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1  Introduction

Microfluidic systems have been used and studied exten-
sively in the twenty-first century. With emerging applica-
tions, there has been significant interest in studying the 
physics in such small-scale dimensions, from millimeter 
to micrometer, or even sub-micrometer. Physical phe-
nomena at microscale differ from those in macroscale. 
At microscale, viscous effects and compressibility effects 
are more apparent. Slip boundary conditions and rarified 
gas effects are encountered. These phenomena can also 
be characterized by the changing in values of analyzed 
dimension and dimensionless numbers: The characteris-
tic length decreases, the Knudsen (Kn) number increases, 
and Reynolds (Re) number decreases. For example, when 
the characteristic length of a microfluidic device becomes 
smaller and closer to the mean free path of fluid mole-
cules, the fluid regime changes from continuum regime to 
transition regime, and even to free-molecule flow regime. 
At free-molecule flow regime, the fluid molecules do not 
move one after another as in the continuum flow. Instead, 
the molecule behaves like particle, due to the large spaces 
between each molecule. The Re number in the microfluidic 
flow field is relatively small compared with that in mac-
roscale systems; in other words, the influence of viscous 
forces becomes comparable to that of inertial forces. Rap-
idly growing viscous layers inside microfluidic devices due 
to low Re numbers are observed in several reports (Alex-
eenko et  al. 2000; Buoni et  al. 2001; Ivanov et  al. 1999). 
The dislike physical phenomena between macro- and 
microscale systems need to be investigated thoroughly to 
improve the performance of various microfluidic devices 
(Ho and Tai 1996, 1998; Karniadakis and Beskok 2002; 
Nguyen and Wereley 2002). Although microparticle image 
velocimetry (micro-PIV) and laser-induced fluorescence 
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(LIF) have been proven to provide decent results for liq-
uid flow (Chamarthy et al. 2010; King et al. 2007; Meinhart 
et al. 1999a, b), most of the existing research for illustrat-
ing internal flow/temperature field of gas is limited to sim-
ulation and theoretical analysis. For example, simulations 
with DSMC (Direct Simulation Monte Carlo) and Navier–
Stokes approaches have been used for analyzing flow fields 
in micronozzles and microchannels (Alexeenko et al. 2000; 
Beskok et al. 1996). Additionally, micro-PIV only provides 
the flow field without revealing the pressure difference 
inside the device. Other than micro-PIV, only few experi-
mental techniques have been utilized for studying the inter-
nal flow in microfluidics due to the difficulty in embedding 
sensors (Beskok 2001; Beskok et al. 1996; Jie et al. 2000; 
Roy et al. 2003). Therefore, the experimental investigations 
in microfluidics are restricted to the measurements of the 
external flow field. Miniature pressure transducers with 
the size of a few hundred micrometers were installed in 
microchannel devices, but only discrete data points can be 
acquired and the spatial resolution of experimental data is 
limited to a couple hundred micrometers due to the size of 
pressure sensors (Agrawal 2011; Hong et al. 2012; Morini 
et al. 2011; Pong et al. 1994; Tang et al. 2007; Wereley and 
Jang 2004; Zohar et al. 2002).

The experimental method utilizing molecule-based pres-
sure sensors, also known as pressure-sensitive paint (PSP), 
has been developed in 1980s (Liu and Sullivan 2004). 
PSP technique uses a non-intrusive optical approach to 
acquire the pressure data on the model surface through 
luminescence signal emitted from the pressure-sensitive 
molecule. It offers not only qualitative information such 
as high-quality flow visualization profile, but also quanti-
tative pressure data. PSP technique has the advantages of 
simple and fast preparation, and it is capable of acquir-
ing global pressure profiles with high spatial resolution as 
fine as a few micrometers. These characteristics make it 
an excellent experimental technique for pressure measure-
ments at the macroscale, such as measurement of aerody-
namic forces in wind tunnel or flight tests. Inspired by the 
success of PSP measurements at macroscale, researchers 
have extended the application of PSP technique to micro-
scale flow measurements. The flow fields inside micro-
devices have been successfully measured by Huang et  al. 
(2002), where they reported the pressure distribution inside 
a micronozzle device. Subsequent research applying PSP 
sensors in various microdevices has been conducted with 
microchannel, micronozzle, microcone, microjet, micro-
turbine, and microfluidic oscillator devices (Gregory et al. 
2007; Guo et  al. 2008; Huang 2006; Huang et  al. 2006, 
2007a, b; 2008, 2012; Huang and Lai 2012; Nagai et  al. 
2008; Osafune et al. 2004). The comparison between PSP 
and other experimental methods applied on pressure meas-
urements in microchannel flow is listed in Table  1. It is Ta
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noticed that conventional pressure transducer has better 
accuracy (0.25  %) compared with PSP technique (3  %). 
The poor accuracy of PSP measurement is attributed to the 
low signal-to-noise ratio, which is resulted by the thin paint 
layer at microscale, i.e., low luminescence. However, PSP 
technique can provide pressure data with superior spatial 
resolution (3 μm) compared with hundred micrometers of 
micromembrane pressure sensor and several millimeters 
for pressure transducer. In microchannel measurements, 
the spatial resolution of conventional pressure transducer 
is often in the order of millimeter to centimeter, which is 
the length of microchannel, because the transducers are 
positioning at inlet and outlet of microchannel. Although 
efforts have been made for using conventional transduc-
ers to measure the pressure inside microchannel through 
pressure taps and small pockets next to the channel, the 
quality of acquired experimental data is similar to those 
using micromembrane pressure sensor (Hong et  al. 2012; 
Wereley and Jang 2004). The great spatial resolution of 
PSP measurements provides pressure evolution with great 
detail in the region of interest for studying gas behavior in 
microscale. In addition, PSP technique also provides two-
dimensional pressure map, which can help understand 
asymmetric flow field in the region with aggressive change 
in geometry. Microfluidic investigations from classic 
microchannel flow to unsteady flow in a microfluidic oscil-
lator have also been performed using PSP technique. The 
detailed pressure profiles acquired by PSP sensors provide 
essential information for studying the physics at micro-
scale. In this paper, the comprehensive methodology of 
PSP technique is discussed and recent works utilizing this 
technique in various microfluidic devices are summarized.

