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Abstract
Doppler optical coherence tomography (DOCT) provides a non-disruptive, high resolution and
real-time method for imaging flow velocity profiles inside small channels and capillaries. DOCT
has been mostly used in the biomedical field to image blood flow. However, applications in the
field of rheology have been rare.
In this thesis, the time domain DOCT (TD-DOCT) was utilized to measure flow velocity
profiles inside capillaries with high resolution. Time domain configuration was chosen due to the
ability to implement dynamic focusing and, in addition, to have sufficient velocity range,
especially at high speeds. The accuracy and reliability of the laboratory-built DOCT device was
verified with Newtonian suspension and, further, the performance was compared to the
commercial DOCT. In vivo measurements with slime mould Physarum polycephalum showed the
versatility of DOCT to measure the flow velocity profile of a different kind of scattering
suspension even with very low flow rates.
The effects of multiple scattering on the accuracy of the measured flow velocity profiles were
experimentally studied with two phantom configurations. The first case consisted of the static
superficial layer, where the plain glass capillary with flowing Intralipid suspension was embedded
into a cuvette. In the second case the moving superficial layer was made by introducing a second
glass capillary in front of the studied flow. The results showed that multiple scattering has
noticeable effect on the accuracy of the measured flow velocity profiles, especially at the deeper
regions.
Novel application of the DOCT technique is presented by implementing it to a capillary
viscometer. As a result, the absolute viscosity of the Newtonian suspension is derived with high
precision directly from the measured flow velocity profile and pressure drop without making any
assumption of the flow under study. The results are consistent with the reference values measured
with the commercial viscometer.

Keywords: capillary, Doppler OCT, flow velocity profiles, fluids, rheology, shear rate,
viscosity

Lauri, Janne, Doppler optinen koherenssitomografia nesteen viskositeetin
määrityksessä.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta, Sähkötekniikan osasto,
Optoelektroniikan ja mittaustekniikan laboratorio
Acta Univ. Oul. C 461, 2013
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Doppler optinen koherenssitomografia (DOCT) on tekniikka, jolla on mahdollista mitata suspensioiden virtausnopeusprofiili virtausta häiritsemättömästi, reaaliaikaisesti ja tarkalla resoluutiolla ohuista kapillaareista. DOCT-tekniikkaa on hyödynnetty erityisesti lääketieteen alueella silmän rakenteen kuvantamisessa ja veren virtausmittauksissa. Tekniikan sovellukset nesteiden
reologian tutkimuksessa ovat olleet harvinaisia. Tämän työn tarkoituksena on kehittää DOCTtekniikkaa ja soveltaa sitä kapillaariviskometrissä viskositeetin määritykseen suoraan mitatusta
virtausnopeusprofiilista.
Tässä työssä hyödynnettiin laboratoriossa rakennettua aikatason DOCT-laitetta (TD-DOCT),
jolla mitattiin virtausnopeusprofiili kapillaarin sisältä mikrometrien resoluutiolla. TD-DOCT
valittiin, koska siinä voitiin käyttää dynaamista fokusointia parantamaan sivusuuntaista resoluutiota ja signaali-kohinasuhdetta. Tämän lisäksi se soveltuu laaja-alaisesti eri virtausnopeuksille,
erityisesti nopeille virtauksille. Rakennetun DOCT-laitteen tarkkuus ja luotettavuus todennettiin
mittaamalla Newtonista suspensiota ja vertaamalla mittaustuloksia kaupallisella DOCT:lla tehtyihin mittauksiin. Mittaukset elävässä organismissa, Physarum polycephalum -limasienessä,
osoittavat laitteen soveltuvuuden erilaisten suspensioiden virtausnopeusprofiilin mittaukseen
myös hyvin hitaissa virtauksissa.
Moninkertaisen sironnan vaikutusta mitattujen profiilien tarkkuuteen tutkittiin kahdella eri
konfiguraatiolla. Ensimmäisessä asetelmassa virtausnopeusprofiili mitattiin kapillaarista, joka
oli upotettu valoa sirottavaan Intralipid-suspensioon, ja jonka upotussyvyyttä voitiin säätää. Toisessa asetelmassa muodostettiin dynaaminen valoa sirottava kerros asettamalla toinen Intralipidiä sisältävä kapillaari mitattavan kapillaarin eteen. Tulokset osoittavat, että monikertainen
sironta vaikuttaa mitatun virtausnopeusprofiilin tarkkuuteen erityisesti kun valoa sirottava kerroksen paksuus kasvaa.
Tässä työssä DOCT-tekniikkaa käytetään ensimmäistä kertaa kapillaariviskometrin yhteydessä. Newtonisen suspension absoluuttinen viskositeetti määritetään hyvin tarkasti suoraan mitatusta virtausnopeusprofiilista ja painehäviöstä ilman oletuksia virtaavasta nesteestä. Mitatut viskositeettiarvot vastaavat vertailumittauksia, jotka tehtiin kaupallisella rotaatioviskosimetrilla.

