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Abstract In micro-Particle Image Velocimetry, the
requirement of a large field-of-view often results in a large
depth-of-correlation, i.e. large depth of the measurement
volume. When the velocity varies substantially over the
depth-of-correlation, special attention should be paid to a
correct interpretation of the measured velocities. When a
specialized microscope is needed to meet the requirements
of a setup, the resulting more complex optical arrange-
ments can have additional effects on the measurement
results. In order to determine flow parameters such as the
flow rate, it is sufficient to have a robust estimate of the
maximum velocity when the flow is Poiseuille flow. In this
paper, an interpretation of the results from particle image
velocimetry measurements with low magnification in a
round capillary is given for two types of microscopes: a
conventional and a specialized microscope. The measured
velocity appears to be lower than the maximum velocity,
yet is still above the average velocity. The interpretation of
the measured velocity differs for the two types of micro-
scopes. The under-estimation of the maximum velocity
obtained from the conventional microscope remains small
(within 6%) for low-magnification measurements, while
the under-estimation of the maximum velocity obtained
from the specialized microscope increases up to 25% for a
large depth-of-correlation. The images of the in- and out-
of-focus particles turn out to play a crucial role in this
difference between the two microscopes. Validation of the
optical properties of a microscope is important, especially
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for specialized microscopes where particle images deviate
substantially from the existing theory, and this theory is
also used to derive the analytical expression for the depth-
of-correlation. A procedure is recommended to obtain a
correct interpretation of the measured velocity. This pro-
cedure is generally applicable, but mainly of importance
for specialized microscopes.

1 Introduction

In micro-Particle Image Velocimetry (micro-PIV) the
depth of the measurement volume is determined by the
depth-of-correlation (DOC). The DOC is inversely pro-
portional to the numerical aperture (NA) of the microscope
objective; the larger the NA, the smaller the DOC. In
general, objectives with a large magnification also have a
higher NA. This implies for many practical situations
where a small DOC is used (i.e., with a high NA and high
magnification), that the field-of-view is very small. This
can be a severe limitation in microfluidic applications
where a large field of view is desirable, for example in
complex microfluidic systems or in biological applications
(e.g., the investigation of a blood vessel network). As the
flow is often Poiseuille-like, a robust estimate of only the
mean or maximum velocity can provide parameters such as
the flow rate and wall shear stress, which are in many flows
more important than the exact shape of the profile. Also,
certain applications require specialized microscopes. For
example, the investigation of microscale biological flows
require upright microscopes, or microscopes with a long
working distance, or even microscopes that can be used
with combinations of different optical configurations (e.g.,
the combined stereoscopic/upright single-view microscope
used by Vennemann et al. 2006). The optical properties of
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various microscopes can be quite different, which means
that microscopes with more complex optical arrangements,
such as microscopes with a zooming capability, can be
quite different from conventional microscopes. In this
paper, we investigate the effect of the DOC on the mea-
sured flow velocity as a function of the DOC relative to the
typical dimension of the flow. In other words, how should
the measured displacement be interpreted when the
velocity varies substantially over the DOC. It appears that
the measured velocity cannot be considered as a simple
volume average of the velocity over the measurement
domain. This also depends on the optical characteristics of
the microscope, and in particular on the way in which the
particle image diameter varies with the distance from the
(nominal) focal plane.

1.1 Depth-of-correlation

The DOC describes the depth over which particles con-
tribute significantly to the spatial correlation (Olsen and
Adrian 2000). When the DOC increases, also particles
outside the focal plane contribute to the correlation func-
tion, which influences the measured velocity. The DOC is
thus an estimate of the thickness of the measurement vol-
ume. It can be calculated by (Olsen and Adrian 2000):

_ 202 44 1/2
DOC = 2[& <f#2d2 + 5.95(My+ 1)°/°f )]
Ve P

Mg
(1)

where f* is the aperture number of the lens, d,, the particle
diameter, M, the nominal magnification, A the wavelength
of light emitted by the particle, and ¢ a threshold value for
the intensity of particle images that contribute to the
measured spatial correlation (typically ¢ is chosen to be
0.01).

The DOC is mainly sensitive for changes in the particle
diameter d, and the aperture number f*. In the studies
described in Vennemann et al. (2006) and Poelma et al.
(2008, 2010), artificial (bio-inert) tracer particles were
added to the blood to obtain velocity profiles from PIV
measurements. PIV measurements are also possible with-
out these artificial tracer particles, by using the red blood
cells (RBCs) as tracer particles (Lee et al. 2007; Sugii et al.
2002). For typical experimental values, e.g. f* = 1.0,
My =20, A =590nm, and ¢ = 0.01, the DOC increases
from 11 to 43 um when RBCs with a diameter of 7 um are
used instead of particles with a diameter of 1 um. While the
use of RBCs has the advantage that the system is not
affected, it also results in a fourfold larger DOC.

Some applications demand large fields-of-view, i.e. low
microscope magnification (e.g. studying a blood vessel
network). With most microscopes, a reduction in the
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magnification results in a lower numerical aperture and
thus a higher aperture number ¥, and eventually to a larger
DOC. As a result, using low magnifications will not only
influence the resolution and averaging characteristics in the
directions of the measurement plane, but also in the
direction normal to the plane. Taking the same values for
the parameters in the formula of the DOC as above, the
DOC will increase from 11 to 40 um, when changing the
magnification from the previous value of 20x to 10x, with
a corresponding aperture number f* = 2.0.

