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A novel microfluidic pressure sensor which can be fully integrated into polydim-
ethylsiloxane �PDMS� is reported. The sensor produces electrical signals directly.
We integrated PDMS-based conductive composites into a 30 �m thick membrane
and bonded it to the microchannel side wall. The response time of the sensor is
approximately 100 ms and can work within a pressure range as wide as 0–100 kPa.
The resolution of this micropressure sensor is generally 0.1 kPa but can be in-
creased to 0.01 kPa at high pressures as a result of the quadratic relationship
between resistance and pressure. The PDMS-based nature of the sensor ensures its
perfect bonding with PDMS chips, and the standard photolithographic process of
the sensor allows one-time fabrication of three dimensional structures or even mi-
crosensor arrays. The theoretical calculations are in good agreement with experi-
mental observations. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3230500�

I. INTRODUCTION

Polydimethylsiloxane �PDMS� is widely employed in microfluidic chip fabrication owing to
its transparency, flexibility, and biocompatibility.1,2 Current challenges include the miniaturization
and integration of reliable electronic sensors and actuators into PDMS-based chips;3,4 microfluidic
applications demand pressure sensors which are indispensable in control5,6 and actuation7 of
microfluidic systems. While existing well developed microfluidic sensors are fabricated on silicon,
silica, and glass substrates,8–12 the complex fabrication process, strict fabrication-environmental
requirements, the tenuous bonding to PDMS, as well as the hardness and fragility of substrates
diminish the advantages of PDMS chips. Moreover, the issue of opacity introduces another ele-
ment of difficulty into optical monitoring of microfluidic conditions. To solve these problems,
Whitesides and co-workers13,14 developed diffractive elements inside PDMS chips, and Hosokawa
et al.15 used these elements to measure pressure in PDMS chips.

In this paper, we report a micropressure sensor fabricated with a Ag/PDMS conducting com-
posite which was recently developed.16 This composite was used to form electrodes17 and
heaters18 in microfluidic chips, but its usefulness in fabricating sensing elements was never proven
by experiment. The sensor is of simple design, offering ease of fabrication, perfect bonding to or
integration with PDMS chips, as well as one-time fabrication. One-time fabrication allows for
complex structures or sensor arrays that can map pressure differences within chips. The output of
this micropressure sensor is a direct electrical signal, which for microsystems is preferable to an

a�Author to whom correspondence should be addressed. FAX: 852-23581652. Tel.: 852-23587979. Electronic mail:
phwen@ust.hk.
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optical signal.19 We observed hysteretic and time lag in relaxation; thus the sensor is recom-
mended for long-term monitoring of microchannel pressure conditions and is especially recom-
mended for monitoring of pressure in multilayer devices.20

II. EXPERIMENTAL

A. Working principle

To prove the working concept of our sensor, several test devices consisting of various micro-
fluidic channels and micro-pressure sensors were designed and fabricated. Figure 1�a� is a sche-
matic diagram of the design of the micro-pressure sensor. It has three layers, consisting of a flow
channel �width: 200 �m; depth: 100 �m�, a thin PDMS membrane �thickness: 30 �m, with
embedded micro-pressure sensor�, and a cover layer with a single hole �radius: 200 �m� overlaid
on the micro-pressure sensor. This hole was designed to create enough space in which the sensor
can freely deform and was created by punching a hole in the PDMS with a needle. All of the layers
were bonded using the standard plasma surface-treatment technique,21 and the bonding strength
was tested to be higher than 200 kPa. Figure 1�b� demonstrates its working principle. When the
pressure difference between P1 and P2 is zero, the pressure sensor remains static with a constant
resistance. When the pressure difference between P1 and P2 increases, the sensor deforms, in-
creasing the sensor’s electrical resistance.

B. Microfluid device

Figure 2 is the illustration of the fabrication process of this type of pressure sensor. The key

FIG. 1. �a� Schematic diagram of micropressure sensor. �b� Working principle of micropressure sensor.

FIG. 2. Fabrication process of micropressure sensor.
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component of the micropressure sensor is a flexible strip �width: 20 �m; thickness: 25 �m;
length: 600 �m� fabricated of Ag/PDMS conducting composite: A mixture of microsized granules
of silver powder and PDMS gel. The silver power �diameter: 1–2 �m� was first mixed and
ground together with PDMS gel in a mortar to a silver-weight concentration of 83%.16 Carbon
black �diameter: 40–100 nm� was incorporated at different weight concentrations �0.2%–0.5%� to
increase the resistance of this composite. The Ag/PDMS gel was subsequently filled into AZ4903
molds �thickness: 25 �m�. The samples were then solidified by baking at 70 °C for 0.5 h, after
which the molds were rinsed away by acetone, leaving only the solid Ag/PDMS sensor pattern on
a glass substrate. Pure PDMS was then spin coated �at 1300 rpm� onto the sample surface and,
after solidification, lifted off the substrate with the flexible resistance embedded in. This combined
material �i.e., Ag/PDMS embedded in PDMS� was further baked on a hotplate at 150 °C for 2 h
in order to render it conductive. Such fabricated micropressure sensors typically show resistances
ranging from 10 � �without carbon black powder� to 100 � �with carbon black powder�. The
Young modulus of this Ag/PDMS/PDMS material is 0.5765 MPa �measured with Alliance RT/5,
MTS� but with some variation due to the different preparation conditions �i.e., baking time and
temperature�.