Asiasanat: Doppler optinen koherenssitomografia, kapillaarit, leikkausnopeus, nesteet,
reologia, virtausnopeusprofiilit, viskositeetti
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Abbreviations and symbols
CA
CLSM
DLS
DOCT
DUV
DWS
FFT
FD-OCT
LASCA
LDA
LDF
LDV
LSV
MRI
OCT
PAT
PIV
PMMA
SLD
SNR
STFT
TD-OCT
TD-DOCT

cellulose acetate
confocal laser scanning microscopy
dynamic light scattering
Doppler optical coherence tomography
Doppler ultrasound velocimetry
diffuse wave spectroscopy
fast Fourier transform
frequency domain optical coherence tomography
laser speckle contrast analysis
laser Doppler anemometry
laser Doppler flowmetry
laser Doppler velocimetry
laser speckle velocimetry
magnetic resonance imaging
optical coherence tomography
photoacoustic tomography
particle imaging velocimetry
polymethyl methacrylate
superluminescent diode
signal-to-noise ratio
short-time Fourier transform
time domain optical coherence tomography
time domain Doppler optical coherence tomography

d
D
Er
Es
fc
fD
fm
I0
k
ki
ks

distance from the glass-Intralipid interface
diameter of the tube
light field from the reference arm
light field from the measurement arm
Doppler frequency from the scanning mirror
Doppler frequency from the moving particle
measured Doppler frequency
intensity at the detector
wave number
wave vector of incident light
wave vector of scattered light
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L
nm
Q
r
R
Re
v
V
vavg
Vmax
v(r)

length of the tube
refractive index of the medium
flow rate
radius
radius of the pipe
Reynolds number
fluid’s velocity
velocity vector of the moving particle
fluid's average speed
peak velocity in the centre of the tube
radial velocity distribution

α
β
γ
γ (r)
γw
∆L
ΔP
Δx
Δy
η
η(r)
θD
θair
λ
µs
ρ
τ(r)
τw

fitting parameter
fitting parameter
shear rate
radial shear rate
shear rate at the wall
optical path length difference
pressure difference
axial shift
lateral shift
viscosity of the fluid
radial viscosity of the fluid
Doppler angle in medium
Doppler angle between probing beam and air
centre wavelength of the light source
scattering coefficient
fluid's density
radial shear stress
shear stress at the wall
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1