In Fouras et al. (2007), the averaging problem due to
volume illumination is treated for particles with constant
contribution in the out-of-plane direction. Earlier work
from e.g. Bourdon et al. (2004a) and Rossi et al. (2010)
describe methods for modifying the effect on the measured
velocity due to the depth-of-correlation by applying image
preprocessing techniques. Fouras et al. (2009) suggest to
use decomposition of the correlation function in order to
obtain the actual velocity data. Another procedure for
decreasing the measurement depth is using selective
seeding. This is described in Mielnik and Saetran (2006).
This may be a solution for certain situations, but for in vivo
measurements, this method seems impractical. In this
study, the focus will be on interpreting the measured
velocity correctly.

The expression for the DOC in (1) is based on certain
assumptions. For example, the size and intensity distribu-
tion of a particle image are modeled for both in- and out-
of-focus particles under ideal conditions (e.g. a single thin
lens and equally distributed light intensity). The particle
image diameter d, as a function of z, where z is the distance
to the object plane, is modeled as (Olsen and Adrian 2000;
Bourdon et al. 2004b):

M3z*D?
[(nf/nl) (so + Z)]2
(2)

where D, is the lens aperture diameter, s, the distance from
the lens to the object plane, ny the refractive index of the
fluid containing the particles, and #n; the refractive index of
the lens immersion medium. The first two terms in
expression (2) represent the particle image diameter for a
particle located in the object plane. This is a combination
of the geometric image (first term) and the diffraction
(second term). The last term describes the geometric
spreading of the particle image when a particle is not
located in the object plane, but at a distance z to the object
plane. The particle intensity distribution /(r,z) is assumed
to be Gaussian and is modeled as (Olsen and Adrian 2000):

7. D2 2 4 2 2
I(r,2) = — D2 p( ﬁ/) ()
4nd?(so + z) d;

d2(z) = Mydy +5.95(M + 1)* 2% +
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Fig. 1 Schematic representation of the cross sections of particle
images for different z-positions based on expressions (2)—(3). The
particle image diameter, d.(z), increases for increasing z, while the
peak intensity [(0,z) decreases. The dashed line represents the
geometrical spreading of an image of an out-of-focus particle (last
term in expression (2))

where r is the distance to the particle center, J,, the flux of
light emitted from the particle surface, and f§ a constant that
is often taken as ﬂ2 =3.67 (Adrian and Yao 1985). For this
value of 5%, the Gaussian distribution is the best approxi-
mation for the Airy distribution. This model appears to be
in good agreement with experimental data (Olsen and
Adrian 2000). In Fig. 1, the z-dependency of a particle
image is illustrated.

Micro-PIV measurements in for example biological setups
may require specialized microscopes. An upright microscope
with one or more additional features, such as a long working
distance, stereoscopic imaging abilities, and a zoom function
may be desirable. The first part of this study consists of the
verification of the assumptions for the in- and out-of-focus
particle images for two types of microscopes: the particle
image diameter as a function of z and the intensity distribution
are determined experimentally and are compared with the
expressions in (2)—(3). The two types of microscopes are an
inverted epifluorescent microscope in combination with dif-
ferent interchangeable objectives to obtain different magni-
fications and an upright epifluorescent microscope in
combination with one objective with long working distance
and a zoom function to obtain different magnifications in a
specific range. Due to the differences in optics used in the
microscopes, resulting from the different features, the way
particles are imaged may be affected. This, in turn, influences
the DOC, and the measured velocity can therefore deviate
from the velocity based on the calculated DOC by (1). A
relatively simple objective (i.e. one fixed magnification) is
already very complex, with many more optical elements than
the single thin lens that is used to model it."

' For examples of objective schematics, we refer to e.g. the website
of Zeiss, http://www.zeiss.de.

To gain a better insight into how measured velocities
relate to the actual velocity in the presence of local
gradients, the accuracy of the micro-PIV method will be
investigated experimentally for two commonly used
types of microscopes. In the second part of this study, an
in vitro experiment is performed in a known reference
flow: a glass capillary is used to model a blood vessel.
With a micro-PIV system, measurements are performed
for different magnifications. The measured maximum
velocities are compared with the known maximum
velocities to investigate the influence of the spatial-
averaging characteristics, given the in-plane and out-of-
plane (DOC) spatial resolution. The experimentally
measured data for d.(z) is used to provide a better
understanding of the measured velocity.

In applications that require a large field-of-view (i.e. low
image magnification), such as application of micro-PIV to
biological flows, it is difficult or sometimes even unfeasible
to have a sufficiently small DOC; note that in most studies,
it is implicitly assumed that the PIV measurement plane
represents a thin slice coinciding with the center-plane of a
blood vessel. When the DOC becomes larger than the
diameter of the blood vessel, the measured velocity is often
interpreted as an average of the velocity due to the depth
averaging.

