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Abstract

A new fiber optic microsensor has been developed for pressure measurement. The pressure microsensor is extremely small
(360 um). Performance characteristics of the microsensor were evaluated over a pressure range from 0 to 250 mm Hg. Five sensors
were compared to a National Institute of Standards and Technology traceable reference pressure. The microsensor had an accuracy,
repeatability, and linearity better than 2% full-scale output (FSO) and a hysteresis of 4.5% FSO.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the first reported measurement of interstitial
fluid pressure by Landerer in 1884 (Landerer, 1884)
many different measurement techniques have been used.
Pressure measurement systems can be classified as either
fluid filled or solid state. A comprehensive review of
techniques to measure interstitial fluid pressure has been
performed previously (Aukland and Reed, 1993; Wiig,
1990).

Fluid-filled methods consist of the needle manometer,
wick technique, and micropipette technique. The needle
manometer (Burch and Sodeman, 1937; Landerer, 1884)
is a fluid-filled system which uses a slow, continuous
infusion to keep the needle patent. The wick technique
for pressure measurement consists of a cotton wick
inserted into a 1.5mm Teflon tube and introduced into
the tissue through a needle (Scholander et al., 1968).
Hargens (Hargens et al., 1977) later modified the
technique to become the wick catheter technique. A
third type of system uses a glass micropipette with a
Sum tip diameter, making this the least traumatic
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method and also resulting in the least tissue distortion
(Wiederhielm et al., 1964). However, micropipette
measurements require tissue immobilization. Fluid-filled
pressure recording systems are sensitive to hydrostatic
artifacts (Matsen et al., 1976; Rorabeck et al., 1981;
Styf, 1989). Thus, fluid-filled systems may be used only
with limited movements that do not involve position
changes relative to the horizontal plane rendering this
technology inappropriate for measurements during
dynamic activities.

In contrast, a fiber optic transducer is not sensitive to
hydrostatic artifact (Crenshaw et al., 1990) and is
effective for measuring intramuscular pressure during
exercise (Crenshaw et al., 1992). Recently, Willy et al.
(1999) introduced an accurate self-calibrating, battery
powered electronic transducer-tipped catheter. How-
ever, the catheter tip is quite large (0.99 mm). Commer-
cially available fiber optic pressure transducers are also
too large for optimum comfort (0.55mm) and may
themselves induce pressure artifacts based on their large
size.

A new microsensor has been developed for measuring
interstitial fluid pressure. The purpose of this technical
note is to evaluate the accuracy, repeatability, linearity,
and hysteresis of this electronic fiber optic measurement
system.
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2. Methods

The pressure microsensor has a 360 um diameter
(Fig. 1). The measurement method is based on an
extrinsic Fabry—Perot interferometric (EFPI) technique
(Murphy et al., 1991). EFPI technology is a distance
measurement technique based on the formation of a
low-finesse Fabry—Perot cavity between the polished end
of a fiber and a reflective surface, which is the under-
surface of a diaphragm (Fig. 2). Light is passed through
the fiber, where a portion of the light is reflected off the
fiber/air interface (R1). The remaining light propagates
through the air gap between the fiber and the reflective
surface and is reflected back into the fiber (R2). R1 is the
reference reflection while R2 is the sensing reflection.
Fluid pressure causes displacement of the diaphragm.
These two light waves interfere constructively or
destructively based on the path length difference
traversed by the sensing reflection relative to the
reference reflection, and travel back through the single
mode fiber to the demodulation unit. A broadband
source is used to address the sensor head, while the

Fig. 1. Microscopic view of the pressure microsensor.

returned signal is analyzed with a miniature spectro-
meter (Fig. 2). The plots in Fig. 2 show the returned raw
signal at two different sensor air gaps. Absolute gap
information is contained in the frequency content of the
signal (Wavering et al., 2000).

A calibration chamber was used to test the micro-
sensor performance (Fig.3). The pressure in the
calibration chamber could be adjusted from 0 to
250 mm Hg. The microsensor was placed in the pressure
chamber and subjected to a dynamic pressure signal that
slowly increased to the maximum pressure and then
decreased to ambient pressure over 120s. The chamber
pressure was measured with a pressure transducer
(Model PX5500, Omega Engineering Inc., Stanford,
CT) traceable to the National Institute of Standards and
Technology (NIST) and accurate to 0.2% full scale. The
chamber pressure and microsensor pressure were
collected simultaneously at 20 Hz using a data acquisi-
tion board (PCI-MIO-16E-4 A/D National Instruments,
Austin, TX) and a Labview application.