2 � Principle of PSP measurement

PSP technique has been applied in aerospace engineer-
ing since 1980s. The technique uses molecule-based sen-
sors consisted of luminescent molecules and binder. Dur-
ing the measurement, the intensity variation of luminescent 
molecules (luminophore) is recorded, calibrated, and then 
translated into pressure data. Figure  1 presents the sche-
matic of PSP measurement. A binder can be polymer 
or porous substrate on model surface. It is used to attach 
PSP sensors on the model surface and helps the sensors to 
survive during various test conditions as harsh as super-
sonic flow. PSP sensors are irradiated with excitation light 
source at specific wavelength during the experiment. A UV, 
blue, or green LED lamp, depending on the selected lumi-
nescent molecules, can be used to excite the luminescent 
molecules. The energy level of PSP molecule is raised to 
high energy state during excitation, and it returns to ground 
state through either radiative process or non-radiative 

process. The radiative process emits luminescence with 
longer wavelength than the excitation wavelength, and this 
phenomenon is known as stokes shift. The difference in 
excitation and emission wavelengths makes it straightfor-
ward to collect only emission light if suitable optical filter 
is applied. The experiments are generally carried out in a 
dark room or at night, use optical filters to remove the light 
from environment, and improve the signal-to-noise ratio. 
The non-radiative process for PSP measurement is oxygen 
quenching which is the result of interaction between oxy-
gen molecules and luminophores. Oxygen quenching will 
reduce the energy available to the radiative process, i.e., the 
higher the oxygen concentration, the lower the lumines-
cence. Therefore, the luminescence changes with the vari-
ation of oxygen concentration in the environment. Based 
on Delton’s and Henry’s law, the detected oxygen concen-
tration from luminophore in the binder can be further cali-
brated as the measured static pressure under the assumption 
of a fixed proportion of oxygen molecules in the air. The 
Stern–Volmer equation can be used to calibrate pressure 
and luminescence variation:

Here, I is the luminescence acquired during the test, and 
Iref is the luminescence measured at a reference condition, 
while A and B are temperature-dependent coefficients to 
be obtained via calibration. After obtaining A and B, the 
Stern–Volmer equation can be applied to translate the lumi-
nescence intensity to the pressure data at an unknown con-
dition. More details of PSP measurement at macroscale can 
be found in the reference from Liu and Sullivan (2004).

In order to apply PSP sensors inside microdevices, 
a coating procedure, which can precisely control the 
paint thickness, has been developed to replace conven-
tional compressed air-spraying processes in macroscale 

(1)
Iref

I
= A(T)+ B(T)

P

Pref

Binder
Luminescent molecule

UV lamp

Excitation

Emission

CCD camera

Low-pass filter
High-pass filter

Fig. 1   Schematic of PSP measurement ©[2007]IEEE. Reprinted 
with permission from (Huang et al. 2007b)
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measurements. The spin-coating method, adapted from 
standard MEMS fabrication processes, is used to apply 
PSP sensor coating on a glass slide, creating a thin and uni-
form layer with about 1 μm thickness and 0.06 μm sur-
face roughness (Huang et al. 2007b). The glass slide with 
PSP sensor will be used as cover glass to seal microfluidic 
devices. The spin-coating method provides a simple and 
easy way to apply PSP sensors for microscale measure-
ments. The size of the luminescent molecules selected for 
PSP sensor is of the order about 1 nm and can be embed-
ded inside the microdevices with massive numbers. Stud-
ies of other PSP coating methods have been carried out 
by Matsuda et  al. (2007, 2009b), Sakamura et  al. (2014) 
to improve fabrication processes in preparing PSP sensors 
for micro- or nanoscale measurements. They reported the 
Langmuir–Blodgett method to prepare pressure-sensitive 
molecular films (PSMF) with an amphiphilic luminophore 
(Matsuda et  al. 2011c). Matsuda et  al. (2011a) also pro-
posed another method for fabricating microchannels with 
PDMS containing luminophore (pressure-sensitive chan-
nel chip, PSCC) to enhance luminescent signal in micro-
scale measurements. The feasibility of using PSMF and 
PSCC has been demonstrated, and they provide alternative 
options for PSP sensor preparation in micro- and nanoscale 
research. The spin-coating process can be used to prepare 
PSP sensors with sensor thickness around micrometers, 
while the Langmuir–Blodgett method should be used if the 
sensor thickness of a couple monolayers is needed. These 
two coating methods provide the precise control of sensor 
thickness at micro- and nanoscale, while the conventional 
compressed air-spraying method results in paint thickness 
around hundreds of micrometers. The luminescence inten-
sity in microscale measurements was considerably lower 
compared with that in macroscale measurements, and this 
is the consequence of thinner layer of PSP sensor, i.e., less 
embedded luminophores. The sensor thickness also has 
impact on the procedure of data reduction for PSP sensor, 
while the assumption of one-dimensional oxygen permea-
tion is applied, and the influence will be discussed in the 
following section.