2 Methods
2.1 Setup

For our investigation, we considered two microscopes: a
conventional inverted epifluorescent microscope in com-
bination with different interchangeable objectives to obtain
different magnifications (Zeiss, Axiovert 200) and an
upright epifluorescent microscope with zoom function in
combination with a single objective to obtain different
magnifications (Leica MZ 16 FA) (see Fig. 2 for pictures
of both microscopes). With the inverted microscope, three
different objectives are used, with magnifications M, =
20x, 10x, and 5x (with numerical apertures NA = 0.5
(Zeiss Plan Neofluar), 0.3 (Zeiss Plan Neofluar) and 0.25
(Zeiss Fluar), respectively); see Table 1. In order to tra-
verse the focal plane, a piezo objective positioner (Piezo
Jena) is combined with the inverted microscope. The
upright combi-microscope can be used for stereoscopic and
normal viewing. The microscope is also equipped with a
long working distance. These additional features can be
useful or are sometimes even necessary for application of
micro-PIV to biological flows, e.g. in vivo measurements
in a chicken embryo (Vennemann et al. 2006; Poelma et al.
2008, 2010). The upright combi-microscope has a zoom
functionality and is used together with a single objective
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Fig. 2 Pictures of the two
microscope used in this study:
a the inverted microscope from
Zeiss (Axiovert 200) and b the
upright combi-microscope from
Leica (Leica MZ 16 FA)

5 . " __

microscope, moving the focal plane is accomplished by
moving the built-in translation stage of the microscope,
which is controlled by the recording software of LaVision
DaVis. Furthermore, for both microscopes, we use a PCO
Sensicam QE camera (1,376 x 1,040 pixels) for image
recording and a diode-pumped Nd:YLF laser (New Wave

Table 1 Magnifications and corresponding numerical apertures,
particle image diameters, depths of correlation, exposure time delays
At, and sizes of the interrogation windows (IW) for both microscopes
(A =590 nm, d, = 0.56 um and d, = 1.28 um and ¢ = 0.01)

Inverted microscope

M, NA d. (px) DOC (pm) At (ps) W (px)
20 0.50 4 10 375 40 x 64
10 0.30 3 27 750 20 x 64
5 0.25 2 42 1,500 10 x 64
Upright combi-microscope

M, NA d. (px) DOC (pm) At (ps)  IW (px)

0.56 1.28 0.56 1.28

33 050 6 8 9 200 76 x 64
30 048 5 6 10 250 60 x 64
25 045 4 6 12 300 50 x 64
20 040 4 5 13 15 375 40 x 64
15 033 4 4 19 22 500 30 x 64
10 024 3 4 39 42 750 20 x 64
8 0.19 3 3 66 68 1,000 16 x 64
5 0.14 3 3 130 132 1,500 10 x 64
4 0.11 3 3 224 226 2,000 8 x 64
3 009 3 3 349 352 2,400 6 x 64

The numerical apertures for the upright combi-microscope are
extracted from the specifications provided by Leica

with magnification M, = 5x and numerical aperture NA =
0.5 (Leica FluoCombi III). This combination provides
magnifications in the range of 2.8—46x with corresponding
numerical apertures in the range of 0.08-0.5. For this
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Pegasus) for illumination.”

For the PIV measurement, a glass capillary with an inner
diameter of 148 um (TSP150375, Polymicro Technologies)
is used, which is comparable in dimension to typical
dimensions of commonly used micro-channels and to the
larger blood vessels of the vitelline network of a chicken
embryo (Poelma et al. 2008). To allow optical access, part
of the external coating is removed by treating it with sul-
furic acid and heating it, not exceeding 130°C, to preserve
the glass quality. A 1-ml syringe is connected to the glass
capillary, and the syringe is placed into a syringe pump
(Model 101, KD Scientific). Fluid is pumped into the glass
capillary at a flow rate of 5ul/min. The fluid contains
tracer particles and glycerin to increase the refractive index
to 1.45, which closely matches the refractive index of the
glass capillary. This minimizes the difference in refractive
indices of the fluid and glass to reduce refraction effects
that would otherwise distort the image. The section of the
capillary that is observed is placed on a microscope slide
and a cover glass is placed on top of it (see Fig. 3). To
further reduce any effects related to differences in

2 In our setups, a 1x coupling between the microscope and the
camera is used. The large field-of-view can be maintained for
increasing magnifications when the coupling is lowered. The effective
numerical aperture is likely to increase. As a side effect, this solution
might cause vignetting problems.



Exp Fluids (2011) 50:1587-1599

1591

viewing direction
upright microscope

cover glass,

capillary ) ¢ )
immersion fluid

with tracer

flow e sttt 148
 ivpm 4 Y

|C T |

needle
viewing direction

inverted microscope

Fig. 3 Schematic representation of the setup for the PIV experiments
(not to scale). The fluid, containing tracer particles and glycerin, is
pumped through a glass capillary with a diameter of 148 um. PIV
images are recorded with a camera from below when the inverted
microscope is used and from above when the upright combi-
microscope is used

refractive index, the space around the glass capillary,
between the microscope slide and cover glass, is filled with
the same fluid as inside the capillary, i.e. glycerin with a
refractive index of 1.45.

The entrance length L, i.e. the minimum length that is
required for establishing a fully developed laminar flow,
for laminar flows can be calculated by (White 2008):
Lc/d = 0.06 Re, where d is the inner diameter of the cap-
illary. The prescribed flow rate corresponds to a flow with a
Reynolds number in the capillary of 1072, so that the
entrance length is very small (= 1077 m). The flow will
thus be fully developed at the measurement location
(=~ 10 cm downstream of the syringe).