III. RESULTS AND DISCUSSIONS

A. Experiment results

In order to test the response of the resistance to pressure, water was supplied by syringe pump
�KD Scientific� into the testing chips via tubing �B-44-4X, TYGON�, allowing various steady
pressures to be obtained by changing the pumping flow rate. A pressure as high as 100 kPa was
produced and tested in this channel using a flow rate around 10 ml/min. This rate is unusually high
and is rarely encountered, so few devices are subjected to such conditions. Hence, we expect a
steady performance for this device at pressures under 100 kPa �i.e., normal working conditions�.

The characteristic sensor response curve is shown in Fig. 3�a�. The microsensor’s resistance
variations resulting from the pressure changes were measured by a multimeter �34410A, Agilent�
and then were calibrated to and compared with those of a standard pressure sensor �ASCX30DN,
Honeywell�. A custom-made data acquisition interface programed by LABVIEW �National Instru-
ments� allowed us to monitor the resistance and pressure data simultaneously via a computer with
a GPIB card �SCB-68 quick reference table, National Instruments�. Figure 3�a� graphically rep-
resents the good quadratic relation found between the resistance and the pressure. The insert of
Fig. 3�a� is a photo �DP71, OLYMPUS� of the thin membrane deformation under a given pressure,
the deformation of which produced the changes in resistance. In our experiments, we found the
resolution to be 0.1 kPa. Moreover, a keener resolution at higher pressures was observed; any
change in pressure causes a larger increase in resistance at high pressure due to the quadratic

FIG. 3. Character of micropressure sensor. �a� Characteristic response of micropressure sensor to pressure. �b� Thermal
response of micropressure sensor to pressure.
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relationship between pressure and resistance. Repeated experiments showed the accuracy to be
about 0.5 kPa.

In order to investigate the temperature influence on the resistance, the micropressure sensor
was heated on a hotplate and the resistance was recorded, which can be seen in Fig. 3�b�. From
this experiment, a linear relation between resistance and temperature for the rapid heating process
was identified. Heating the sensor from 22 to 70 °C under atmospheric pressure resulted in a
0.994 � increase in resistance. The detection ability of the micropressure sensor, defined as the
extent of resistance under 100 kPa pressure, was 90 �. We compared the thermal noise �0.994 ��
with the detection ability �90 �� and from this a thermal noise ratio of about 1.1% can be derived.
The time-related performance of the micropressure sensor was also tested and the results are
shown in Fig. 4, which shows the response time and the recovery time, together with the long-term
stability. An electromagnetic valve �6012C, Burkert� operating at 0.02 Hz was used to control the
flow of condensed air, which is the medium by which periodical pressure was delivered. It was
assumed that the standard pressure sensor �ASCX30DN, Honeywell� indicated the actual pressure
in the microfluidic testing channel. The uptrend and decline in response were repeatable and very
sharp, as illustrated in Fig. 4�a�. From the raw data of Fig. 4�a�, we found that the micropressure
sensor responded as quickly as the commercialized control sensor, sometimes up to 100 ms faster.
However, the micropressure sensor takes an additional 30 s to relax to its resting state, which
might be a function of the mechanical restoration lag of the elastomer. Figure 4�b� shows the
time-related stability, which was evaluated under varying steady water pressures. Comparing the
noise to the detection ability of the pressure sensor, we found the noise ratio to be less than 0.3%
for our sensors.

B. Discussion

Understanding the quadratic behavior of the micropressure sensor requires an appreciation of
the relation between pressure and sensor length as well as that between pressure and resistivity of
the sensor. Therefore, we determined the length of the micropressure sensor by means of a surface
profile of the sensor. Figure 5�a� shows the surface profile as derived from Fig. 5�b�, which is a
series of real-time photographs �DP71, OLYMPUS�. The changing length of the sensor under the
different pressures was then obtained, which is plotted as a cartoon in Fig. 5�c�. A simple curve
fitting revealed that the length of the micropressure sensor correlated with pressure in a second
polynomial form, which slightly deviated from the linear relationship because the coefficient of
the second order is three orders smaller than that of the first order.

It is well known that the resistivity of the conductive polymer composite is not a constant
parameter under stretching22 and can be backcalculated from experimental data. Assuming the
volume �V� of the sensor is a constant, the resistivity ��� is calculated from �=RV / l2 and plotted

FIG. 4. Time-related response of micropressure sensor. �a� Sample testing by periodic condensed air working at 0.02 Hz.
The pressure drops due to the permeability of the PDMS membrane, which in turn causes the resistance to fall. �b� A 600
s test for long-term stability.
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in Fig. 6�b�, where l is the length of the sensor. This increasing resistivity against increasing
pressure was explained by Lu et al.23 as a result of the destructive effect on conductive networks
of microsized metal powder.

