a) and (b). The relationship between the current Iac flowing
through the capacitor (C), and the membrane deflection Δd, is given as:

(2)

Here the capacitance has been calculated based on parallel plate approximation, and assuming
Δd ≪ d.

We built a pressure sensor prototype using PDMS membrane with diameter 3 mm and thickness
30 μm, which was coated with a layer of Cr (5nm)/Au (25 nm) to make it conductive. Figure
3 shows an optical image of the PDMS membrane as well as a cross-sectional scanning electron
micrograph (SEM) image of a typical PDMS film. The membrane pressure was varied by
changing the height of a water column in a vertical tube which was attached to the fluid cavity.
The change in pressure was determined by measuring the ac current flowing between the metal
coated PDMS film and another Au coated Si wafer counter electrode with nominal size 2 × 2
mm, by applying an ac voltage of 1 V rms and frequency 1 KHz. The separation d, between
the two electrodes was kept at 3 mm. The pressure on the PDMS membrane was changed by
varying the height of the water column in a pipe attached to the fixture as shown in Fig. 1(a).

2.2 Oxygen sensor design
The blood oxygen sensing was performed based on the change in current flowing between a
Pt and an Ag/AgCl electrode kept in contact with KCl solution soaked filter paper. The current
flowing between the electrodes, which were maintained at a potential difference equal to the
reduction potential of dissolved oxygen, can respond to any change in the dissolved oxygen
content in the KCl solution with high sensitivity [9], [10]. For estimating the oxygen content
of a given test liquid, the sensor (and KCl soaked filter paper) can be separated from the liquid
using a PDMS thin film as the intervening membrane. Due to high oxygen permeability of the
PDMS membrane [11], the dissolved oxygen in the KCl solution will track the dissolved
oxygen content in the test liquid quite accurately.

The fabricated sensor consisted of three layers: a gas-permeable membrane (PDMS, film
thickness: 30 μm), a membrane filter with the dimension of 20mm × 12mm (Isopore
VMTP4700, Millipore Corp., USA) containing electrolytic solution (KCl 0.1 mol/L). The
schematic diagram of the sensor is shown in Fig. 4. Pt working electrode and Ag/AgCl reference
electrode are fabricated on the top layer with electron beam deposition (electrode thickness:
100 nm). The electrode is a simple stripe design: the width of the Pt electrode 10 mm and that
of the Ag/AgCl electrode is 5 mm. The sensor is fabricated by stacking the electrodes, gas-
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permeable membrane and solution-permeable filter together. Its chemical reactions are
followings:

3. Results and discussion
3.1. Pressure sensor

To evaluate the pressure sensor, we varied the height of the water column in a polyethylene
pipe attached to the text fixture in Fig. 1(a) over a range of 350 mm, or equivalent of ~26 mm
Hg, which is on the order of the expected range of cardiac pressure variation (usually several
tens of mm of Hg). The change in the measured output current plotted against the change in
pressure is shown in Fig. 5. The theoretically calculated response based on Eqs. (1) and (2) is
also shown for reference. A very nice theoretical fit to the experimental data can be observed.
For theoretical calculations we assumed: d = 3.0 mm, t = 30 μm, rm = 1.5 mm, E = 92 MPa,
and effective area of 18 mm2. The effective area used in the theoretical simulation is larger
than the actual area of the electrode due to parasitic effects associated with the metallic holder
holding the counter electrode. The young’s modulus of 92 MPa was determined for the PDMS
films based on Eq. (1), using their deflection of 1 mm for a pressure change of 3.5 KPa. We
observe from Fig. 5 that the maximum sensitivity of this pressure sensor is > 0.1 nA/KPa. To
find out the noise limited sensitivity, we measured the noise of the sensor, which is shown in
the inset of Fig. 5. The rms noise is measured to be ~0.009 nA, making the noise limited
resolution of the sensor as ~0.09 KPa or ~0.68 mm Hg. This is more than sufficient for blood
pressure sensing applications which typically have resolutions of ~1 mm Hg. The non-linearity
observed for entire range of ~26 mm Hg is also quite small, enabling high resolution operation
in the entire range of interest. This resolution can be further improved by reducing the distance
between the PDMS membrane and the counter electrode (see Fig. 1). In addition, the sensor
can be easily miniaturized and even microfabricated, since the PDMS films can be easily
miniaturized and electrodes can be deposited by micro-lithographic techniques.