During the macroscale measurement, a photodetector 
(a photomultiplier tube, PMT, or a CCD camera) is used 
to collect the luminescence variation. A long-pass filter is 
installed in front of the photodetector, and a short-pass fil-
ter is installed on the excitation light source to separate the 
excitation and emission signals, as well as to eliminate the 
noise coming from the environment. Before the measure-
ment, a reference image is recorded at reference condition. 
Generally, the reference image is taken at ambient pressure. 
The reference image provides intensity profile for normal-
izing data obtained during experiments (Liu and Sullivan 
2004). The normalized intensity ratio is used for calculat-
ing the pressure data using the calibration (for example, 

Stern–Volmer equation) which can be completed before or 
after the experiment. Other than intensity-based measure-
ments, lifetime decay method has been utilized to solve 
issues of temperature dependence and demanding reference 
images (Crafton et al. 2005; Goss et al. 2005; Peng et al. 
2010). However, two integration periods (gate) are needed 
during data acquisition with an integration time of around 
10 ns (Crafton et al. 2005; Goss et al. 2005; Mitsuo et al. 
2006). Due to the thin sensor coating thickness (~1 μm) 
in microscale measurements, low luminescence intensity 
observed from the experiments poses barriers to the appli-
cation of lifetime decay method.

There are several PSP sensors that have been applied in 
microfluidic research, and they are summarized in Table 2. 
These PSP sensors are effective at pressure ranges from 
200 Pa to 400 kPa or higher (Liu and Sullivan 2004). With 
careful selection of the binder and luminescent molecules, 
PSP sensor is also capable of acquiring unsteady flow fields 
(Gregory et  al. 2014). One of the important advantages of 
PSP sensor in gas phase microfluidic research is the great 
pressure sensitivity at near-vacuum condition, which falls in 
the region having the deeper slope on the calibration curve 
shown in Fig. 2. The great pressure sensitivity at low pres-
sure region can provide excellent pressure resolution during 
the microscale measurements. This advantage can be uti-
lized by microfluidic researchers pursuing flow phenomena 
at high-Kn number situation (transition or free-molecular 
regimes). However, further investigations regarding molec-
ular behavior at free-molecular regime are required before 
this technique can be applied to practical measurements. 
To date, most applications of PSP sensors in microfluidic 
systems are still limited to the micrometer scale and transi-
tion regime (Kn below 0.4). In these regimes, Delton’s law, 
which claims that the proportion of oxygen molecules is 
fixed and homogeneous in the air, allows the oxygen con-
centration to be calibrated as static pressure. However, while 
the scale is down to micrometer or even nanometer, mol-
ecule dynamics is required instead of continuum assump-
tion to describe the fluid behavior. The different molecu-
lar weights between oxygen and nitrogen molecules will 
cause dissimilar movements, and the assumption of uniform 
distribution of molecule is no longer valid. In this case, 
detailed investigation of molecule movement must be per-
formed, or specific statement of oxygen concentration must 
be included while translating the luminescence signal from 
an oxygen-sensitive PSP sensor. Applications of PSP on 
micro- or nanometer scale measurements have been investi-
gated by Matsuda et al. with PSMF sensors (Matsuda et al. 
2007, 2009a, b). However, the translation of intensity read-
ings to static pressure instead of oxygen concentration at 
the sub-micrometer scale (free-molecular flow regime) still 
needs to be established. Efforts have been made in discuss-
ing the appropriate situation using PSP sensor to measure 
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either thermodynamic pressure or surface pressure only. The 
PSP sensor at micro- or nanoscale will be better treated as 
“molecular  number flux sensor” (Yamaguchi et  al. 2009). 
More detailed investigation or experimental validations are 
still needed for this not fully identified application regime. 