Introduction

Research in the field of fluid dynamics has been extensive and its theoretical
background has been well established. Complex fluid flows, especially for
colloidal or particle suspensions, introduce effects on rheological behaviour such
as changes in the viscosity relation to flow rate or wall slip. For current
viscometers, the non-linear effects can often be corrected by carrying out more
measurements in order to be able to calculate correction coefficients. Direct
visualization and accurate measurement methods for the flow velocity curve,
particularly in turbid suspensions, have not been available.
Development of non-invasive measurement methods for fluid flow studies
has been rapid during past decades. Techniques such as conventional and
magnetic resonance angiography (MRA) (Manning et al. 1993), laser Doppler
flowmetry (LDF) (Shepherd & Öberg 1990), capillaroscopy (Cutolo et al. 2006),
laser speckle contrast analysis (LASCA) (Leahy 2012), dynamic light scattering
(DLS) (Kalchenko et al. 2007) and diffusive wave spectroscopy (DWS) have
been applied successfully to image blood flow in vessels and to visualize vascular
networks. However, a common factor of these methods is that even though they
are very sensitive to image flow in turbid media, they usually provide only
qualitative data with really low or nonexistent depth resolution. Therefore, they
are unsuitable for measuring absolute flow velocity profiles in capillary
viscometers with normally used capillary diameters of less than 1 mm.
One of the methods, laser Doppler velocimetry (LDV), has been used to
measure the velocity profile of polystyrene suspensions (Yeh & Cummins 1964),
blood flow in vivo and in vitro (Riva et al. 1972) and as a part of an optical
rheometer to measure flow velocity profiles (Schuberth & Münstedt 2008).
Despite of the long-term utilization of the technique, limitations in spatial
resolution and applicability for more opaque suspensions have restrained LDV
utilization in rheology. Doppler ultrasound velocimetry (DUV), the technique
presented by Kalmus (1954), has been used to measure three-dimensional flow
velocity vectors by utilizing multiple beams (Fox 1978). In addition, DUV has
been used to measure flow velocity profiles in a large tube and the profile is
further used in determination of suspension viscosity and monitoring industrial
process quality (Wunderlich & Brunn 1999). Although DUV can measure the
flow velocity profile of turbid suspensions, it nevertheless lacks sufficient
resolution, especially in the vicinity of the wall (Ouriev & Windhab 2002,
Wunderlich & Brunn 2000). Photoacoustic tomography (PAT), a combination of
15

an ultrasound and a photoacoustic effect (Wang 2009, Xu & Wang 2006), has
been applied to image particle and blood flow (Chen et al. 2011, Fang et al.
2007). However, the spatial resolution is still limited to several tens of
micrometers due to properties of an ultrasonic transducer.
Optical coherence tomography (OCT) was introduced in the early 1990s by
Huang et al. (1991) and by Hitzenberger (1991). OCT is based on coherence
gating and a broadband light source which enables the detection of the
backscattered light in micro meter resolution (Fujimoto & Drexler 2008). A few
years after the OCT was introduced it became apparent that it was possible to use
a backscattered signal for the calculation of the velocity of moving particles
(Wang et al. 1995). The moving particle causes a Doppler shift to the light
frequency that can be detected by Doppler optical coherence tomography (DOCT)
in highly scattering media (Chen et al. 1997). DOCT has found its applications
and field of interest in the medical world and especially in measuring blood flow
in vitro (Moger et al. 2004) and in vivo, e.g. in an embryo heart (Mariampillai et
al. 2007) and the blood vessels of the eye (Baumann et al. 2011, Leitgeb et al.
2003). The technique has been utilized to study flow dynamics in complex
geometries (Bonesi et al. 2007b). However, the potential of DOCT has not been
utilized in the field of rheology nor, especially, industrial applications, apart from
the recent study by Harvey & Waigh (2011).
1.1

Optical flow measurement techniques

After the visible He-Ne laser was first introduced at the beginning of the 1960s
(White & Rigden 1962) its potential in velocity measurement was soon realized
and applied to measure the flow velocity of a polystyrene suspension (Yeh &
Cummins 1964). The developed technique was called laser Doppler velocimetry
(LDV), which is also known as the laser Doppler anemometry (LDA). It utilized
the properties of laser light and was able to measure velocity from the Doppler
shift induced by moving scatterers. In modern LDV devices, a fringe pattern with
known fringe spacing is created at the intersection of the two incident beams
(Schmidt et al. 1999). A particle traversing the fringe pattern creates an amplitude
modulated burst signal the frequency of which is the Doppler frequency.
Due to the coherence of laser light, a rough sample under illumination can
form a speckle pattern. The change of the speckle pattern in time can be used for
measuring the movement of an object or particle. Thus, a technique called laser
speckle velocimetry (LSV) was introduced and demonstrated by measuring
16

