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Abstract Object of the present study is to investigate in detail, in vitro, the isolated mechanical effect of
shear stress on an endothelial cells culture in a flow chamber under controlled fluid dynamical conditions. In
this work a procedure was set to determine height variations and shear stress distribution over the cultured
endothelial cell layer. The topology and the shear stress distribution are computed from µPIV measurements
at several measurement planes close to the surface. An ad hoc flow chamber, suitable for culturing
endothelial cells and equipped with an optical access for fluidic investigations, was designed. The µPIV
measurements allowed to obtain the velocity fields of several planes parallel to the cell layer. Assuming a
no-slip condition at the cell surface exposed to flow, the topography of the layer and the velocity gradient,
hence the wall shear stress (assuming that the fluid of culture is Newtonian) can be determined. An
optimization of the measurement procedure was performed using Monte-Carlo simulations and an evaluation
of the uncertainty of the final measurement system is also presented. Furthermore results are presented from
measurements taken on human endothelial cells subjected to a flow induced shear stress of 0.6 Pa showing
the cells topography and the wall shear stress on them.

1. Introduction
The endothelium is a layer of thin cells that lines the interior surface of blood vessels, forming
an interface between circulating blood in the lumen and the rest of the vessel wall. Shear stress over
endothelial cells has been proven to play a crucial role in cardiovascular development, being
involved in the mechano-transduction processes leading to atherogenesis, atherosclerosis, as well as
other cardiovascular diseases (Hammersen et. al 1985). Hogers et al. (1999) studied the role of
blood flow on heart development on embryonic chicken as a model for placental blood flow. It was
shown that obstructing venous flow by closing one of the vessels results in re-routing of the venous
return to the heart, the alteration of blood flow profiles through the heart and the development of
cardiovascular malformations. Moreover, in vitro studies of flow on endothelium have shown that
flow-induced shear stress modulates gene expression (Topper and Gimbrone Jr 1999). The
endothelial response often involves the release of vaso-active substances. Groenendijk et al. (2004,
2005) demonstrated that embryonic endothelial cells are susceptible to shear stress by measuring
flow related gene expression of endothelin-1 (ET-1) and nitric oxide synthase (NOS-3) in the heart
and vessels of an chicken embryo.
A research project between Delft University of Technology (TU Delft), Leiden University
Medical Center (LUMC) and Erasmus University Medical Center (EMC) was initiated to
investigate the effects of shear stress on cardiogenesis. The work presented in this paper is part of
this project and intends to investigate in detail, in an in vitro, controlled environment the effect of
isolated shear stress on the gene expression of the endothelial cells. In order to achieve this, a
method for the determination of wall shear stress on the cells surface with a suitable accuracy and
resolution is needed. The shear stress distribution as well as the cell surface topography can be
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calculated knowing the velocity field over the cell layer. Micro Particle Image Velocimetry (µPIV)
is chosen as the most suitable technique to obtain those results.
µPIV is an implementation of PIV to measure velocity fields of fluid motion with length scales
of order 100 microns and with a spatial resolution of individual velocity measurements of the order
of 1-10 microns. A complete description of this measurement techniques is given by Wereley and
Meinhart (2005). µPIV is an important measurement technique for biological applications and it has
been successfully applied in several biological flows. Vennemann et al. (2005) developed a method
for in vivo µPIV measurements in the heart of a chicken embryo. McCann et al. (2005) performed
in vitro studies of shear stress to the rat aortic endothelial cell response in a parallel plate flow
chamber. Sugii et al. (2002) applied PIV to measure red blood cell (RBC) velocity in vivo in an
arteriole in a rat mesentery. They improved the technique by taking the motion of the mesentery
into account and obtained the RBC velocity distribution.
In this paper a method for the determination of wall shear stress over endothelial cells in a flow
chamber with high accuracy and spatial resolution is presented. In Sect. 2 the experimental set-up
for the µPIV measurement is described. In Sect. 3 the measurement procedure for the evaluation of
the wall shear stress is presented as well as the description of the accuracy and spatial resolution of
the system. An example of one measurement is reported in Sect. 4. and the conclusions are given in
Sect. 5.