The tracer particles are polystyrene spheres (Micropar-
ticles GmbH) with a diameter of 1.28 um. The tracer par-
ticles contain a fluorescent dye (Rhodamine B) and are
coated with poly-ethylene-glycol (PEG), which avoids
particle coagulation and also avoids that the tracer particles
attach to the wall of the capillary. To check for unexpected
results related to the particle size, the PIV measurements
are repeated with similar particles, but with a diameter of
0.56pm. These PIV measurements are only done on the
upright combi-microscope. Due to the more complex
optical configuration of the microscope and the larger
range of magnifications that we investigated, the possible
deviations are more likely to occur for this microscope.

2.2 Particle image diameter and depth-of-correlation

We first determined for both microscopes the particle
image shape and diameter as a function of the distance
z from the (nominal) focal plane. We then performed a
series of PIV measurements of the flow in the capillary for
different measurement planes with respect to the center line
(i.e., z = 0) of the capillary, in order to determine the
velocity profile at z = 0. The measurements on the inverted
microscope are done with different objectives with

different magnification and numerical aperture. The upright
combi-microscope has a zoom functionality and is used
together with a single objective (My = 5, NA = 0.5). The
effective numerical aperture is not a fixed value, as it
depends on the effective magnification. The aperture
number f* is used in (5) and (1), which is related to the
numerical aperture, and can be computed with (Meinhart
and Wereley 2003)*

(ORI "

where n is the refractive index of the immersion medium
between the object and the lens (n = 1.0 for air).

The theoretical values for the particle image diameter in
the focal plane d;(z = 0) can be computed with (Adrian
and Yao 1985; Adrian and Westerweel 2010):

d. = C\/M2dg +5.95(M + 1)*22f#2, with C = 0.74
(5)

The value of C is defined such that the width of the particle
image corresponds to the e > diameter of the intensity
distribution, normalized by the peak intensity. The values
for d, can be found in Table 1.

For every magnification M, and corresponding numeri-
cal aperture NA, the DOC is calculated using equation (1)
with 4 = 590 nm (this wavelength represents the range of
emitted wavelengths by the fluorescent particles),
dy, = 1.28 um and ¢ = 0.01. For the measurements on the
upright combi-microscope, the DOC is also calculated with
dy, = 0.56 pm. The results are given in Table 1 and are
represented graphically in Fig. 4.

2.3 Data acquisition and analysis

In order to determine the particle image diameters and
intensity distributions, the focal plane has to be traversed
with respect to tracer particles at a fixed location. To
accomplish this, a set of images is taken for different s,
positions, i.e. distances between the lens and the particle.
Fluid containing tracer particles is placed between a
microscope slide and a cover glass. During the measure-
ments, there was no observable flow. The appropriate
distance between subsequent parallel image planes depends
on the magnification and varies between 1.5 and 2.5 pm for
the combination inverted microscope and electric piezo
objective positioner. For the upright combi-microscope, the
distance between subsequent parallel image planes varies
between 5 and 12 pm. These variations do not depend on
the magnification, but are due to mechanical limitations of
the microscope and are registered and taken into account.

3 Instead, the approximation f# = 1/(2NA) can also be used.

@ Springer



1592

Exp Fluids (2011) 50:1587-1599

inverted microscope

T T — = =
I :[ focal plane

upright combi-microscope T

===TI] {[ i[ | focal plane

+—p» ., M=3

o

M =38, ..

Fig. 4 The theoretical values for the depth-of-correlation (DOC)
relative to the capillary diameter for different magnifications M, for
both microscopes, given by the parameters in Table 1. To obtain
different magnifications with the inverted microscope, different
objectives are used. Because of the zoom functionality of the upright
combi-microscope, different magnifications can be obtained with a
single objective

To reduce the signal-to-noise ratio, 200 images are recor-
ded for every s, position. The average of these 200 images
is used for further analysis. The image quality is improved
by applying a mean filter when needed and the affected
parameters are corrected for this.

The intensity distribution of a particle is assumed to be
Gaussian (for particle images, see Figs. 6, 7), and the edge
of the particle, defined as where the intensity has dropped
to e~ of the peak value occurring in the center, has to be
determined. This is done by fitting a second-order poly-
nomial to the natural logarithm of the intensity. The
diameter and the peak intensity of the particle can be
expressed in terms of the fitting parameters. This is repe-
ated for all planes with consecutive z-positions. Another
way to determine the average particle image diameter is by
using the auto-correlation of the total image (Adrian and
Westerweel 2010). Due to the finite space between the
microscope slices, particles with slightly different distances
to the lens are imaged so that the particle images do not
have equal diameters. As a consequence, the results might
be biased toward a slightly larger particle image diameter
with respect to a situation where all tracer particles are
exactly in the focal plane. Therefore, the auto-correlation
method may not be suitable in this study, while the current
method can handle this.

The data acquisition of the PIV measurements in the
capillary is done using single-exposure/double-frame
recording. The flow rate is kept constant (within 1%) during
all measurements. For each series of PIV measurements
corresponding to one magnification, the maximum pixel
displacement is kept more or less constant at a value of
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approximately 10 pixels, by adjusting the time between two
frames (Ar). This implies a small Ar for the highest magni-
fication, and increasingly larger exposure time delays for
decreasing values of M. In our measurements, we thus
varied the values of At between 200 and 2, 400 us. The exact
values for each magnification can be found in Table 1.

