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Abstract. We developed a miniature fiber optic pressure sensor sys-
tem and utilized it for in vitro intradiscal pressure measurements for
rodents. One of the unique features of this work is the design and
fabrication of a sensor element with a multilayer polymer-metal dia-
phragm. This diaphragm consists of a base polyimide layer �150 nm
thick�, a metal reflective layer �1 �m thick�, and another polyimide
layer for protection and isolation �150 nm thick�. The sensor element
is biocompatible and can be fabricated by simple, batch-fabrication
methods in a non-cleanroom environment with good device-to-
device uniformity. The fabricated sensor element has an outer diam-
eter of only 366 �m, which is small enough to be inserted into the
rodent discs without disrupting the structure or altering the intradiscal
pressures. In the calibration and in vitro rodent intradiscal pressure
measurements, the sensor element exhibits a linear response to the
applied pressure over the range of 0–70 kPa, with a sensitivity of
0.0206 �m/kPa and a resolution of 0.17 kPa. To our best knowl-
edge, this work is the first successful demonstration of rodent intradis-
cal pressure measurements. © 2008 Society of Photo-Optical Instrumentation Engi-
neers. �DOI: 10.1117/1.2967908�
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Introduction
ower back pain, which continues to be a leading cause of
isability in people of all ages, has been associated with de-
enerative disc diseases. Some studies on humans and ani-
als have found that the mechanical stress, especially the

tress-induced fluid pressure within the intervertebral disc, is
ne of the main factors and indicators of the health of a
isc.1,2 However, a quantitative study remains a challenge due
o the constrained space inside a disc and the lack of minia-
ure sensors. A simplified diagram of the healthy interverte-
ral disc is illustrated in Fig. 1. The disc is composed of an
nnulus fibrosus and a nucleus pulposus. The annulus fibrosus
s a strong radial tirelike structure made up of lamellae, which
re concentric sheets of collagen fibers connected to the ver-
ebral end plates. The nucleus pulposus is enclosed by the
nnulus fibrosus. Although the nucleus pulposus is composed
f water, collagen, and proteoglycans �PGs�, the dominant
ortion of it is the fluid �water and PGs�. The amount and
ressure of water in the nucleus vary from time to time de-
ending on physical activity and state of health. To measure
he interstitial fluid pressure, a pressure sensor has to be in-
erted into the nucleus as shown in Fig. 1. Traditionally, com-
ercially available miniature sensors are inserted via a needle
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ity of Maryland, 2181 Martin Hall-College Park, MD 20742 United States of
merica; Tel: 301-405-0355; Fax: 301-314-9477; E-mail: exmzhang@umd.edu
ournal of Biomedical Optics 044040-
through the annulus into the nucleus. Due to the relatively
large size �in millimeters� of the sensors, the experimental
studies are limited to humans, pigs, and rabbits that have large
discs.3–6

With the prevalent use of rodent disc models in mechano-
biology, it is important to characterize the intradiscal pressure
of rodent tails under external stresses. However, due to the
small dimensions of the rodent disc, which is only a few
millimeters in height, even the smallest-diameter probes that
are currently available are too large to be inserted into rodent
discs without altering the disc mechanics. Research conducted
by Ryan and Hsieh7 showed that the insertion of a 22-gauge
or smaller needle for introducing a pressure sensor into the
disc would not adversely affect the disc mechanics; this pre-
scribes an approximate maximum diameter of 400 �m for the
pressure sensor.

To successfully carry out rodent disc pressure measure-
ments, the sensor should have the following attributes: �1�
miniature size, �2� biocompatibility, �3� appropriate dynamic
range and sensitivity to capture the pressure within the rodent
disc, and �4� adequate detection system to pick up the small
diaphragm deformation. For the sensor fabrication, repeatable
and batch fabrication is desirable. In addition, since the pres-
sure sensor will be in direct contact with the biological tissue

1083-3668/2008/13�4�/044040/8/$25.00 © 2008 SPIE
July/August 2008 � Vol. 13�4�1



i
e

d
fi
s
f
h
h
f
s
p

r
i
s
c
t
b
o
t
a
I
t
fl
fi
c
R
w
a
s
p
l
t
s
p
c
T
o
l
n

m
t
u
�
c

F
i
m

Nesson et al.: Miniature fiber optic pressure sensor…

J

n the disc, the sensor diaphragm material should be elastic
nough to avoid catastrophic failures.