3 � Measuring method

The apparatus for PSP experiments in microscale includes 
an excitation light source, a photodetector, selected optical 

filters, and PSP sensors, similar to the conventional meas-
urements in macroscale. A photodetector is used to col-
lect the luminescence emitted from PSP sensors during 
excitation. The optical filters generally include one short-
pass filter and one long-pass filter. The short-pass filter is 
positioned in front of excitation light source to ensure the 
precise and clean excitation wavelength. The long-pass fil-
ter is positioned in front of the photodetector, to remove 
background noise in the luminescence. However, in order 
to magnify the image and improve the spatial resolution of 
PSP measurements at microscale, several approaches can 

Table 2   PSP/TSP applications in microfluidics

PSP/TSP sensor Binder Pressure/temperature measure-
ment

Microfluidic device

Pt(II)meso-
Tetra(Pentafluorophenyl) 
Porphine (PtTFPP)

TMSP (1-trimethysilypropyne) Pressure Microchannel, Micronozzle, 
Microturbine (Huang et al. 2006, 
2007a, b)

Pd(II)meso-
Tetra(Pentafluorophenyl) 
Porphine (PdTFPP)

TMSP (1-Trimethysilypropyne) Pressure Microchannel (Huang et al. 2007b)

Pt(II)meso-
Tetra(Pentafluorophenyl) 
Porphine (PtTFPP)

PDMS (Polydimethylsiloxane) Pressure Microchannel (Huang and Lai 
2012; Matsuda et al. 2011a)

Pt(II)meso-
Tetra(Pentafluorophenyl) 
Porphine (PtTFPP)

Poly TMSP (poly(1-Trimethysily-
propyne))

Pressure Microturbine (Huang et al. 2006)

Pt(II)meso-
Tetra(Pentafluorophenyl) 
Porphine (PtTFPP)

Poly(IBM-co TFEM) Pressure Micronozzle (Nagai et al. 2008), 
Microcone (Osafune et al. 2004)

Tris (Bathophenanthroline) ruthe-
nium dichloride

Anodized aluminum Pressure Microfluidic oscillator (Gregory 
et al. 2005)

Bathophen Ruthenium Chloride GE RTV 615 Pressure Micronozzle (Huang et al. 2002)

Pt(II) Mesoporphyrin IX (PtMP) Pressure-sensitive molecular film 
(PSMF)

Pressure Micronozzle (Matsuda et al. 2011c)

Fig. 2   Calibration curves of 
PSP sensors of Pd-Porphyrin 
and Ru(dpp) (Huang 2006)

Pd-porphyrin vs Ru(dpp) (ref=atm)
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be applied. The spatial resolution from PSP measurement 
mainly depends on the photodetector, where it can be a sin-
gle-point measurement (with a photomultiplier tube, PMT) 
or a two-dimensional measurement (with a CCD camera). 
An increase in the pixel resolution on the CCD chip will 
improve the resolution of global pressure map; this resolu-
tion will continue to improve as CCD technology evolves. 
The other way to increase the spatial resolution is the use of 
an optical arrangement involving camera bellows, a close-
up lens, or a microscope. For the applications in microscale 
measurements, a florescence microscope can be adapted 
with a highly sensitive CCD camera to capture the lumi-
nescence profile inside microfluidic devices. The excita-
tion and emission signals can be separated by optical filters 
and a dichroic mirror that are accessible for most fluores-
cence microscope. With the help of microscope, the spatial 
resolution of PSP measurement has been enhanced to sub-
micrometer. However, one should cautiously uses the one-
dimensional oxygen permeation assumptions during data 
reduction. One-dimensional oxygen permeation assumption 
is only valid when the thickness of paint layer is smaller 
than the dimension of diffraction pattern caused by oxygen 
diffusion. In other words, the spatial resolution is bound 
to be lower than the paint thickness, which is around sub-
micrometer when spin coating is applied. One-dimensional 
oxygen permeation assumption is generally applicable for 
macroscale measurements, in which the paint thickness is 
around hundreds of micrometers and the spatial resolution 
in the pressure map is in the scale of millimeter. However, 
the coating thickness of PSP sensor in the microscale meas-
urement is around a few micrometers, and the spatial reso-
lution in the magnified images under microscope is close 
to or less than the paint thickness. Therefore, this assump-
tion is doubtful and needs to be re-examined or corrected. 
Figure 3 presents the schematic of one-dimensional oxygen 
permeation assumption. During PSP measurements, the 
acquired luminescence from location P2 should include 
only the emission from sensors at P2 and sensors under-
neath it (P5) if the thickness t is smaller than the pixel dis-
tance x. However, if the thickness is greater than the pixel 
distance, the luminescence acquired at location P2 will be 
contributed not only by P2 and P5, but also by nearby loca-
tions, for example, P4 and P6 due to comparable distance 

between P2–P5 and P2–P4/P6. Therefore, the pressure pro-
files acquired by PSP measurements will be compromised 
and smeared if without proper correction using equation 
of two-dimensional oxygen permeation/diffusion process. 
Recent studies have reported that a resolution about 8.5 
times of the thickness of PSP sensor can be achieved when 
measuring continuous variation of pressure. For a pressure 
jump such as a shock wave, the spatial resolution is about 5 
times of the thickness of a PSP layer (Matsuda et al. 2012; 
Mosharov et al. 1997).