2. Experimental set-up
The final aim of the in vitro experiment is to combine the measurement of the wall shear stress
over the endothelial cells with the gene expression of the cells themselves. To achieve this goal a
suitable experimental set-up that meets both the biological and fluid dynamic requirements had to
be realized. The wall shear stress distribution over the cell layer is evaluated from the µPIV
measurements of the velocity vector fields over the cell layer.
First of all a flow chamber is needed that provides:
• a microchannel in which the cells can be inserted and functionally maintained;
• a controlled flow induced shear stress on the cell surface;
• suitable optical access for both µPIV and gene expression measurements.
For this purpose a modular flow chamber was designed as shown in Fig. 1. The chamber is
composed of a top plate and a base plate in which a microscope slide and a rubber gasket are
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Fig. 1 Sketches of the modular flow chamber (not to scale).
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inserted. The top plate provides the inlet and the outlet. The base plate and the top plate are fastened
by means of screws. The microchannel shape and size depends on the type of rubber gasket inserted
in the holder as well as the force used to tighten the screws. For this experiment a channel with a
nominal height of 120 µm and a nominal width of 2.5 mm was used.
The optical access is provided by the microscope slide. Optical access for the microscope to the
flow is through the glass slide and the cells. This is not a problem since the cells layer is only about
1-6 µm thick and can be considered transparent.
The endothelial cells used in the experiment are provided by the Dept. of Embryology at the
LUMC. The cells are human umbilical vein endothelial cells and they are freshly isolated from
human umbilical cords and used at p4 (passage 4). Cells are grown to confluency and subcultured
once a week and then they are put on the microscope slide. The glass slide is pre-treated by a
coating of a thin layer of gelatin. The cells have receptor molecules for this gelatin and attach
themselves to this gelatin layer and then flatten out. The microscope slide with the cells is then
inserted in the flow chamber and the cells are then subjected to a constant flow for about 24 hours
in order to make them adapt to the flow. The fluid is a nutrition medium composed of M199
(Gibco/Invitrogen), with 20% Fetal Bovine Serum (Gibco/Invitrogen), supplemented with heparin,
antibiotics and antimyotics, glutamine and Endothelial Cell Growth Supplement. The sample
preparation is performed in an incubator with a constant temperature of 37°C and 5% CO2 at the
LUMC facilities. A picture of the cells in the flow chamber after this treatment is shown in figure 2.
The images were taken with phase contrast microscopy at 10 and 40 times magnification.

200 µm

50 µm

(a)

(b)

Fig. 2 Endothelial cells in the flow chamber subject to left-to-right flow induced shear stress for 24 hours. Images are
taken with a phase contrast microscopy at 10 times magnification (a) and 40 times magnification (b)

Fig. 2-a shows the typical elongated shape of the cells in the direction of the flow. At higher
magnification in Fig. 2-b the cells nuclei are well recognizable.
Since the µPIV measurements could not be performed over the living cells in the incubator, the
cells were fixated with 4% Paraformaldehyde (PFA) in a 0.1M Phosphate buffer (pH 7.4). In order
to reproduce the exact conditions of the flow the fluid used for the µPIV measurements was the
same nutrition medium kept at 37°C constant temperature by means of a heat exchanger. The
nutrition medium is similar to water and can be assumed to be Newtonian. Its dynamic viscosity
was measured at 37°C and a value of µ = 8.5·10-4 Pa·s was found.
The flow is driven by a low-pulsation syringe pump (KDS101, KD scientific) at a constant flow
rate of 0.2 ml/min for both the biological and the µPIV experiment. The corresponding pulsation of
the pump for this flow rate has a period of about 10 ms per step. The exposure time delay of the
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image pairs is around 1 ms but no pulsation was detected in the µPIV measurement probably
because of the damping in the supply tubes of the flow system. The flow induced through the
microchannel is a laminar flow with a Reynolds number of Re = 2.66.
For the µPIV system an inverted microscope (Axiovert 200, Zeiss) was used. The microscope is
equipped with a combination of green and red filters, together with a beam splitter in order to obtain
an epi-fluorescent imaging system. For this experiment a long working distance objective lens with
a magnification M = 40 and a numerical aperture NA = 0.6 was used. A high-performance cooled
CCD double frame camera (Imager Intense, LaVision) was used with a resolution of 1376 × 1040
pixels, pixel size 6.45 × 6.45 µm2 and a dynamic range of 12 bits. With this imaging system a field
of view of 221.88 × 167.70 µm2 is obtained. Since the typical dimensions of the cells are about 10100 µm the velocity field over individual cells can be measured.
The light source is a frequency-doubled, double pulse Nd:YAG laser (MiniLase II, New Wave
Research) with a wavelength of λ=532 nm. A LaVision Flowmaster system running DaVis 7.0 was
used for data acquisition and the PIV evaluation.
Red fluorescent PEG coated polymer microspheres with a 560 nm diameter (Microparticles
GmbH) were used as tracer particles. In order to obtain reasonably good image quality a particle
visibility V = 1.5 is required (Wereley and Meinhart 2005) where the particle visibility is defined by
Olsen and Adrian (2000) as the ratio of the peak intensity of the in-focus particle image to the
intensity of the background glow. To attain V = 1.5 a maximum particle concentration C = 1.26·10-2
µm-3 is needed that leads to an image density of NI = 0.7. This is far below the optimal image
density of NI ~ 10-15 (Keane and Adrian 1992, Westerweel 2000). To achieve a sufficient accuracy
of the velocity measurements an ensemble correlation technique over 200 image pairs was utilized
(Meinhart et al. 2000). The correlation was done using an adaptive multi-pass algorithm with an
interrogation window (IW) size of 64 × 64 pixels in the first pass and of 16 × 16 pixels in the final
pass with a 50% overlap applied to all passes. This leads to a final in-plane spatial resolution of
1.29 × 1.29 µm2.
The thickness of the measurement plane in µPIV can be defined in terms of the depth of
correlation (Meinhart et al. 2000). According to the expression derived by Olsen and Adrian (2000)
for infinity corrected lenses (Meinhart et al. 2003) the depth of correlation for this set-up
corresponds to δzcorr = 8.49 µm.
heat
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Fig. 3 Experimental set-up for the µPIV measurements.