parabolic velocity profile in laminar tube flow (Barker & Fourney 1977, Dudderar
& Simpkins 1977, Grousson & Mallick 1977). A digital image processing method
for speckle photograph analysis in fluid mechanics (Meynart 1982), and further
studies on photograph film noise and scattering particle analysis by Pickering &
Halliwell (1984) and Adrian (1984) led to a new technique called particle imaging
velocimetry (PIV) whereby individual particles are imaged instead of speckles.
The development of digital cameras has made PIV a powerful tool for analysing
flow properties (Pérez-González et al. 2012) and especially turbulent fluid flow
fields in 2D. Enhancing the spatial resolution of PIV is achieved by utilizing
microscopy (Santiago et al. 1998) or confocal laser scanning microscopy (CLSM)
which exploits a pinhole for the spatial filtering of the excess light coming from
outside the focusing point (Park & Kihm 2006).
Optical velocimetry techniques LDV, LSV and PIV presented in previous
chapters are often limited to measure rather transparent fluids (Chinaud et al.
2012, Degre et al. 2006, Schmidt et al. 1999). Excluding the PIV (Degre et al.
2006), these methods suffer from poor spatial resolution at the pipe wall. The
DOCT technique provides a valuable method to measure more opaque fluids with
high spatial resolution especially at the tube wall. Accurately measured flow
velocity profile, particularly in the vicinity of the tube wall, is important for
determining the viscosity of a fluid according to a theoretical formula.
Furthermore, as an imaging technique OCT can also be used in PIV mode (Jonas
et al. 2011).
1.2

Contributions and organisation of the thesis

In this thesis DOCT device is further developed and applied to measure flow
velocity profiles accurately in small capillaries. The capabilities of this technique
in measuring opaque and highly scattering suspensions with high accuracy and
extreme resolution are demonstrated. In this study the technique is used for the
first time in a capillary viscometer. An absolute viscosity of the Newtonian
suspension is derived with high precision directly from the measured flow
velocity profile and pressure drop without making any assumption of the flow
under study. The results show the possibilities and great advances of the DOCT
technique in the field of rheology.
Chapter 2 introduces the theory of flow dynamics in circular tube flow and
how rheological properties such as viscosity are deduced from the flow velocity.
Chapter 3 focuses on the technique and the physics of OCT, especially in the case
17

of flow measurements. Chapter 4 describes the parameters of the DOCT device
built by the author and shows the setup geometry used in the measurements.
Chapter 5 presents the results measured with the DOCT and highlights the
performance and the applicability of the technique in the study of fluids rheology,
especially in capillary rheometers.

18

2

Flow properties

The branch of science that focuses on the study of deformation and the flow of
matter is called rheology (Whorlow 1992). The rheological properties of the fluid
can be considered as the relationships between stress, rate of strain and time.
Fluids are generally divided into two groups, namely Newtonian and nonNewtonian fluids, according to their rheological properties. In the simplest case,
the fluid has a constant relationship between stress and rate of strain that can be
described as single value for viscosity and thus being a Newtonian fluid. In this
thesis measured samples were chosen to be Newtonian in order to show the
ability of the measurement technique to accurately measure absolute values that
could be easily verified in theory as well as by a commercial viscometer.
2.1

Hagen-Poiseuille flow

In fluid dynamics the stationary fully developed laminar flow through a straight
circular pipe with a constant radius is described by Hagen-Poiseuille's law in
which fluid is considered as Newtonian, viscous and incompressible. The flow in
the pipe and the radius of the cross-section are assumed to be constant. The length
of the tube is much longer than the radius of the pipe, which ensures that a fully
developed parabolic flow velocity profile is established. The law states the flow
rate Q in terms of the pressure drop ΔP and the tube diameter D to the power of
four:
Q=

π D 4 ΔP
.
128η L

(1)

In addition to the pressure drop and the diameter, the flow rate depends on the
fluid's viscosity η and tube length L. (Massey 1983).
2.2