Another challenge that has been reported during micro-
scale measurements is the inconsistent calibration behav-
ior from pixel to pixel in the intensity map. In macroscale 
measurement, the normalization procedure is performed to 
eliminate the effects from non-uniform paint thickness and 
excitation light. However, this typical normalization proce-
dure is not sufficient to correct the discrepancy observed in 
the microscale measurements. Due to the reduced thickness, 
the paint layer is partly transparent and this makes the detec-
tion sensible to the surrounding noises. Therefore, pixel-by-
pixel calibration in the microscale measurement, especially 
at a scale of around 100 μm, is suggested for removal of 
surrounding noises. The pixel-by-pixel calibration is carried 
out by treating each individual pixel on the CCD chip as an 
individual pressure probe and applying individual calibra-
tion equation for each pixel. In conventional PSP measure-
ments, every pixel in the image is calibrated by the same 
calibration equation. The pixel-by-pixel calibration resolved 
up to 77 % error due to discrepancy from calibration curves 
(Huang et  al. 2012). However, it lengthened the computa-
tion time for data reduction, depending on the number of 
pixels on the CCD sensor. In summary, the principle of PSP 
measurement and main components in the experimental 
apparatus, including excitation light source, photodetector, 
and selection of optical filters, are similar in macro- and 
microscale applications. The major differences between 
PSP technique in macro- and microscale measurements are 
the integration of microscope in the microscale measure-
ments, additional correction method such as pixel-by-pixel 
calibration to adapt to the constrains in microscale measure-
ments, and preparation of thin PSP paint layer in microscale 
measurement using spin-coating or Langmuir–Blodgett 
method instead of air spray. The similar apparatus makes it 
easier for researchers to conduct microscale PSP measure-
ments if they already have experience and hardware from 
the macroscale measurements.

4 � The applications of PSP sensors in microfluidic 
systems

The experimental results acquired by PSP sensors are pre-
sented in the following sections in the categories of: (1) 

spatial resolution(x)>thickness(t)

xt

P1 P2

P6P5P4

P3

Fig. 3   One-dimension assumption of PSP/TSP measurement (Huang 
2006)
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continuum to transition flow regime measurements, (2) 
supersonic flow measurements, (3) unsteady flow measure-
ments, and (4) oxygen detection in microfluidic devices. 
Examples of pressure profiles obtained by PSP meas-
urements inside or outside the microfluidic devices with 
detailed pressure data in different flow conditions are also 
included.

4.1 � PSP measurements in continuum and transition flow 
regimes

The PSP sensor, Pd(II)meso-Tetra(Pentafluorophenyl) Por-
phine (PdTFPP), has been demonstrated with high sensitiv-
ity from near vacuum to 14 kPa, which can be seen from 
the calibration curve of PdTFPP in Fig. 2, making it feasi-
ble to investigate pressure distribution inside microchannel 
for flow regimes from continuum to transition flow where 
Kn varies from 0.003 to 0.4. The pressure distributions 
acquired by PSP sensors not only provide the pressure map 
inside the channel but also have sufficient spatial resolution 
at the channel entrance for observing the pressure drop due 
to the entrance effect.

4.1.1 � Pressure measurements in straight microchannels

The flow inside the straight microchannel with rectan-
gular cross section has been investigated with PSP sen-
sors of Pt(II)meso-Tetra(Pentafluorophenyl) Porphine 
(PtTFPP) and PdTFPP. A 12.5-mm-long, 235-μm-wide, 
and 112-μm-deep rectangular channel is connected with 
two pressure chambers at entrance and exit to control and 
maintain the pressure inside the channel. The pressure 
distribution acquired by the PSP sensor shows compress-
ibility effects: The nonlinearity of pressure distribution 
increases as the pressure ratio between the inlet and exit 

increases. The rarefaction effect is also observed with the 
flattening of the pressure distribution inside the micro-
channel, while Knudsen number increases from 0.09 to 
0.4 (continuum to transition flow regime). The results are 
shown in Fig. 4a, b, in which the pressure distribution is 
recorded along the centerline of the microchannel. The 
pressure map at the channel entrance and the normal-
ized pressure at the center are shown in Fig.  5 (Huang 
et  al. 2007b). The high spatial resolution provides suf-
ficient experimental data to study the pressure drop at 
entrance, and the data show good agreements with simu-
lation results obtained by Guo et  al. (2008), which use 
a Navier–Stokes solver with slip and no-slip boundary 
conditions to investigate differences of the gas flow in 2D 
and 3D microchannels. 