Fig. 3 shows a schematic of the complete experimental set-up. The measurement planes are
parallel to the wall and the position height z of each measurement is defined as the distance from the
focus plane of the objective and the wall. In order to move the measurement plane with a high
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accuracy a piezoelectric micro lens positioning system (MIPOS 500 SG from Piezosystem Jena)
was used. It allows a maximum motion of the microscope objective of 400 µm with a nominal
position accuracy of 65 nm.

3. Measurement procedure
For a Newtonian fluid the shear stress acting on a surface is proportional to the velocity gradient
of the flow. Since the culture fluid used in the experiment can be assumed to be Newtonian, the
shear stress can be calculated by Newton’s law of viscosity:

τ =µ

du
dz

(1)

Z Position [µm]

where τ is the shear stress and µ the dynamic viscosity of the fluid. The wall shear stress τw as well
as the wall position hw can be determined from the velocity profiles assuming the no-slip velocity
condition at the wall (Stone et al. (2002)).

X Position [µm]

(a)

(b)

Fig. 4 (a) Velocity vector fields at various height position z. (b) Parabolic profiles fitted through velocity vectors in four
planes

Velocity vector fields parallel to the wall are acquired by µPIV measurements at several height
positions as shown in Fig 4-a. The flow direction is referred to as the x axis and the normal to the
channel wall is referred to as the z axis. Lets call the vector fields vk(i,j) with k=1,2,3…N where N
is the number of planes, and zk the corresponding height position.
Fitting a parabolic profile through velocity vectors at identical coordinates [i,j] will give the
velocity profile as a function of height z (Fig. 4-b) and thereby the wall shear stress and the surface
height for that position. Repeating the same procedure for each i and j position we will obtain the
wall shear stress distribution τw(i,j) and the surface topography hw(i,j) for the region of interest. A
scheme of the measurement procedure is shown in Fig. 5.
The accuracy of the final results is affected by the quality of the experimental data. To be able to
optimize the measurements system and to define its uncertainty an analysis of which parameters
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Fig. 5 Scheme of the measurement procedure.