A comprehensive analysis of resistance behavior should consider both the resistor’s resistivity
and length;24 the latter’s value is easily obtained in standard uniaxial stretching experiment.23,25

However, in our case, the sensor undergoes a transverse deformation including both bending and

FIG. 5. Surface profile and the length of the sensor under increasing pressure. �a� Portrait of surface profile from �b� under
different pressures. �b� Real-time picture of the thin membrane with pressure load. The pressure sensor embedded in the
center. �c� Plot of length vs pressure measured from �a�.

FIG. 6. Analysis of underlying behavior of pressure sensor. �a� Schematic of employed physical quantity. �b� Plot of
resistivity vs pressure loading. �c� Comparison of theoretical and experimental results of surface profile �or length� of the
sensor.
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stretching processes, which are more complicated analyses mathematically. Hence, we introduce a
theoretical perspective to understand the action of length under pressure.

Usually, the deformation will occur when the elastic plate is under nonequilibrium pressure at
the front and back sides, with simultaneous bending and stretching balancing the external force.
From the perspective of energy, deformation imparts an increase in the plate’s free energy, which
manifests in two distinct forms. One is a bending energy Fbend resulting from the change in the
plate’s curvature, while the other is a stretching energy Fstretch from the increased surface area

Fpl =� �Fbend+Fstretch�ds ,

where Fpl represents the free energy for the whole surface. The bending energy of this surface is

Fbend =
Eh3

24�1 − �2��� �2�

�x2 +
�2�

�y2� + 2�1 − ��	� �2�

�x � y
�2

−
�2�

�x2

�2�

�y2
� ,

where E and � are the Young modulus and the Poisson ratio, respectively, h is the thickness of the
plate, x and y are coordinate values of a vector r�x ,y�, and � is the displacement in the direction
perpendicular to the plane of the undeformed plate, as shown in Fig. 6�a�. The stretching energy is

Fstretch =
1

2
h�

i,j
ui,j�i,j ,

where the suffixes i and j of strain tensor uij and stress tensor �ij take values over x and y.
Hence we could obtain the well-known Föppl–von Kármán differential equations of the shell

set for the equilibrium state26 by finding the minimum of the total free energy

D�4� − h� �2�

�x2

�2�

�y2 +
�2�

�x2

�2�

�y2 − 2
�2�

�x � y

�2�

�x � y
� = P , �1a�

�4� + E	 �2�

�x2

�2�

�y2 − � �2�

�x � y
�2
 = 0, �1b�

where P is the total external pressure and D is the bending modulus.
These equations are complicated due to their nonlinearity and cannot be analytically solved.

However, one model, which ignores stretching energy, is solvable: Eq. �1� is simplified to

D�4� = P ,

where D=Eh3 /12�1−�2�. If the edge of the plate is clamped, the boundary conditions are

� = 0,

��

�n
= 0,

where n� is the normal unit vector at the edge, pointing outside. Suppose that the plate is circular
and of radius r0; then, the equilibrium solution is

��r� = ��P��r0
2 − r2�2, �2�

with amplitude � as a linear function of P, as

��P� = P/64D ,
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This solution is valid only when the displacement � is small. Under large deformation condi-
tions, the nonlinear effect from stretching will become non-negligible and solution equation �2�
will be adjusted in two ways: One is a change in amplitude � and the other a change in shape. The
amplitude will be less than that as a linear function for large deformation, since the effect of
balance is partly shared by the stretching; ��P� will become a nonlinear increasing convex func-
tion of pressure. Since the surface area of the plate is larger for stretching, the equilibrium profile
of the plate will be wider for a fixed boundary, as if for a sphere.

In our approximation method, we considered only the nonlinear effect of amplitude ��P�,
which could be determined from the experimental results of measured length shown in Fig. 5�b�.
By measuring the maximum displacement at the middle point of the plate under various pressures,
we could obtain r0

2� as a function of P, and thus could determine the linear function ��P� both by
interpolation and by the shape of the plate. These theoretical results are compared with the
experimental findings in Fig. 6�c�. As we expected, the shape of the plate according to the
experimental results was similar to that for the theoretical results, a shape-widening deviation
occurring under a higher pressure. The good correlation between the experimental and theoretical
results indicates that the dominant energy of this deformable surface is the bending energy rather
than the stretching energy. The stretching energy is an indispensably small correction term when
pressure becomes high �in our case, at 60 kPa� and should be considered a small disturbance in
theoretical work.

IV. CONCLUSION

In this paper we present a micropressure sensor based upon conductive PDMS elastomer
which can be fully integrated into PDMS chips with ease of fabrication and perfect bonding to
PDMS material. The response of the sensor is sharp and the working range is within 0–100 kPa.
The resolution of this micropressure sensor can reach 0.01 kPa, and the accuracy of the testing
device is 0.5 kPa. That sensor is an ideal choice for PDMS-based microfluidics to map the
pressure difference in chips due to its one-time fabrication for complex structures or sensor arrays.
We further discussed the sensor’s behavior from the theoretical point of view by considering the
sensor layer as a deformable thin plate. The theory fits experimental result well, which indicates
that the dominating effect in this thin plate sensor is bending energy, and that surface stretching
energy needs to be considered only as a correction term under high pressure.
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