The maximum velocity occurs at the center of the cap-
illary. To determine when the focal plane coincides with
the center-plane of the capillary, scanning PIV is applied:
multiple PIV recordings are done for different planes
normal to the z-axis. The distance between subsequent
parallel planes is S5pm for the inverted microscope. For the
upright combi-microscope, the distance between sub-
sequent parallel planes varies and is less than 12 um (the
variation is due to the mechanical limitations of
the microscope). The measurement plane containing the
highest velocities is considered to be the center-plane of the
capillary and will be used for further analysis. Assuming a
parabolic flow profile, the error in the maximum velocity
resulting from the inaccuracy of the z-position is estimated
to be less than 1% for both microscopes.

In every measurement plane, 500 image pairs are
recorded. For the analysis of the images, correlation aver-
aging is applied: the local cross-correlation data is aver-
aged to determine the displacement field (Meinhart et al.
2000). In fully developed laminar flows, only the stream-
wise velocity component is non-zero. Hence, in our cap-
illary, the velocity in the y-direction (v) dominates and
0v/0y = 0, and therefore, it is appropriate to use rectan-
gular interrogation windows (with respect to the coordi-
nates defined in Fig. 3). The analysis with rectangular
interrogation windows is done in three passes with 50%
overlap and grid refinement by a factor two for the second
iteration is applied. The lengths of the interrogation win-
dows in the direction of the y-axis (streamwise direction)
are fixed, but to exclude the effects of the in-plane gradi-
ents, the lengths of the interrogation windows in the
direction of the x-axis are variable and depend on the
magnification. The sizes of the interrogation windows are
chosen in a way such that for every magnification,
approximately 24 interrogation windows are used in the x-
direction of the plane through the capillary. For example,
the sizes of the interrogation windows used for the analysis
for My =25 for the three iterations are 100 x 128,
50 x 64, and 50 x 64. As a result, the final sizes of the
interrogation windows vary from 76 x 64 for the highest
magnification on the upright combi-microscope (M, = 38)
to 6 x 64 for the lowest magnification on the upright
combi-microscope (M, = 3), see Table 1. The PIV eval-
uation is done with an in-house Matlab code, which is also
used by Poelma et al. (2008, 2010).

From the PIV data, the displacement is computed by
determining the peak location in the correlation function.
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Fig. 5 The correlation function R(s) is the summation of the
contributions of all particles within the depth-of-correlation (DOC):
R(s) = [ R(s|z)f(z)dz. When the DOC increases, the influence of the
particles outside the focal plane becomes larger and this may effect

This correlation function is the summation of the contri-
bution of all particles imaged on the area corresponding
with the interrogation window, i.e. the summation of the
individual correlation functions resulting from all these
particles. When gradients are present, the centers of the
individual correlation peaks may no longer coincide, and as
a result, the measured displacement may be influenced, see
Fig. 5. For a better understanding, the experimental results
are compared with a model: the reconstructed correlation
function. In this model, the correlation function is recon-
structed by summing up the individual correlation func-
tions. This can be done here because the shape of the
velocity profile is known. An individual correlation func-
tion can be obtained by computing the auto-correlation of
the particle image and centering this around the corre-
sponding displacement. Assuming the particle image to be
Gaussian, the auto-correlation is also Gaussian and can be
expressed in terms of the diameter and peak intensity of the
particle image. The particle image diameter d.(z) and
normalized peak intensity e = 1(0,2)/1(0,0) as func-
tions of z are obtained in two different ways:

(a) The theoretical particle image diameters and normal-
ized peak intensities computed by (2) and (3) are used
(Olsen and Adrian-based reconstructed correlation
function),

The measured particle image diameters and normal-
ized peak intensities from the first part of this study
(Sect. 3.1) are used (experiment-based reconstructed
correlation function).

(b)

In combination with the corresponding centers of the
individual correlation functions, known from the parabolic

PN J

S —>

the measured displacement. Note that in this figure the maximum
velocity does not coincide with the focal plane, which is the case in
this study. After: Adrian and Westerweel (2010)

velocity profile, the individual contributing correlation
functions are determined. This way, we can reconstruct the
resultant correlation function incorporating the contribu-
tions of all particles with different z-positions.

3 Results
3.1 Particle images

For both microscopes, the particle image diameter and the
peak intensity for different z-positions are determined
experimentally for different magnifications, see Table 1.
The peak intensities are normalized by dividing them by
the maximum peak intensity, occurring at z = 0. For the
upright combi-microscope, the diameters and peak inten-
sities of the particle images could not be properly deter-
mined, because of the low contrast in the images for the
three lowest nominal magnifications (M, = 5, 4 and 3). For
the inverted microscope, the results for My = 10 are given
in Fig. 6, and for the upright combi-microscope, the results
for My = 25 are given in Fig. 7; the results for the other
magnifications show similar behavior and are therefore not
shown. The outcome of the analysis of the measurements
does not directly agree with the theoretical values com-
puted by the expressions in (2) and (3) (see solid lines in
Figs. 6 and 7). Small corrections on the theoretical estimate
for the particle image diameter d.(z) are applied for both
microscopes. The theoretical value for the particle image
diameter for a particle in the object plane (d.(0), the first
two terms in expression (2)) is replaced by the measured
particle image diameter at z = 0. The last term in expres-
sion (2) remains unchanged (see dashed lines in Figs. 6 and
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Fig. 6 The measured and calculated particle image diameters and the
peak intensities are shown for the inverted microscope with M, = 10
and NA = 0.3. When replacing the theoretical value for d; by the
measured value, the experimental and adapted theoretical values show
good agreement. For illustration, particle images are shown for
different z-positions, indicated by a—e

7). This can be seen as incorporating the imperfections of
the microscopes into the expression for d,. Good agreement
is shown for both the particle image diameters and the
normalized peak intensities for the inverted microscope.