mostly influence the final results was carried out. These parameters are:
• the accuracy of the positioning of the µPIV measurement planes;
• the parallelism between the measurement planes and the wall;
• the accuracy of the µPIV measurement;
• the number and the distance between the µPIV measurement planes.
Concerning the first point, we used a piezoelectric positioning system to move the microscope
lens to define the position of measurement planes. As explained in Sect.2 the nominal accuracy of
the positioning system is better than 65 nm while the distance between the planes is several microns
so this error can be neglected.
The non-parallelism of the measurement planes with the wall can be a source of error as well.
The angle between the measurement planes and the true wall position can be estimated from the
angle of the measured wall position. The error of the wall shear stress measurement due to this
tilting angle can be estimated. In this experiment the measured wall position was tilted by 0.7° in
the y direction. The estimated wall shear stress error for this value is about 0.015% of the average
value and can be neglected.
The accuracy of PIV measurements is affected by several parameters such as image density, inplane displacement, out-of-plane displacement, spatial gradients (Keane and Adrian 1992). In this
case we are measuring velocity field close to the wall so that high spatial gradients along the z
direction will occur. It is shown that velocity gradients influence the width of the correlation peak de
which determines the error of the velocity measurement. The PIV velocity measurement error ε is
proportional to de, i.e. ε ~ C de (Adrian 1991, Westerweel 2000) . The width of the correlation peak
de in the presence of a gradient can be approximated by:

(

d e ~ 2d τ2 + a 2

)

1

(2)

2

where dτ is the particle image diameter (for this set-up are measured an average of dτ = 5.5 pixels)
and the displacement variation a is defined as (Keane and Adrian 1992):
a = M ⋅ ∆u ⋅ ∆t

(3)

with |∆u| ~ |δu/δz|·∆z for the present configuration (i.e., with the dominant variation of the velocity
in the direction normal to the observation plane) where M is the magnification, ∆t is the exposure
time delay, ∂u / ∂z the velocity gradient and ∆z the thickness of the measurement plane. In our case
∆z is taken equal to the depth of correlation δzcorr. The velocity profile for a fully developed steadystate laminar flow in a duct of a rectangular cross-sectional area can be derived from the continuity
equation by applying no-slip condition at the channel walls (White 1991). Since the geometry of the
flow chamber is known the parameter a of each measurement plane can be evaluated analytically as
a function of the distance z of the plane from the wall and ∆t. A comparison between the quantity in
Eqn. (2) evaluated analytically and from experimental data is presented in the graph of Fig. 6. In
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de / √2 ·dτ

this case ∆t was selected in order to have a constant 8 px displacement of the image particles. The
x-axis is the dimensionless height z*_=_z/Z where Z is the height of the channel. Fig. 6 shows a
good agreement between experimental and analytical data except for the point closest to the wall.
Eqn. (2) and (3) show that decreasing ∆t, a and dτ will decrease and the absolute error as well.
But as a result of decreasing ∆t, the particle image displacement (in pixels) will also decrease so
that the relative error tends to increase. In order to minimize the error of the final measurements an
optimal ∆t for each z should be determined.

de

z*
Fig. 6 Correlation peak de as a function of dimensionless wall distance for a constant particle displacement Comparison
between experimental and analytical data.

Other parameters that strongly affect the accuracy of the results are the number of measurement
planes N and the distance between the planes. The influence of these parameters on the final
measurements of τw and hw is investigated by means of Monte-Carlo simulation. Two different
cases were studied:
• case A: the pixel displacement is kept constant in each measurement plane;
• case B: the a parameter is kept constant in each measurement plane
In the simulation dimensionless quantities are defined as:

h* = hw/Z;

z*=z/Z;

t* = τ w ⋅

Z
Vmax ⋅ µ

;

where Z is the height of the channel, Vmax the maximum velocity in the channel and µ the dynamic
viscosity of the fluid. For each case the rms error of quantities h* and t* was evaluated using a
different number of planes and different spacing between planes. The measurements were simulated
using Eqn. (2) for the evaluation of the error of each velocity field.
The pixel displacement and the parameter a are related to each other. If we want to keep a
constant the pixel displacement will vary and vice versa. This is summarized in Tab. 1.
Since the correlation depth δz of the measurement planes is very high, the measurement plane
closest to the wall has to be chosen at least at a z position higher than half the δzcorr otherwise a bias
will occur on the velocity measurements of that plane. As for this simulation it means that the first
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plane was located at z* = 0.035.
For case A, shown in Fig. 7, the rms error of h* and t* is reported as function of pixel
displacement, number of planes and spacing between planes. For case B, showed in Fig. 8, as
function of a, number of planes and spacing between planes.
Tab. 6 Displacement ∆x (in pixel units) with parameter a (in pixel units) constant and parameter a with
displacement ∆x constant at different z*.