4.1.2 � Pressure measurements in constricted microchannels

Recent applications of PSP in the microchannel flow have 
been further extended to constricted microchannel flow 
(in continuum flow regime), and 3 μm per data resolution 
has been realized in the pressure profiles after applying 
pixel-by-pixel calibration (Huang and Lai 2012; Huang 
et  al. 2012). Taking the advantages of two-dimensional 
pressure map acquired by PSP technique, the flow pat-
tern after sudden constriction can be investigated with 
detail. Figure  6 presents the pressure maps inside con-
stricted microchannel with aspect ratio of 1.49:1 (chan-
nel width/channel depth) and constricted ratio of 1:2 (rib 
height/channel width) at different Reynolds numbers 
and the enlarged pressure contour near the constriction 
(Huang and Lai 2012). Axisymmetric pressure distribu-
tions upstream from constricted ribs are founded in the 
pressure maps, as well as the region after the ribs. Asym-
metrical pressure distribution due to flow deflection after 
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constriction structure has been confirmed with various 
constricted microchannels having higher aspect ratio (1:1) 
and constricted ratio (4:5) (Chiang et  al. 2013). These 
results demonstrate the capability of PSP technique in 
presenting two-dimensional pressure profiles for micro-
fluidic research.

4.1.3 � Molecular flux measurement in rarefied gas flow

The application of PSP technique on rarefied gas flow has 
been attempted with 0.5-mm jet impingement in the con-
trolled region where pressure is blow 130  Pa, which has 
a high-Kn number of 22.4. The luminescence signal from 
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Fig. 6   Left The pressure maps 
of a constricted microchannel 
acquired by PSP at a Re was 78, 
b Re was 50, c Re was 27, and 
d Re was 9. Right The enlarged 
pressure maps around the con-
striction region at a Re was 78, 
b Re was 50, c Re was 27, and 
d Re was 9. Figure adapted with 
permission from IOP Publishing 
(Huang and Lai 2012)
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PSP during the experiment has been further examined while 
determining the translation to pressure or oxygen pressure 
for high-Kn number flow. The molecular number flux has 
been considered as the information presented by PSP meas-
urement, which is important for analyzing the interaction of 
flow and solid surface if Kn number greater than one (Mori 
et al. 2005). Yamaguchi et al. (2009) reported that experi-
mental data acquired by PSP measurements agreed with the 
DSMC results calculating the normal stress introduced by 
incident gas molecules to the surface, which is equivalent 
to the change in the normal momentum flux to and from the 
surface, not the thermodynamic pressure. The result reveals 
the capability of PSP measurement for high-Kn flow; how-
ever, this is a new area of PSP technique and more efforts 
are needed for further applications.

4.2 � PSP applications in supersonic flow measurements

The qualitative and quantitative data acquired by PSP sen-
sors have been used to locate the shock wave in a super-
sonic flow field inside the micronozzle. A rapidly growing 
viscous boundary is observed in the divergent section in the 
nozzle, and it expedites flow transition from supersonic to 
subsonic.

4.2.1 � Pressure measurements in supersonic micronozzles

The pressure distribution in a De Laval type micronozzle 
with the throat height of 250 μm has been acquired using 

PSP sensor PtTFPP. Shock wave structure is observed 
as the pressure drops dramatically in the divergent sec-
tion under the condition of inlet pressure of 380  kPa (55 
psi), and pressure ratio between inlet and exit is 3.86. The 
strength of the shock waves dissipates, and the bound-
ary layer grows rapidly while the inlet pressure decreases 
(Huang et al. 2007a). Experimental results from Nagai et al. 
(2008) also show the Mach contour of supersonic flow in a 
micronozzle. The Mach number profiles along the center-
line of the nozzle are shown in Fig. 7a, which validates that 
the Mach number distribution in a microfluidic device such 
as the micronozzle can be captured by PSP sensors. A simi-
lar trend can be observed in these studies: The Mach num-
ber in the downstream region decreases, and the boundary 
layer grows as the total pressure decreases. The increasing 
deviation between the experimental results and the isen-
tropic flow analysis is shown in Fig. 7b. The effect of the 
viscosity increases because the Re number decreases with 
decreasing total pressure, and consequently, the influence 
of the boundary layer on the flow becomes stronger.

The pressure distribution in a micronozzle obtained by 
PSMF is reported by Matsuda et  al. as shown in Fig.  8 
(Matsuda et al. 2011c). The micronozzle has a 2D converg-
ing–diverging geometry with the throat width of 103 μm, 
diverging length of 492 μm, and diverging angle of 23.5°. 
The depth of the nozzle is 1.0  mm. A slide glass with 
PSMF is put on the nozzle as a cover. The luminescence 
from PSMF is collected by a fluorescence microscope 
and an EM-CCD camera. Using an objective lens with 10 

Fig. 7   a Pressure map inside 
micronozzles at different test 
conditions, b the comparison of 
Mach number calculated from 
isentropic analysis and experi-
mental data. Figure adapted 
from Nagai et al (2008) with 
permission of the American 
Institute of Aeronautics and 
Astronautics, Inc. (Nagai et al. 
2008)
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times magnification, the spatial resolution is 1.6 μm per 
pixel. The inlet and outlet pressures are 10.0 and 1.0 kPa, 
respectively. Figure  8a shows the pressure distribution in 
the micronozzle. The pressures along the centerline of the 
nozzle and the numerical simulation by DSMC are plotted 

in Fig. 8b, showing that the pressure distribution obtained 
by PSMF agrees very well with that by DSMC. Another 
attempt of PSP measurement in a supersonic nozzle with 
size of 9.6 mm has been carried out by Zare-Behtash et al. 
The shock cell has been successfully identified from the 
pressure maps acquired by PSP technique, and the results 
agree with the flow visualization images obtained using 
Schlieren technique (Zare-Behtash et al. 2009).