The theoretical values for d; are corrected by multiplying
them by 1.8%, 1.5%, and 2.3x for the nominal magnifica-
tions My = 20, My = 10, and M, = 5 respectively.

For the upright combi-microscope, a correction of the
theoretical prediction of the particle image diameter and
normalized peak intensity is not sufficient to describe the
observed behavior. For this microscope, new empirical
models are used to describe their behavior. To describe the
particle image diameter:

26 =155 ©)
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Fig. 7 The measured and calculated particle image diameters and the
peak intensities are shown for the upright combi-microscope with
My = 25 and NA = 0.45. New models are used to describe the particle
image diameter and normalized peak intensities as functions of z. For
illustration, particle images are shown for different z-positions,
indicated by a—e

and to describe the normalized peak intensity ipeak:

- 1(0,2) 1

Leak = = 7
Pk T 0,0) 1+ Ciz? )

where C, and C; are positive-valued constants. These
models are included in Fig. 7.

Severe deviation of the imaging characteristics from the
theory can affect the results of the velocity measurements.
Since this is the case for the upright combi-microscope,
unexpected results for the measured velocity are more
likely to occur for this specialized microscope. Moreover,
Bourdon et al. (2004b, 2006) have validated the expression
for the DOC by inspecting the weighting functions (i.e. the
individual contributions to the correlation function). It was
shown that the expression holds for a large range
of parameters for a microscope which is comparable,
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concerning the complexity, to the inverted microscope used
in this study.

3.2 PIV measurements

Velocity profiles at the center-plane of the capillary are
determined for both microscopes for the different magni-
fications. The PIV measurements on the upright combi-
microscope are repeated with particles with a diameter of
0.56 um. The scaling coefficient is determined by dividing
the known capillary diameter (148 pm) by the diameter (in
pixels) of the observed capillary image. Because the Rey-
nolds number of the flow is small (1072), the flow can be
described as Poiseuille flow with a parabolic flow profile.
The measured velocity profiles are compared with the
theoretical Hagen—Poiseuille velocity profiles. The only
parameter we use to compute the theoretical velocity pro-
files is the known fixed flow rate of 5 pul/min. This value is
the prescribed flow rate for the pump and verified in a
separate measurement. The fluid, which is pumped through
the capillary during one hour, is captured in another syr-
inge, so that no evaporation could occur, and weighted.
Together with the measured density of the fluid, the
pumped volume can be determined and the flow rate can be
verified. The determined flow rate deviated less than 1% of
the prescribed one. All velocities are normalized with the
maximum theoretical velocity of the theoretical profiles
(9.7 mm/s), given the imposed flow rate. The position and
distances in the x-direction are normalized with the diam-
eter of the capillary (148 um). The direction of the flow
velocity does not exactly coincide with the y-axis defined

****
09 * E

08 b
0.7 i

06 b

max,ref

05} i

vIv

04 b

01k * measured velocity 1
—theoretical velocity

-05 0 0.5
x/D

Fig. 8 The measured and the theoretical center-plane velocity
profiles are shown for the inverted microscope with My = 10 and
NA = 0.3. The velocities are normalized by using the maximum
velocity of the theoretical profile (9.7 mm/s), and the distances in the
x-direction are normalized by using the diameter of the capillary
(148 pm). For this measurement, the measured maximum velocity is
99% of the theoretical one
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Fig. 9 The measured and theoretical center-plane velocity profiles
are shown for the upright combi-microscope with My = 25 and NA =
0.45. The velocities are normalized by using the maximum velocity of
the theoretical profile (9.7 mm/s), and the distances in the x-direction
are normalized by using the diameter of the capillary (148 pm). For
this measurement, the measured maximum velocity is 85% of the
theoretical one
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Fig. 10 The measured maximum velocities and the maximum
velocities based on the reconstructed correlation functions for the
inverted microscope. The reconstructed correlation function is
determined for two models for the particle image parameters: Olsen
and Adrian-based and experiment-based

for the images. The error in the alignment is estimated to be
less than 0.4 degrees. Therefore, the velocity data in sub-
sequent Figs. 8, 9, 10, 11 are velocity magnitudes. In
Fig. 8, the measured and theoretical velocity profiles are
shown for M, = 10 obtained with the inverted microscope.
The results for the other two magnifications show similar
behavior and are therefore not shown. In Fig. 9, the mea-
sured and theoretical velocity profiles are shown for
My = 25, NA = 0.45 resulting from the upright combi-
microscope, using 1.28-pum particles. The results for other
magnifications are similar and are therefore not shown. In

@ Springer



1596

Exp Fluids (2011) 50:1587-1599

f e <
=GN
\h R
A}
0.95 N oo
o) [ty - PP P
° Lo i
% 0.9 S ¢ 0.56 part!cles
£ ¥ * 1.28 particles
\é 0.85 § .~ — - spatial average (theoretical)
>E : ‘\ - Olsen&Adrian-based reconstr corr
0.8 : 'O experiment-based reconstr corr
: \
o8 x \ M %
o5t o B N ‘ o ‘ ‘
\
1
0.7 . i . .
0 0.5 1 15 2 2.5
DOC/D

Fig. 11 The measured maximum velocities and the maximum
velocities based on the reconstructed correlation functions as a
function of the depth-of-correlation relative to the capillary diameter
D. Data are shown for the upright combi-microscope with 1.28-pum-
diameter tracer particles. Also shown are the measured maximum
velocities for the upright combi-microscope with 0.56-um-diameter
tracer particles

these experiments with the upright combi-microscope, a
parabolic profile is found too, but with lower values for the
measured velocities.