Recent advances in fiber optic sensors have enabled the
evelopment of sensors with a size comparable to the optical
ber diameter �typically 125 �m�. Such sensors make it pos-
ible to directly insert into rodent discs without adversly af-
ecting the disc mechanics. In addition, fiber optic sensors
ave the advantages of being lightweight, biocompatible,
ighly sensitive, and not susceptible to electromagnetic inter-
erence �EMI�.8 Optical sensors can also be exceedingly ver-
atile, making them an appropriate choice for rodent disc
ressure measurements.

Several miniature fiber optic pressure sensors have been
eported recently.9–20 These sensors are used in either an
ntensity-based system13 or an interferometry-based
ystem.9–12,14–20 Intensity-based systems measure the intensity
hange of the reflected light in response to the deflection of
he sensor diaphragm. Such systems are simple to construct,
ut they suffer from the problems of low sensitivity, low res-
lution, and low signal-to-noise ratio due to power fluctua-
ions, especially when a sensor is installed inside a catheter or

guide wire for invasive diagnosis and surgery.
nterferometry-based systems make use of the interference be-
ween the reflected beam from a diaphragm and another re-
ected beam from the fiber end face, constituting a low-
nesse Fabry–Pérot �FP� cavity. Most FP sensors are based on
onventional interferometry with a coherent light source �e.g.,
efs. 10, 12, and 14�. These sensors are typically operated
ithin a “linear” range in the vicinity of a quadrature point

nd hence have a limited dynamic range. In addition, the sen-
or operating point suffers from drift due to environmental
erturbations and light-source wavelength fluctuations. The
ow-coherence interferometry technique has been introduced
o address these problems. In this technique, a broadband light
ource is used to illuminate the system. In spectral-domain
rocessing, a change in pressure will cause a corresponding
hange in the spectrum-domain interference pattern.9,11,16–19

his change can be directly measured by using a spectrometer
r an optical spectrum analyzer �OSA�. Such a system has a
arge dynamic range, a high signal-to-noise ratio, and immu-
ity to power and wavelength fluctuations in the light source.

In terms of sensor design and fabrication, the reported
iniature fiber optic pressure sensors can be classified into

he following categories: �1� pressure probes fabricated by
sing conventional machining and assembly techniques,12,14,15

2� all-silica pressure sensors fabricated by using splicing,
leaving, and wet etching the optical fibers and the silica

ig. 1 Schematic diagram of a healthy intervertebral disc with the
nsertion of a miniature pressure sensor for intradiscal pressure
easurements.
ournal of Biomedical Optics 044040-
tubes,10,11 �3� pressure probes fabricated using cleanroom mi-
crofabrication techniques such as photo lithography, etching,
and bonding,9,17–19 and �4� pressure probes with a UV-cured
polymer diaphragm covered on the end of a hollow glass tube
or other type of spacer.13,20 For most of these sensors, the
application prospect for rodent disc pressure measurements is
limited by the complicated fabrication procedures, which are
plagued by poor repeatability, brittle diaphragm materials,
low-pressure sensitivity, and non-biocompatibility. In addi-
tion, none of these techniques can help realize batch fabrica-
tion of a number of sensor elements with uniform diaphragm
thickness and sensor cavity length.