3.2 Oxygen sensor
In the beginning, we performed cyclic voltammetric measurements using KCl solution (0.1
mol/L) with equilibrium concentration of dissolved oxygen from air at room temperature. For
the measurements, a voltage bias varying from 0 to -1.2 V was applied to the sensor using a
function generator (33250A, Agilent, USA) at a very slow rate of 9.6 mV/s. The output current
from the electrodes was measured using a current preamplifier (DL 1211) and stored in a
computer via a data acquisition system. The calibration measurements were performed in an
air filled plastic cylinder chamber (radius = 40 mm, and height = 15 mm). The cyclic IV
characteristics are shown in Fig. 6. A current plateau can be observed around E = ~-1.0V, with
respect to to Ag/AgCl electrode. The limit of the current plateau is given by Levich equation
[12], which is controlled by the diffusion rate of the dissolved oxygen in solution at this
potential. For best performance, electrochemical oxygen sensors usually operate at the potential
where the plateau current occurs [13] – [15]. Thus, in our experiments, a steady dc bias of -1.0
V was applied to the Ag/AgCl reference electrode of the sensor. To calibrate our sensor, we
compared its output current against a commercially available dissolved oxygen meter (DO6
Acorn series, Oaklon, USA). For this, the analyzing port of the oxygen meter was placed right
next to our sensor inside the chamber, and covered with the same KCl solution. The dissolved
oxygen in KCl solution was changed from 0.9 mg/L to 8.0 mg/L by flowing 5%, 15% and 25%
O2 (in mixture with pure Ar) gas into the chamber in stages. The output current of the sensor
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was measured and correlated with the measurement results from the oxygen meter. The
calibration curve based on the sensor and this oxygen meter is shown in Fig. 7. The regression
analysis between the output current and the dissolved oxygen concentration was performed,
and a least-square fit line was obtained with the following relationship: Output sensor current
(μA) = 123.5 + 23.2 × dissolved oxygen conc. (mg/L).

After the initial calibration experiments, the sensor was subject to pure Ar, 10% and 30% O2
and the responses are shown in Fig. 8(a). The output current was significantly reduced by ~30
μA, when 10% O2 gas (10 % O2 and 90 % Ar) was flown into the air-filled chamber. The
response time to reach a steady current level is approximately 40s. The current began to recover
right after the gas flow was stopped, as air started to flow in the chamber. The recovery time
to return to the original level of current was almost four times higher than the decay response
time, which however, can be reduced by flowing fresh air into the chamber at a high flow rate.
As shown in Fig. 8(a), the sensor output shows repeatable current response in presence of 10%
O2, and the current is reduced by ~30 μA for each cycle. In contrast to the 10% O2, exposure
to 30% O2 makes the output current change in the reverse direction, and increase sharply by
~25 μA. This is because the oxygen current content in the sensor ambient is now increased
compared to the baseline value of 20%. The response time for the current to reach a steady
value in this case is also ~40 sec, similar to decay response time observed for 10% O2. However,
the recovery time observed is even longer than the first case. The ratio of the recovery to
response time is comparable to other Clark electrodes based sensors [16].

To determine the sensor performance over a large range of oxygen concentration, it was further
exposed to 60% and 90% O2. We observed that the change in output current is +60 μA for 60%
O2 gas, and +75 μA for 90% O2. Figure 8(b) shows the change in output current as the sensor
is exposed to different oxygen composition from the baseline air environment. We observe
that the output current changes much faster with change in oxygen composition for lower
oxygen concentration, but gradually tends to saturate for higher oxygen concentration. This is
possibly because the oxygen generated current starts to get affected by the diffusion-limitation
of dissolved oxygen at the Pt electrode [12].