Testing was performed to determine the transducer
performance characteristics of accuracy, repeatability,
linearity, and hysteresis. The output of the pressure
microsensor was compared to the NIST traceable
reference pressure. The algebraic difference between
the indicated value and the true value of the measurand
was the transducer’s error. Accuracy was defined as the
ratio of the mean error to the full-scale output (FSO).
Repeatability of the transducer was defined as the ability
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Fig. 2. Block diagram of the low-frequency, high resolution, fiber optic pressure measurement system. Light is conveyed via a fiber optic cable to the
sensor. Fluid pressure causes a diaphragm to deflect. The light is reflected back at the fiber optic interface and the sensor diaphragm. The returned
light is analyzed with a miniature spectrometer to determine the relative displacement of the diaphragm. The graphs represent the light spectrum that
is returned from the sensor before it is processed to determine the gap measurement.
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Fig. 3. Schematic diagram of the calibration setup. The pressure microsensor and a NIST traceable reference pressure transducer were co-located in
a 20mm? calibration chamber. A pressure source increased and decreased the chamber pressure which was measured with a NIST traceable

reference.
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Fig. 4. A comparison of the pressure recorded by microsensor to that
measured by a NIST traceable reference. The pressure is increased to a
maximum of 250mm Hg and then decreased. The microsensor
provides an accurate, linear response with minimal hysteresis.

of the transducer to reproduce an output reading when
the same measurand value was applied to it consecu-
tively, under the same conditions, and in the same
direction. Five calibration cycles were used to determine
the repeatability. The closeness of the transducer
calibration curve to a least-squares straight line was
defined as the linearity of the transducer. Linearity was
expressed as the maximum deviation of any calibration
point to the corresponding point of the least-squares
calibration straight line. Hysteresis was defined as the
maximum difference between any pair of output read-
ings obtained during a calibration cycle of the transdu-
cer when the measurand level was first increased and
then decreased throughout the entire pressure range of
the transducer. All performance characteristics were
specified as a percentage of FSO. Five sensors were
tested.

3. Results

The pressure microsensor displayed excellent accu-
racy, repeatability, linearity, and hysteresis. There was

Table 1
Pressure microsensor performance (n = 5)
Mean® Standard deviation
Accuracy 1.45 0.32
Repeatability 1.50 0.81
Linearity 1.61 0.20
Hysteresis 4.52 0.84

#Values are reported as a percentage of full-scale output (FSO).

close correlation between the reference pressure and the
pressure reported by the microsensor (Fig. 4). Accuracy,
repeatability, and linearity were better than 2% FSO
(Table 1). Hysteresis was slightly higher at 4.5% FSO.
The low standard deviation of all measurements
demonstrated that all transducers displayed similar
operating characteristics.

4. Discussion

This study demonstrates that the fiber optic pressure
microsensor accurately measures fluid pressure. The
microsensor is based on extrinsic Fabry—Perot inter-
ferometric techniques. The basic physics governing the
sensor make it immune to high electromagnetic inter-
ference environments. These sensors are very small, and
therefore ideal for in vivo applications where minimal
invasiveness is an important consideration. The sensor is
easy to use. Because the signal conditioning unit is fully
self referencing, calibration procedures that are typically
required with conventional strain-gauge techniques are
not required with this fiber optic sensor. The instru-
mentation requires only one connection per sensor and
the sensor may be disconnected at any time with no loss
of measurement reference. The signal conditioning unit
is designed for up to 8 sensor channels at a sampling rate
of 66 Hz.

Several studies have measured the accuracy of fluid-
filled and solid-state transducer systems. The accuracy
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of fluid-filled systems have ranged from 1% to 18%
(Hargens et al., 1977; Henkes et al., 1999; Mubarak et al.,
1976; Reed, 1979; Rorabeck et al., 1981; Shakespeare
et al., 1982; Styf, 1989; Wiig et al., 1981). The accuracy of
electronic solid-state systems have a similar range of
variability from 0.2% for a piezoelectric system (Willy
et al., 1999) to 17% for a solid-state system (Mubarak
et al, 1976). The accuracy of the microsensor is
comparable to the piezoelectric system and better than
other systems that are frequently used. While the accuracy
of the piezoelectric system is slightly better, it is also much
larger at 990um as compared to 360um for the
microsensor. The linearity for fluid-filled systems ranged
from 2% to 15% (Mubarak et al., 1976; Shakespeare
et al., 1982). The linearity of the electronic systems was
better, ranging from 0.3% for the piezoelectric system
(Willy et al, 1999) to 4% for the solid-state system
(Mubarak et al., 1976). Once again, the microsensor had
better performance characteristics than all other pressure
measurement systems with the exception of the piezo-
electric system. The repeatability and the hysteresis of
other measurement systems has not been reported.

Acquiring accurate interstitial fluid pressure has
always pushed the limits of available sensor technology.
The pressure microsensor described in this technical
note is smaller than other sensors. The advantage of this
small size is evident when comparing the size of the
microsensor to a muscle fiber. In normal human muscle,
the adult muscle fiber diameter is reached at 12—15 years
of age and varies over a narrow range (Oertel, 1988).
Adult muscle fibers range in diameter from 50 to 100 um
(Kirkeby and Garbarsch, 2000; Trappe et al., 2000). The
microsensor is approximately the same diameter as a
muscle fiber. This small size will permit minimally
traumatic measurement of intramuscular pressure.

In summary, a pressure microsensor has been devel-
oped that is smaller than other pressure measurement
systems and provides extremely accurate and repeatable
measurements. Future work will be undertaken to
evaluate the sensor biocompatibility. This will be
necessary before this sensor can be used for in vivo
human testing.
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