4.2.2 � Pressure measurements with a supersonic cone

Osafune et al. (2004) applied PSP sensors on a 2-mm-diame-
ter cone–cylinder model and demonstrated the surface meas-
urement for microscale objects by PSP sensors. Figure  9a 
shows the surface pressure distribution on the cone at Mach 
number 1.89. The surface pressure on the cone is mostly uni-
form except for that on the tip region. The pressure differ-
ence between cone and cylinder is also visualized distinctly. 
Figure 9b shows the good agreement between pressure pro-
files obtained by PSP and the computational fluid dynamics 
(Reynolds-averaged Navier–Stokes equation, RANS) except 
for the region around nose. As stated in Sect. 4.1.3, the 
agreement will be improved significantly in the nose region, 
if the normal stress, not the thermodynamic pressure, calcu-
lated by DSMC is compared with the PSP measurement.

4.2.3 � Pressure measurements of supersonic microjet 
impingement

Another example of applying PSP sensors on supersonic 
flow field is supersonic microjet impingement. Due to the 
small characteristic length in the microscale flow field, the 
Re number is small and the viscous effect starts to domi-
nate the flow field. Flow velocity after exiting the micro-
jet decreases rapidly, and the most flow impingement is 
subsonic; therefore, not much work has been found for 
supersonic microjet impingement using jet size of microm-
eter. Figure 10 shows the pressure map of a 1-mm micro-
jet impinging at an angle of 10 degree with respect to the 
surface. The shock wave pattern is clearly shown in the 

Fig. 8   Pressure distribution in a micronozzle measured by PSMF. 
Figure adapted from Matsuda et  al (2011c) with kind permission 
from Springer Science and Business Media. (Matsuda et al. 2011c)

Fig. 9   a Surface pressure 
distribution on the cone at Mach 
number 1.89, b the comparison 
of simulation and experimen-
tal data. Figure adapted from 
Osafune et al. (2004), courtesy 
of Prof. Keisuke Asai. (Osafune 
et al. 2004)
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pressure data, as is the pressure jump in the downstream of 
the jet exit (Huang et al. 2008). Another study of supersonic 
microjet impingement has been done by Crafton et  al., 
using larger nozzle of 5 mm and two impinging angles of 
10 and 20 degree (Crafton et  al. 1999). With larger noz-
zle size, the shock wave patterns captured by PSP meas-
urement are clear to see with stronger strength and higher 
pressure fluctuation. The locations of maximum pressure 
recovery are also analyzed, and they are found upstream 
from the geometric impingement point and independent of 
Re number.

4.3 � PSP applications in unsteady flow

One of the most challenging experiments in microflu-
idic devices is measuring unsteady flows. The challenges 
involve not only the small size of microfluidic devices but 
also the requirement of fast response from the sensor.

4.3.1 � PSP measurements in a microfluidic oscillator

In order to demonstrate that  the PSP sensor is capable of 
unsteady flow measurement, a microfluidic oscillator was 
used to investigate frequency response (Gregory et  al. 
2007). Pressure variation was acquired at a frequency of 
9.4 kHz, which was near the low end of the frequency range 
of the device, at a relatively low flow rate (550 mL/min or 
~0.67  g/min, with a supply pressure of 6.69  kPa gage). 
Quantitative flow visualization data acquired by PSP sen-
sor for this flow condition are shown in Fig. 11. The color 
scale on the PSP sensor images ranges from pure nitrogen 
(dark blue) to atmospheric conditions (dark red). A photo-
graphic bellows and a CCD camera were applied to create 
an image 4 × life size on the image plane. The dimensions 

on the axes of the images were calibrated by imaging a 
scale with 100 lines per inch and determining the imaging 
area of each pixel. Note that the entire image area covers 
a region measuring approximately 2,000 μm square, with 
each pixel representing an area measuring 3.2 μm square. 
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The data shown in Fig. 11 are phase-averaged through one 
period of the jet oscillation, with each image representing 
successive time delays from a fixed trigger. Each image 
is separated by 20 μs or approximately 19 % of the total 
cycle. These time steps were selected to represent approxi-
mately half of the oscillation period.

4.3.2 � Pressure measurements in a microturbine

The microturbine is a microfluidic device that converts the 
fluid flow to work output, a component which has been 
utilized for constructing micro-engines. During the design 
and test of these devices, challenges such as vibration and 
massive heat generation inside the microturbine have been 
reported. Thus, a detailed investigation of flow field inside 
the microturbine device is a priority for solving these issues. 
The small size of PSP sensor as well as the fast response 
time (~10 μs) makes it a powerful technique for acquiring 
pressure data inside microturbine devices. The pressure 
distribution inside a microturbine device has been acquired 
with phase-averaged method between rotors and stators in 
Fig. 12. These pressure data were acquired at low rotation 
speed around thousands of rpm, which is restricted by unsta-
ble vibration from the rotor while rotating at higher speed. 
These preliminary results from microturbine measurement 
demonstrate the feasibility of applying PSP sensor in micro-
scale unsteady flow measurement (Huang et al. 2006).