From Fig. 8(b), we find the highest sensitivity is 2.75 μA per % O2 change (calculated by
simple interpolation in the range of 10% - 30%), which corresponds to 0.118 mg/L in term of
the dissolved oxygen in KCl solution from the calibration curve shown in Fig. 6. On the other
hand the lowest sensitivity of the sensor is determined as 0.83 μA per % O2 change (calculated
by interpolation in the range of 60% - 90%), and that of the sensor could be 0.035 mg/L. The
RMS noise associated with the output signal as determined from its variance is 0.0017 μA.
Thus, the best and worst noise limited resolutions for the sensor are 6.18 and 146.55 ppm O2
in gas phase, respectively.

Finally, to determine the applicability of the sensor for measuring dissolved oxygen content in
unknown liquids, we varied the oxygen concentration of a test KCl solution separated from
the sensor electrolyte by a 30 μm PDMS membrane. We compared the response of the sensor
for 10% and 30% O2 exposure of the test KCl solution. The output current response of the
sensor is shown in Fig. 9. We observe that the change in output current of the sensor for 10%
O2 gas exposure is -26 μA, which is marginally less than the response of the sensor when
directly exposed to the gas. However, the change in current due to 30% O2 gas exposure to the
test liquid is only +12 μA, which is much less than direct gas exposure. In addition, the response
time is also much larger, in the order of a few minutes. This reduction is obviously associated
with the presence of the PDMS barrier, which slows down the diffusion of the carriers to the
sensor from the test solution. The presence of the PDMS thin film is essential, however, since
it separates the test liquid from the sensor, and only allows the diffusion of the dissolved gas
(es). This is necessary for testing sensitive liquids, such as blood, where no contamination is
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permissible. We believe that making the PDMS film thinner, and preparing better contact
between the test solution, PDMS film, and sensor electrolyte, will help to reduce the response
time and enhance the sensitivity.

4. Conclusions
In conclusion, we have utilized biocompatible PDMS thin films to fabricate scalable pressure
and oxygen sensors that may be integrated and implanted in heart and blood vessels. We have
shown high sensitivity of the sensor for pressure changes up to ~0.68 mm Hg. The oxygen
sensor also demonstrated a high sensitivity of 0.83 μA per % O2 change, which translates to a
noise limited resolution of 6.18 ppm O2 in Ar mixture. Measurement of dissolved oxygen in
a test liquid with an intervening PDMS film placed between the sensor and a test liquid was
also successfully demonstrated. This study demonstrates encouraging performance of the
sensors in both pressure and oxygen measurements, and underlines the feasibility of fabrication
of an implantable miniaturized integrated pressure/oxygen sensor for a wide variety of
biomedical applications.
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Figure 1.
Schematic diagram of the (a) pressure sensor and (b) measurement set up.
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Figure 2.
Variation of PDMS membrane deflection as a function of its (a) thickness, and (b) radius.
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Figure 3.
(a) Optical image showing the PDMS membrane and thick cavity walls, (b) Cross-sectional
SEM image showing the thickness and uniformity of a typical 30 μm thick PDMS film.

Koley et al. Page 9

Mater Sci Eng R Rep. Author manuscript; available in PMC 2010 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Schematic diagram of the oxygen sensing set up.
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Figure 5.
Variation of capacitive current with pressure on the PDMS membrane. The theoretical
simulation is also shown for comparison. Inset shows the rms noise plotted as a function of
time.
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Figure 6.
Cyclic voltammogram plot for the Pt and Ag/AgCl electrode. The sensor is made to operate at
the largest current by biasing at ~ -1 V, which is marked by the dotted line.
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Figure 7.
Correlation between the maximum electrode current and the oxygen concentration measured
by a commercial oxygen sensor.

Koley et al. Page 13

Mater Sci Eng R Rep. Author manuscript; available in PMC 2010 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
(a) Time dependent electrode current as the ambient air is replaced by oxygen-argon mixture
with oxygen content of 10% and 30%. (b) Variation of maximum electrode current with oxygen
concentration. Inset shows the rms noise plotted as a function of time.
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Figure 9.
Sensor response for 10% and 30% oxygen exposure to the test KCl solution separated with a
thin PDMS membrane from the actual sensor.
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