In this work, a miniature, biocompatible sensor with a low-
coherence interferometry-based optical interrogation system
is developed to facilitate the intradiscal pressure measure-
ments of the rodent tail. The rest of the article is organized as
follows. Section 2 describes the development of the overall
sensor system, which includes the design, fabrication, and
calibration of the pressure sensor element as well as the de-
velopment of the optical interrogation subsystem. Section 3
presents the experimental studies on intradiscal pressure mea-
surements conducted using the developed sensor system. Fi-
nally, concluding remarks appear in Section 4.

2 Development of the Sensor System
The overall sensor system consists of a pressure sensor ele-
ment and an optical interrogation subsystem. The sensor ele-
ment includes a diaphragm structure as the pressure trans-
ducer. When the sensor element is inserted into the rodent tail,
the diaphragm deforms under the external pressure. The dia-
phragm deflection, which is a function of the pressure change,
can be picked up by using the optical interrogation subsystem.

2.1 Sensor Design
The cross-sectional view of the sensor element is illustrated in
Fig. 2�a�. It consists of a polymer-metal composite diaphragm,
a single-mode fiber, and a glass tube. The composite dia-
phragm has a base polymer layer as a substrate for depositing
a reflective metal layer, which increases the reflectivity. An-
other protective polymer layer is used to isolate the metal
layer from the external environment to avoid oxidation, cor-
rosion, and contamination. When a biocompatible polymer is
chosen as the diaphragm material, the sensor element will
become fully biocompatible. This is one of the unique fea-
tures of this sensor design. The fiber has a well-cleaved end
face, serving as a partial mirror of a Fabry–Pérot cavity; the
reflective diaphragm serves as another mirror. The reflections
from the fiber end face and the metal reflective layer interfere
with each other at the fiber output. The diaphragm is held over
an air cavity by using a glass tube, which serves as a sensor
housing. The internal diameter of the glass tube is chosen to
be slightly larger than the outer diameter of the fiber so that
the fiber can easily fit in and then be fixed with an epoxy.

The diaphragm can be modeled as an edge-clamped circu-
lar plate. The analytical solution for obtaining the deflection
of the diaphragm center is well known. Since the Young’s
modulus of a metal material �such as gold, aluminum, nickel/
titanium, etc.� is usually greater than 100 GPa, much larger
than that of a polymer ��0.1 GPa�, the polymer-metal com-
posite diaphragm can be considered as a metal diaphragm if
July/August 2008 � Vol. 13�4�2
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he polymer layers �d1 and d2 in Fig. 2� are not too thick
ompared to the metal layer. Therefore, the deflection of the
iaphragm center �L as a function of the applied pressure �P
an be written as:11,12

�L =
3�1 − �2�a4

16Ed3 �P , �1�

here � and E are the Poisson’s ratio and Young’s modulus of
he metal material, respectively, a is the diaphragm radius,
nd d is the thickness, as indicated in Fig. 2�a�.

Since there is no readily available prior knowledge on the
easurement range needed for rodent disc pressures,7 the ini-

ial sensor design of the present work is targeted toward ob-
aining high-pressure sensitivity. Due to the unique multilayer
esign of the sensor, the sensor performance parameters such
s sensitivity and dynamic range can be easily tailored. A
oarse tuning of these parameters can be realized by changing
he thickness of the metal layer, while a fine tuning can be
chieved by having more thin-polymer layers. Here, coarse
uning means change by a great amount �e.g., 50%, four
imes, etc.� while fine tuning refers to a small adjustment
e.g., 1%, 5%, etc.�. In this work, the diaphragm thickness is
hosen to obtain a half-wavelength deflection of the dia-
hragm center when subjected to a pressure of 20 kPa. For a
ickel diaphragm with E=207 GPa and �=0.31, this means a
ressure sensitivity of 0.019 �m /kPa at a wavelength of
80 nm. It is noted that the glass tube has an internal diameter
f 150 �m �i.e., a=75 �m�. Based on these parameters, it
an be determined that the desired diaphragm thickness d is
pproximately 1.0 �m.