From the obtained velocity data, the measured maxi-
mum velocity is determined by interpolation of a fitted
second-order polynomial using the five data points in the
center. Using five data points makes the polynomial fit less
sensitive for individual measurement errors, and the num-
ber of five data points is sufficient to exclude any mea-
surement errors in the data points near the wall of the
capillary (Vennemann et al. 2006; Poelma et al. 2008;
2010). Besides, if the DOC influences the measured
velocity, it is likely that the averaging effect will be less
when Ov/0Ox is smaller: the velocity differences between the
imaged particles within one interrogation window 1is
smaller. From this point of view, any effects due to spatial
averaging in the presence of velocity gradients is expected
to increase for positions away from the center (Olsen
2009).

The under-estimation of the maximum velocity resulting
from depth averaging can now be determined, and this is
done for all magnifications that we investigated for both
microscopes. These results are shown in Fig. 10 for the
inverted microscope and in Fig. 11 for the upright combi-
microscope. In Fig. 11, the maximum velocity is plotted as
a function of the computed DOC, rather than the magni-
fication, to show the magnitude of the DOC and the rele-
vance of the DOC as a parameter in this study. For both
microscopes, the under-estimation of the maximum
velocity increases for increasing DOC. The under-estima-
tion of the maximum velocity obtained with the inverted
microscope remains small (within 6%). The under-
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Fig. 12 A reconstructed correlation function is shown (thick line)
together with the individual contributing correlation functions (thin
lines). Only a limited number of individual contributing correlation
functions is shown for illustration. The location of the maximum of
the correlation function (dashed line) does not coincide with the
location of the maximum of the displacement (solid line). The height
of the reconstructed correlation function is reduced in order to show
the reconstructed and individual correlation functions in one figure

estimation of the maximum velocity obtained with the
upright combi-microscope becomes considerably larger for
large DOC: up to 25%. In both figures, also the expected
maximum velocities resulting from the reconstructed cor-
relation functions are shown. Figure 12 shows an example
of a reconstructed correlation function. Two models are
used to describe the particle image parameters involved in
the reconstructed correlation function: (a) the theoretical
particle image diameters and normalized peak intensities
calculated by (2) and (3) (Olsen and Adrian-based recon-
structed correlation function), and (b) the measured particle
image diameters and normalized peak intensities from the
first part of this study (experiment-based reconstructed
correlation function). The measured particle image
parameters obtained from the inverted microscope can be
described by the theoretical estimates, given by (2)-(3),
with a small correction. The measured particle image
parameters obtained from the upright combi-microscope
can be described by the model in (6)—(7) ; see Sect. 3.1 In
addition, the spatial average is also given in Fig. 11, which

is the average velocity in the DOC: ;5= f?ggéiz v(z)dz. For
the models, the 1.28-pum particles are used. Only the
measured maximum velocities are shown for the 0.56-um
particles. Based on these measured maximum velocities, no
exceptional deviations are expected due to different parti-
cle sizes and no additional measurements and analysis are

done for the 0.56-um particles.
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The measured maximum velocities resulting from the
inverted microscope are well predicted by using recon-
structed correlation functions with both models. The
maximum error occurring in the measured maximum
velocity is 6%. The deviation of the measured maximum
velocity from the expected maximum velocity for My = 20
is probably due to the inaccuracy made in determining the
scaling coefficient defined by the ratio of the capillary
diameter (148 um) and the diameter (in pixels) of the
observed capillary image. Dividing the scaling coefficients
corresponding to the cases My = 10 and My = 5 by two
and four, respectively, the under-estimation of the expected
maximum velocity by the measured maximum velocity is
less than 1%.

The under-estimation of the maximum velocity when
using the measured maximum velocity is for the upright
combi-microscope much larger than for the inverted
microscope. From Fig. 11, it is clear that the measured
velocity does not match the theoretical spatial average
(shown as the dashed line). A reconstructed correlation
function based on the theory of Olsen and Adrian given by
equations (2)-(3) predicts a value for the maximum
velocity that is also not correctly representing the measured
velocity. But the under-estimation can be approximated
well when a reconstructed correlation function is used that
is based on the measured values for the particle image
diameter and the intensity distribution for all the magnifi-
cations in the tested range (see Fig. 11). Since the under-
estimation is known, a correction of the measured maxi-
mum velocity is possible, and derived flow parameters,
such as the flow rate, can be obtained.