Plane position z*

∆x (a=2)

∆x (a=14)

a (∆x=4)

a (∆x=16)

0.035
0.055
0.075
0.095
0.115
0.135
0.155
0.175

1.0
1.7
2.3
3.0
3.7
4.5
5.4
6.3

7.2
11.6
16.2
21.0
26.2
31.7
37.6
44.0

7.7
4.8
3.5
2.7
2.1
1.8
1.5
1.3

30.8
19.4
13.9
10.7
8.6
7.1
6.0
5.1

pixel displacement

rms h*

rms t*

rms t*

pixel displacement

distance between planes [z*]

number of planes

rms t*

rms h*

rms h*

The simulations show the influence of pixel displacement, parameter a, number and spacing
of planes on the rms error of the results:
• increasing the pixel displacement the rms error for t* and h* decreases. The error on t* tends
to become constant for a displacement larger than 12 pixels;
• increasing a the rms error for t* and h* decreases. The error on t* tends to become constant
for value of a larger than 10 pixels for dτ ~ 5.5 pixels.

number of planes

distance between planes [z*]

Fig. 7 Results of the Monte-Carlo simulation, case A. Rms error of h* and t* as a function of pixel displacement,
number of planes and spacing between planes
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a/√2·dτ=0.23

number of planes

a / √2·dτ

a/√2·dτ=0.69
a/√2·dτ=1.15

distance betweenplanes [z*]

a / √2·dτ

rms t*

rms t*

rms t*

a/√2·dτ=1.61

number of planes

distance betweenplanes [z*]

Fig. 8 Results of the Monte-Carlo simulation, case B. Rms error of h* and t* as a function of a, number of planes and
spacing between planes

•

increasing the number of planes the rms error for t* and h* decreases. In this case the
simulation shows that the minimum number of planes required to achieve reliable results is
N = 8.
• As for the distance between planes the simulation shows a different behavior between the
rms error for t* and h*. Increasing the number of plane the rms error for h* increase while
the rms error for t* decrease.
• The results obtained for case A and case B are basically similar. A slightly better accuracy
can be attained keeping a constant (case B).
Since a low number of planes is desired to reduce the measurements duration and the amount of
data and since for our purpose the shear stress accuracy is more important than the height accuracy,
it was decided to use 8 planes with a spacing of 0.025 z* and a constant pixel displacement of 12
pixels.
Using these settings a measurement in the flow chamber was taken over the microscope slides
without cells in order to evaluate experimentally the accuracy of the system. The nominal roughness
of the microscope slide is less than 2 nm so that it can be considered as a perfect flat wall. It was
found an rms error for the measured wall shear stress determination equal to 6% of full range and an
rms error for the measured wall position equal to 0.38 µm.

4. Results
The measurement system is used to measure the wall shear stress over individual endothelial
cells for different flow condition (i.e. flow rate). In this paper the result of an experiment is
presented for a single flow rate only.
As mentioned in Sect. 2 the experiment was carried out for a flow of 0.2 ml/min which
corresponds to an average wall shear stress over the cells of about 0.6 Pa. Fig. 9 shows the portion
-9-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

of the cell layer that was investigated. The image is not as sharp in comparison to Fig. 2 because
phase contrast was not applied. Nevertheless the nuclei of endothelial cells are clearly recognizable
and they are indicated by ellipses.

Fig. 9 Endothelial cells in the measurement zone. The ellipses indicate the nuclei of the cells.

A colormap of the endothelial cell topography is presented in Fig. 10. The shape of each single
nucleus can be recognized and they match with the ones in Fig. 9. The top height of the cells is
around 4 µm which is in correspondence to values reported in the literature (Patel and Vaishnav
1980).

Fig. 10 Colormap of the endothelial cells topography

A 3D reconstruction of the endothelial layer topography with a colormap indicating the wall shear
stress distribution superimposed on the surface is shown in Fig. 11. As can be expected, the top of
the cells experience the highest shear stress with peak values up to 1.5 Pa. The shear stress values
on the bottom varies from 0.6 to 0.8 Pa which agrees with what we expected from the value based
on the mean flow rate. The shear stress accuracy for this measurement is estimated of ± 0.1 Pa.
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Fig. 11 Wall shear stress distribution over the endothelial cells surface