.2 Sensor Fabrication
he fabrication procedures of the pressure sensor can be sum-
arized as follows. First, multiple glass tubes �TSP150375

rom Polymicro Technologies� of the same length are pre-
ared with well-cleaved end faces. The preparation of the
olymer layer is started by dispensing a drop of the polyimide
NOA68 from Norland Products� into the deionized water

ig. 2 �a� Structure of the miniature fiber optic pressure sensor elem
ransducer; �b� schematic of sensor fabrication.
ournal of Biomedical Optics 044040-
contained in a Petri dish with a 100-mm diameter. The poly-
imide floats over the water surface and spreads out to form a
thin layer. The volume of polyimide is controlled to be 1 mm3

by using a digital dispenser. By observing the coloration of
the polymer layer and controlling the spreading time, the layer
thickness ��150 nm� can be controlled to be uniform over
most of the area. By using this technique and controlling the
dispensed volume of the polyimide, diaphragm thickness val-
ues ranging from 10 nm to several micrometers can be ob-
tained without much difficulty. The polymer layer is then pre-
cured by using ultraviolet �UV� light to form a strong enough
layer, which can be lifted out of the water and used to cover
the glass-tube ends. As a result, each glass-tube end is covered
with a patch of the polymer layer �see Fig. 2�b��. The polymer
layer is then postcured by using UV light to ensure a firm
attachment to the glass tube. This process allows for batch
production of a number of sensors with good device-to-device
uniformity.

Next, a thin layer of nickel/titanium is sputtered on top of
the polymer layer using a DC magnetron sputtering machine,
which is operated in a normal laboratory environment. The
thickness of the sputtered layer is a function of sputtering time
and distance from the target. This operation requires a sput-
tering time of 30 minutes for a 1-�m sputtered layer of
nickel/titanium. As stated above, another polymer layer is
then applied and cured on top of the nickel/titanium layer for
protective purposes. The additional polymer layer can not
only act as a protection layer to isolate the metal layer from
the environment, but it can also help achieve a fine tuning of
the sensor sensitivity. By controlling the thickness of the pro-
tective layer or by applying more layers, the stiffness of the
polymer-metal composite diaphragm can be finely adjusted.
As a result, the sensitivity of the sensor element can be ad-
justed to meet the requirements of different applications. In
this sense, the sputtering condition determines the metal layer
thickness and, in fact, acts as the coarse tuning of stiffness
while the protective polymer layer functions as the fine tun-
ing. This is a unique feature of this work.

t makes use of a polymer-metal composite diaphragm as a pressure
ent tha
July/August 2008 � Vol. 13�4�3
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Finally, to form a functional sensor element, a cleaved bare
ber is inserted into the glass tube by using an actuator-
ontrolled linear translation stage �Zaber Technologies, model
-LA60�. The fiber is threaded in and fixed with an epoxy
hen the fiber end is approximately 15 �m from the dia-
hragm �i.e., FP cavity length is 15 �m�. This length allows
or good visibility of the interference fringes and ample dis-
ance for the diaphragm to deform. The cavity length is ac-
ively monitored by using the optical interrogation subsystem
iscussed ahead.

A scanning electron microscope �SEM� photograph of the
ensor element is shown in Fig. 3�a� and an optical micro-
cope picture of the optical cavity formed by the diaphragm
before the metal coating� and the fiber end facet is shown in
ig. 3�b�. After fabrication, the sensor has an outer diameter
f 366 �m, which can fulfill the requirement of the size being
ess than 400 �m for nondisruptive pressure measurements in
odent tail discs. To obtain an optimal operation condition, the
nitial cavity length is chosen to be 15.23 �m. The other end
f the fiber forms a fiber lead-out for optical interrogation.