4.4 � Oxygen detection in microfluidic devices

In addition to pressure measurement at microscale, PSP 
applications have also been extended to the measurements 
of oxygen concentration (Borisov and Klimant 2009; 
Sakaue et  al. 2009). This kind of measurement uses the 
oxygen sensitivity of PSP to monitor the oxygen level in 

microfluidic channel in fuel cells (Inukai et al. 2008). The 
PSP technique has been used to understand the dynamic 
behavior of oxygen molecules and oxygen concentration 
distribution over electrode planes and inside diffused layers 
to improve the efficiency and sustainability of a fuel cell. 
It is particularly indispensable to know when, where, and 
how oxygen is consumed in the fuel cell for developing the 
design guide. Inagaki et al. (2007) applied the PSP sensor 
technique to the measurement of the oxygen partial pressure 
distribution in a fuel cell to improve power generation. The 
PSP sensor was composed of PtTFPP as the sensor probe, 
polystyrene with a low molecular weight (Mw = 100,000) 
as the binder, toluene, and a water-repellent agent. Figure 13 
shows the oxygen partial pressure distribution in a fuel cell 
in the case of power generation test. In the test, air flows 
from left to right in the transparent separator while initial 
pressure of the inlet of the channels is 200 kPa (oxygen par-
tial pressure is 42 kPa). The cell temperature is controlled at 
323 K by putting a heater at the back of the cell. The result 
shows that the oxygen partial pressure decreases from the 
gas inlet to the outlet along the channels; however, the trend 
is different in each channel. The oxygen consumption along 
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Fig. 13   Oxygen partial pressure distribution in a fuel cell visualized by 
PSP sensor. Figure adapted from Inagaki et al (2007) with permission 
of The American Society of Mechanical Engineers (Inagaki et al. 2007)
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the channel (c) is extremely rapid compared with that in the 
channel (a) where the oxygen consumption is slow. Simi-
lar application measuring oxygen concentration has also 
been carried out by Maruyama et al. (2012), Matsuda et al. 
(2011b). A luminescent sensor film is developed to study 
the dissolved oxygen (DO) in unsteady 2D flow field (peri-
odic oscillatory flow), and the acquired results agree with 
that measure by fluorescein-seeded flow at frequency of 
0.72 Hz. These studies demonstrate the feasibility of adapt-
ing PSP sensors for DO measurements.

5 � Future aspects

The future development of PSP technique in microscale 
measurements will be focused on enhancing luminescence 
intensity, by exploring different luminophores or combin-
ing sensor molecules by copolymerization, and refining 
spatial resolution to sub-micrometer with fluorescence 
microscopes. Low luminescence signal in PSP measure-
ments due to thin layer of PSP sensor results in poor signal-
to-noise ratio and poses barrier for applying several calibra-
tion methods such as lifetime decay method, which has the 
potential of resolving temperature dependence and simulta-
neous temperature and pressure measurements. The spatial 
resolution from PSP measurement can be further improved 
with progressing microscopes and CCD technologies. CCD 
cameras with high pixel resolution can be easily found in 
the market with affordable price. However, a proper cali-
bration using two-dimensional oxygen permeation assump-
tion instead of one-dimensional is suggested for better 
translation of pressure profiles with sub-micrometer resolu-
tion. In addition, the development of new reaction principal 
using fluorescence resonance energy transfer for detecting 
pressure variation is one of the possible research aspects 
(Hamner 2008). Further applications of PSP measurement 
in free-molecular flow regime are also new interests of 
researchers; however, the consideration on molecular flux 
calculation from luminescence signal is required while pre-
senting the experimental data.

Using PSP technique, detailed pressure profile with 
two-dimensional information can be acquired, and the 
information is helpful for analyzing asymmetrical flow 
field. Although this technique is limited to surface pressure 
measurement, it is capable of studying microflow field 
in most flow regimes. PSP measurements facilitate the 
investigation of micro gas flow in aggressive geometrical 
change such as constrictions or sharp bend, as well as the 
oxygen detection or gases mixing. In addition, the appli-
cation of PSP measurements to study the gas dynamics 
of shockwave behaviors in microscale would draw great 
interests from researchers in the fields of microrockets and 
satellites.

6 � Conclusions

The methodology and applications of PSP sensors at micro-
scale have been presented and discussed in this review. The 
applications of PSP sensors on microscale measurements in 
different flow regimes include transition flow, supersonic 
flow, and unsteady flow. Results from these experiments 
performed in various microdevices and test conditions have 
been successfully acquired, and some results have been 
compared with theoretical or numerical data with good 
agreement. In general, PSP technique can provide detailed 
pressure information in flow field at microscale, and it is 
worthwhile to take the advantages of PSP technique and 
continue the studies as well as the applications in microflu-
idic research.
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