5. Conclusions
A set-up suitable for culturing and observing endothelial cells was constructed. A measurement
procedure for the evaluation of topography and the wall shear stress distribution of the cultured
endothelial cells from µPIV measurements was developed. The performance of this measurement
procedure has been investigated and then optimized by means of Monte-Carlo simulations.
The measurement procedure was then applied to a real case. Reference measurements on an
empty channel showed an rms error of 6% of full range for the measured wall shear stress and an
rms measurement error of 0.38 µm for the measured surface height. Experiments on human
endothelial cells were also performed. First endothelial cells were subjected to a constant flow in
the flow chamber and then the shear stress distribution over a region containing the cell layer was
measured. The results demonstrate that with this system it is possible to resolve the shear stress
distribution over individual endothelial cells with high accuracy and spatial resolution (1.29 µm).
The next step is to combine the shear stress measurements with gene expression measurements.
That is possible by transfecting the cells with a proper gene expression indicator. The measurement
of gene expression can be easily performed together with the measurement of shear stress in this
set-up.

References
Adrian RJ (1991) Particle-imaging technique for experimental fluid mechanics. Ann Rev Fluid
Mech 23:261-304
Ekeberg I (2005) Micro particle image velocimetry in endothelial cell flow chamber. Master thesis,
Lab. for Aero- and Hydrodynamics, Delft University of Technology.
Groenendijk BCW, Hierck BP, Vrolijk J, Baiker M, Pourquie MJBM, Gittenberger-de Groot AC,
Poelmann RE (2005) Changes in shear stress-related gene expression after experimentally
altered venous return in the chicken embryo. Circ Res 96:1291-1298
- 11 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Groenendijk BCW, Hierck BP, Gittenberger-de Groot AC, Poelmann RE (2004) Developmentrelated changes in the expression of shear stress responsive genes KLF-2, ET-1, and NOS-3 in
the developing cardiovascular system of chicken embryos. Developmental Dynamics 230(1),5768.
Hammersen F, Hammersen E, Osterkamp-Baust U (1985) Structure and function of the endothelial
cell. In: Meβmer, k., Hammersen, F. (Eds.), Structure and Function of Endothelial Cells. Krager.
Hogers B, DeRuiter MC, Gittenberger-de Groot, AC, Poelmann, RE (1999) Extraembryonic venous
obstructions lead to cardiovascular malformations and can be embryolethal. Cardiovascular
Research 41, 87-99
Keane RD, Adrian RJ (1992) Theory of cross-correlation analysis of PIV images. Applied
Scientific Research 49, 191-215
McCann JA, Peterson SD, Plesniak MW, Webster TJ, Haberstroh KM (2005) Non-uniform flow
behavior in a parallel plate flow chamber alters endothelial cell responses. Annals of Biomedical
Engineering 33, 328-336
Meinhart CD, Wereley ST, Santiago JG (2000) A PIV algorithm for estimating time-averaged
velocity fields. Journal of Fluids Engineering 122, 285-289
Meinhart CD, Wereley ST (2003) The theory of diffraction-limited resolution in microparticle
image velocimetry. Meas Sci Technology 14:1047-1053
Olsen MG, Adrian RJ (2000) Out-of-focus effects on particle image visibility and correlation in
microscopic particle image velocimetry. Experiments in Fluids 29 (7), 166-174, suppl
Patel DJ, Vaishnav RN (1980) Basic hemodynamics and its role in disease processes. University
Park Press
Stone SW, Meinhart CD, Wereley ST (2002) A microfluidic-based nanoscope. Experiments in
Fluids 33, 613-619
Sugii Y, Nishio S, Okamoto K (2002) In vivo PIV measurement of red blood cell velocity field in
microvessels considering mesentery motion. Physiol Meas 23 (2), 403-16
Topper JN, Gimbrone Jr MA (1999) Blood flow and vascular gene expression: fluid shear stress as
a modulator of endothelial phenotype. Molecular Medicine Today 5 (1), 40-46
Vennemann P, Kiger KT, Lindken R, Groenendijk BCW, Stekelenburg-de Vos S, ten Hagen TLM,
Ursem NTC, Poelmann RE, Westerweel J, Hierck BP (2006) In vivo micro particle image
velocimetry measurements of blood–plasma in the embryonic avian heart. Journal of
Biomechanics, 39:1191-1200
Wereley ST, Meinhart CD (2005) Micron resolution particle image velocimetry. In: Breuer, K. S.
(Ed.), Microscale Diagnostic Techniques. Springer
Westerweel J (2000) Theoretical analysis of the measurement precision in particle image
velocimetry. Experiments in Fluids [Suppl.], S3-S12
White F (1991) Viscous fluid flow. McGraw – Hill

- 12 -