.3 Optical Interrogation Subsystem
o measure the small deflections of the diaphragm, a low-
oherence interferometric interrogation subsystem is em-
loyed, as illustrated in Fig. 4. It includes a broadband light

ig. 3 Fabricated pressure sensor. �a� Scanning electron micrograph of
he sensor head; �b� photograph of the cavity in the sensor element
before coating the metal layer�.
ournal of Biomedical Optics 044040-
source �HL 2000-HP tungsten halogen light source from
Ocean Optics with a wavelength range of 360 nm–2 �m�, a
1�2 fiber coupler �50 /50�, a Fabry–Pérot pressure sensor
element, and a high-speed spectrometer �USB4000 from
Ocean Optics�. The light illuminated from the broadband
source is guided by a fiber �SMF750 from Fibercore, design
wavelength 780 nm� and delivered to the sensor element via
the coupler. The reflected light is then transmitted through the
coupler again to the spectrometer.

As the reflections from the fiber end facet and the dia-
phragm are quite weak ��4% �, the sensor element can be
considered to be a two-beam Fabry–Pérot interferometer.
When a low-coherence light source is used, the spectrum of
the reflected light will have interference fringes, with periodic
peaks separated by the free spectral range �FSR�. The cavity
length L of the sensor element �refer to Fig. 2�a�� can be
obtained as21

L =
�1�2

2FSR
, �2�

where �1 and �2 are any two adjacent peaks and FSR= ��2
−�1�. If the cavity length change ��L��L, the change of free
spectral range �FSR can be expressed as

�FSR =
�1�2

2L2 �L . �3�

By combining Eqs. �1� and �3�, the direct relationship be-
tween �FSR and �P can be obtained.

Equation �2� suggests a simple way to monitor the initial
cavity length during the sensor fabrication through observa-
tion of the free spectral range of the reflected light. Fig. 5
shows two representative interference patterns for cavity
lengths of 15.13 �m and 15.23 �m. The spectrometer allows
for a spectral resolution of approximately 0.4 nm. Conse-
quently, a cavity length resolution of 0.015 �m can be ob-
tained. Here the resolution �L means the minimum detectable
cavity change and is estimated by �L
=2L2�−��1 /�1

2+��2 /�2
2�, where ��1=��2=0.4 nm are the

resolution of the spectrometer, and L�15 �m, �1
�0.80 �m, and �2�0.78 �m. For the pressure measure-
ments, this cavity length resolution corresponds to a pressure
resolution of approximately 0.77 kPa. Following the design
in Section 2.1, the sensitivity of the sensor element is taken as
0.019 �m /kPa. By averaging over several pairs of adjacent
peaks with good visibility in the interference spectrum, the
pressure resolution can be further improved.

Fig. 4 Fiber optic interrogation subsystem for rodent tail pressure
measurement.
July/August 2008 � Vol. 13�4�4
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.4 Sensor Calibration
ensor calibration was conducted in a pressure chamber with
reference pressure sensor �Kulite Semiconductor Products,
odel LL-080-25A� to quantify the changes in cavity length
ith respect to pressure. The calibration was limited to pres-

ures under 70 kPa due to the range of the pressure chamber.
he results obtained from the calibration experiment are com-
ared with the analytical predictions based on Eqs. �1� and �3�
n Fig. 6. When the pressure is increased from zero to a small
alue, the sensor element exhibits an immediate response
ithout any noticeable dead zone. This indicates that the sen-

or element works well in the low-pressure region. When the
ressure is above 60 kPa, the cavity length change tends to
aturate. The calibration data show a good linearity with the
2 value of 0.99. Based on the slope of the linear fitting curve,

he sensitivity of the sensor element is determined to be
.0206 �m /kPa, which is slightly larger than the designed

ig. 5 Interference patterns at two different cavity lengths when the
nitial cavity length is actively monitored in the assembly of the fiber
ith the diaphragm-covered glass tube.