4 Discussion

The DOC gives an indication of the depth over which the
particles contribute to the correlation function. If the DOC
is sufficiently small, the measured velocity is a good
approximation of the actual velocity when gradients are
present. But when the DOC increases, the way the mea-
sured velocity is affected is not straightforward. Because a
large DOC cannot always be avoided (especially when a
microscope objective with a low magnification and low
numerical aperture is used, but also when large particles
are used), it is useful to know how the measured and actual
flow velocities are related. Moreover, the computed value
for the DOC is not always in agreement with the actual
behavior, as is demonstrated in this paper. The way how
particles are imaged plays a crucial role: if this deviates far
from the theory, a closer look on this is required. Although
one may find that for most microscopes the optical prop-
erties are described well by established descriptions, it is
important to validate this against actual measurements. A

good starting point is to compare the theoretical value and
the measured value of the particle image diameter for a
particle in focus. Significant difference between the pre-
dicted and measured particle image diameter can be seen as
a strong indication for further investigation. This is espe-
cially the case for specialized microscopes, as is the case
for the combi-microscope described in this paper. To
obtain the correct velocities, a procedure is recommended
which is generally applicable. But for inverted micro-
scopes, such as the one presented in this study, small
improvements can be expected, and applying the existing
theory for the DOC will probably suffice.
A recommended procedure is as follows:

1. Perform a measurement to determine how the particles
are imaged by a given microscope as a function of the
distance from the focal plane and determine the char-
acteristic parameters necessary to describe the diam-
eter, maximum intensity and shape of the particle
images for different z-positions.

2. Find a generalized function for the characteristic
parameters that fits the measured optical characteristics
as a function of z.*

3. Determine the individual contributions of particle
images to the correlation function as a function of gz,
i.e. the individual correlation functions at each z-
position. An individual correlation function can be
obtained by computing the auto-correlation of the
particle image and centering this around the corre-
sponding displacement.

4. Then, reconstruct a correlation function by summing
up all individual correlation functions from step 3.

5. Determine the peak location in the reconstructed
correlation function. The measured displacement rel-
ative to the actual displacement in the nominal focal
plane gives the desired correction for the actual
velocity, based on the reconstructed correlation
function.

The last few steps are obviously only possible if the
(approximate) shape of the velocity profile is known.
Fortunately, this is often the case in microfluidics (low
Reynolds number flow through channels, capillaries or
blood vessels). For more complex flows, one needs to limit
the DOC to small values (and check this, see step 1) to
avoid complex spatial-averaging effects.

4 One could also consider to adapt physical parameters (e.g. the
numerical aperture) to see if this results in a correct description of the
diameter, maximum intensity and shape of the particle images for
different z-positions. In this study, only adapting physical parameters
was not sufficient.
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5 Conclusions

In micro-PIV, the DOC is an important experimental
parameter. For most microscopes objectives, the numerical
aperture NA is proportional to the magnification, i.e.
objectives with low magnification also tend to have a lower
NA in comparison with objectives with a higher magnifi-
cation. At the same time, the DOC is inversely proportional
to the NA. In practice, this means that for micro-PIV
measurements with a large field-of-view, i.e. low magni-
fication, the NA is small, and the DOC is large. To achieve
a very small DOC, implies using a large NA and high
magnification, which implies a small field-of-view. With
increasing DOC, the contribution of the out-of-focus par-
ticles becomes more important. This becomes an issue in
the presence of significant out-of-plane gradients of the
displacement (i.e., velocity). In this paper, it is shown that
this can lead to an under-estimation of the measured dis-
placement. In the case of Poiseuille flow through a round
capillary, this can lead to a significant under-estimation of
the maximum velocity in the flow up to 25%. When the
under-estimation of the maximum velocity can be quanti-
fied, the exact velocity profile and resulting flow rate can
be determined, assuming a parabolic velocity profile in the
case of a Poiseuille flow. For two types of microscopes, i.e.
a conventional inverted microscope and a specialized
combined upright stereoscopic/single-view microscope, a
study is done on whether a correction on the measured
velocity is needed such that the exact velocity profile and
resulting flow rate can be determined. For this purpose,
PIV measurements were done in a round capillary with a
diameter of 148 um. Both types of microscopes give dif-
ferent results, owing to the different imaging characteristics
of these microscopes. To understand the outcome better, a
closer look is taken on the imaging of the particles by the
microscopes. While the present inverted microscope,
which presumably approximates the single thin lens closer,
gives results that are in reasonable agreement with theo-
retical descriptions by Olsen and Adrian (2000), the com-
bined microscope has a very different behavior.

For the inverted microscope, the maximum velocities in
the capillary are well predicted (within 6%), even at low
magnification, i.e. large DOC. The way particles are
imaged by the inverted microscope matches the theory
sufficiently. This can be slightly improved when in the
theoretical expression for the particle image diameter, only
the value for the particle image diameter in the focal plane
is substituted by the measured value for the particle image
diameter in the focal plane.

But when looking at the particle images created by the
upright combi-microscope, the theory of Olsen and Adrian
does not adequately describe the shape and size of the
particle images as a function of the out-of-plane distance.

@ Springer

Over a much longer z-range their increase in diameter and
decrease in peak intensity is minimal for particles going
away from the focal plane than can be expected by the theory.
This behavior has consequences for the outcome of the PIV
analysis. Since the contribution of the particles with lower
velocities to the correlation function becomes larger, the
maximum of the correlation function will be shifted toward
lower values for the displacement. To predict the under-
estimation, the spatial average is not a good measure for the
measured maximum velocity, even not for low magnifica-
tions where the DOC exceeds the diameter of the capillary. A
better estimation of the measured maximum velocity can be
achieved when the displacement is determined by a recon-
structed correlation function based on experimentally
defined particle image parameters. For the upright combi-
microscope used in this study, the measured maximum
velocities for magnifications smaller than 10x remain
unchanged and equal to 75% of the theoretical value. Based
on this fact, the real velocity profile and the flow rate can be
derived from the measured values.
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