ig. 6 Absolute value of the cavity length change versus external pres-
ure for the fabricated sensor element. The pressure is measured by a
eference sensor. The analytical prediction is also shown for
omparison.
ournal of Biomedical Optics 044040-
value of 0.0190 �m /kPa. Based on the experimental results,
the minimum detectable pressure �i.e., the pressure resolution�
is found to be less than 0.17 kPa. As a result of averaging,
this resolution is found to be better than that predicted by the
analysis. It is noted that the actual cavity length is shortened
under pressure. For simplicity, the cavity length change pre-
sented in Fig. 6 and the associated sensitivity are expressed in
absolute values. As the sensing diaphragm consists of poly-
mer and metal layers, it may experience slight drift upon the
change of environmental temperature. However, it is not a
serious issue, as the experiment will be conducted in a con-
trolled environment. For other applications that are subject to
temperature variation, such drift can be calibrated in advance
or be eliminated by using another dummy sensing element
�subject to the temperature change but not the pressure
change� for differentiation.

3 Experimental Study of Intradiscal Pressure in
Rodent Tail

After calibration, the sensor was utilized for in vitro interver-
tebral discal pressure measurements, with the aim of quanti-
tatively determining the intradiscal pressures generated by ex-
ternally applied loads. The experimental arrangement is
shown in Fig. 7. For the in-tail experiments, a segment con-
taining the rodent disc of interest is mounted onto an Endur-
atec material testing system through the micro-vises; the two
vertebrae surrounding the disc are fixed onto the micro-vises
by using bone cement. User-specified compressive loads or
displacements are applied externally using a Bose loading
mechanism to generate pressures within the rodent tail disc.
The loading and displacement data are recorded using a data
acquisition card �DAQ� connected to a computer. To create a
hole for the sensor to be inserted, a 22-gauge hypodermic
needle was used to puncture the disc to the center depth. The
needle was then withdrawn and the sensor was positioned at
the exact location of the hole and inserted into the center
depth by using a three-dimensional translation stage.

The measurement results are shown in Fig. 8. The experi-
ment was a closed-loop, displacement-controlled test in which
a constant compressive displacement was applied to the tail
segment every 50 seconds, as shown in Fig. 8�a�. The dis-

Fig. 7 Experimental setup for the in vitro disc pressure measurements.
The fiber optic sensor is inserted into the center of the rodent tail disc.
July/August 2008 � Vol. 13�4�5
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lacement step is 0.05 mm and each step was held for the
ntire period of 50 seconds before applying additional com-
ression. The change of the load is shown in Fig. 8�b�. After
ach step of displacement increase, the absolute amount of
oad was increased immediately, but it was then gradually
elaxed with the lapse of time. This is due to the visco-elastic
roperty of the intervertebral disc.7 The corresponding pres-
ure measured by the sensor element is shown in Fig. 8�c�.
he sensor responded instantaneously to each step increase of

he displacement, and relaxed gradually due to the reduction
f the load. It is worth noting that the sensor signal shown in
ig. 8�c� has much smaller noise compared to the load signal

n Fig. 8�b� obtained from the material testing system. In the
rst several compression steps, the load magnitudes were so
mall that the signal was overwhelmed by the noise, while the
ressure sensor still showed a clean response with much less
oise. The visibility of the interference patterns was also ex-
eptional, with low standard deviations throughout the entire
est. The relationship between the recorded load and the mea-
ured pressure is plotted in Fig. 9. Although the data points
re quite scattered, especially in the low load range, the intra-
iscal pressure in the nucleus is almost linearly proportional
o the externally applied load over the observed pressure
ange of 70 kPa. Regression analyses yielded a pressure-to-
ompressive load relationship of 151 kPa /N, with an R2

alue of 0.96. This linearity agrees with some previous obser-
ations in the intradiscal measurements of pigs and
umans.6,22–24

As the sensor diaphragm had two polymer layers, the
reeping behavior of the polymer, which has been observed in
arlier work,6 was also investigated. To determine whether the
reeping effect contributed to the data scatter seen in Fig. 9

ig. 8 Measurement results of in vitro disc pressure experiments. �a�
pplied stepwise increase of the displacement; �b� intervertebral disc

oad recorded by the material testing system; �c� pressure response
easured by the sensor developed in this work.
ournal of Biomedical Optics 044040-
and affected the fidelity of the measured pressure values, an
experimental study of the diaphragm creeping was carried
out. In the experiments, the sensor element was subjected to a
step-down pressure signal and its response was measured. An
initial pressure of approximately 70 kPa was held constant for
about a minute and then released suddenly. The time history
of the cavity length change was measured, as shown in Fig.
10. From the time of release, it took 5 seconds for the cavity
length to reach within a 10% range of the expected cavity
length in atmospheric pressure, and 14 seconds to reach 5%.
This does not account for the time it took for the pressure to
return to the atmospheric pressure after release, which is ex-
pected to be less than a few seconds. These results verify that
the sensor does exhibit some creeping behavior; however, the
magnitudes are insignificant and can be neglected. The low
creeping could be attributed to the fact that the diaphragm is
mainly composed of the sputtered metal layer ��1 �m�,
while the total thickness of the base and protective polymer
layers is only about 300 nm, which cannot greatly affect the

Fig. 9 Relationship between the recorded load and the measured
pressure in in vitro disc pressure experiments.

Fig. 10 Creeping study of the sensor element by measuring the dy-
namic change of the cavity length in response to a drastic pressure
drop.
July/August 2008 � Vol. 13�4�6
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verall mechanical properties of the diaphragm. The low
reeping effect of the sensor element suggests that the data
cattering of Fig. 9 is likely due to the low accuracy of the
ecorded load values. It also proves that the recorded visco-
lastic behavior of the disc in Fig. 8�c� was due to the intra-
iscal pressure and not due to the creeping of the sensor
iaphragm.

Concluding Remarks
e demonstrated intradiscal pressure measurements using a

ensor system consisting of a miniature fiber optic pressure
ensor element and a low-coherence interrogation subsystem.
he use of low-coherence interferometry can help eliminate

he influence of the environmental noise due to power fluc-
uation and wavelength instability. The sensor element utilizes

polymer-metal composite diaphragm fabricated on top of a
lass capillary tube and a normally cleaved optical fiber to
orm a Fabry–Pérot interferometer. The final diameter is ap-
roximately 366 �m, which is below the limit of 400 �m
eeded for nondisruptive insertion into the rodent tail discs.
ensor calibration and in vitro experiments show that the sen-
or element has a linear response over a pressure range of
–70 kPa, with a sensitivity of 0.0206 �m /kPa, close to the
esigned value of 0.019 �m /kPa. The pressure resolution is
ound to be better than 0.17 kPa.

The sensor design and fabrication possesses many novel
spects in comparison to the previous machining and micro-
achining methods.9–20 First, multiple sensors can be fabri-

ated simultaneously and have identical diaphragm thickness
nd cavity length, and thus the fabrication technique allows
or batch production of sensors that yields good device-to-
evice uniformity. Second, the fabrication follows simple pro-
esses, safe procedures, and cheap materials, without the need
or a cleanroom environment. Third, the multilayer design of
he sensor diaphragm allows for appropriate tuning of the sen-
or performance parameters �i.e., sensitivity and dynamic
ange� and enhanced durability of the sensor. Finally, the bio-
ompatibility and miniature size of the sensor element make it
ttractive for biomedical diagnosis and treatment that require
inimal invasive monitoring of the pressures of blood, joints,

ladders, and so on.
In terms of mechanobiological studies, this sensor can not

nly provide a tool for directly linking transient pressure ef-
ects with cellular response, but it can also enable compari-
ons of load-induced pressure changes in rodents with those
easured in humans. Verifying the relevance of these intra-

iscal pressure–external load relationships in rats would lend
urther support to the appropriateness of rodent tail disc load-
ng models for studying the mechanisms of disc degeneration.
n addition, the small size and biocompatibility of the sensor
lement can also facilitate many other biomedical diagnosis
nd treatment applications that have to deal with constrained
paces and require minimal invasive monitoring of the
ressures.
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