Shear rate and shear stress

A shear rate in simple shear laminar flow describes the rate of deformation of
fluid that can be expressed by the rate change of the flow velocity as a function of
the tube radius. The velocity profile v(r), shown in Fig. 1, contains the radial
distribution of the velocities, thus the spatial shear rate γ can be determined by
using the following equation:
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γ ( r ) = −

dv ( r )
.
dr

(2)

Theoretical shear rate at the tube wall for a fluid, which can be described by the
Hagen-Poiseuille law, is written as

γw =

4Q
,
π R3

(3)

where R is the tube radius. A force applied parallel to the flow direction causes
continuous shear deformation in a fluid. The shear stress in a tube flow is
expressed by the following equation:

τ (r ) =

ΔPr
,
2L

(4)

where ΔP is the pressure drop along the tube, r is the radius and L is the length of
the tube. The equation (4) shows that shear stress is zero at the centre of the tube
and increases linearly with the distance r from the centre, attaining its maximum
value at the tube wall (Pao 1967). Viscosity η can be written as a ratio of shear
stress and shear rate

η (r ) =

τ (r )
.
γ ( r )

(5)

Fig. 1. Fully developed parabolic flow velocity profile v(r) from Newtonian fluid in
laminar flow. τw: shear stress at a tube wall, R: a tube radius and L: a length of the
tube.
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2.3

Viscosity from flow velocity profile

Shear viscosity over different shear rates for Newtonian and non-Newtonian
fluids and suspensions can be determined either by a non-linear fitting procedure
using proper rheological model or by directly measuring the pressure drop and the
gradient from the velocity profile. In stationary tube flow, the pressure loss
measurement at the tube wall yields shear stress values in all interior points of the
tube according to the formula (4). Thus, by measuring the entire velocity profile,
the viscosity can be determined within the range of shear rate values. However, to
measure the gradient from the flow velocity profile at the wall requires a
measuring technique to have an extremely high spatial resolution and, in addition,
it should be non-contact in order to cause as little disturbance as possible.
By using optical detection methods such as DOCT to measure an absolute
shear rate, a refractive index of an opaque suspension must be known in advance
except in the situation where whole velocity profile can be measured. In the latter
case, the optical distance of the tube radius can be scaled to the real distance by
the ratio of empty tube diameter divided by the filled tube diameter.
2.4

The Reynolds number

Flowing fluid is under the influence of viscous and inertia effects. The balance
between these effects is important for estimating whether the flow is laminar or
turbulent and it can be described with a dimensionless Reynolds number:
Re =

ρ vavg D
,
η

(6)

where ρ is the density of the fluid, vavg is the average velocity of the fluid, D is the
diameter of the tube and η is the fluid viscosity. (Holman 1963, Massey 1983).
The critical Reynolds number is estimated to be about 2300 for very smooth,
straight and uniform circular tubes. However, under normal engineering
conditions, the transition region from laminar to turbulent flow in a Newtonian
fluid occurs at values between 2000 and 4000. Thus, with higher values flow will
change to fully turbulent. Flow velocities used in this thesis are much below the
lower transition region value of 2000, which indicates laminar flow.
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3

Optical coherence tomography

Accurate and non-contact methods for measuring structure and flow inside turbid
media, e.g. blood flow inside human tissue, are important in clinical diagnostics
for eye diseases (Rollins 2003, Schmetterer & Wolzt 1999, Wang et al. 2009) and
skin diseases (Mogensen et al. 2009). OCT has similarities to ultrasound imaging,
except that it uses light instead of sound (Tuchin 2004). OCT is an optical noninvasive measurement technique that can image inner structures of scattering
media at micron-scale resolution (Fercher et al. 2003, Regar et al. 2007, Schmitt
1999). The technique is based on the interference of low coherence light (Bouma
& Tearney 2002, Brezinski 2006, Huang et al. 1991).
3.1

Low coherence interferometry

Due to the speed of light, measuring optical echoes with typical OCT resolution
of less than 10 µm requires time resolution of about 30 fs (30 × 10−15s) which is
technically difficult to detect using direct electronic methods (Fujimoto & Drexler
2008). Interferometry is an effective and commonly used technique for detecting
amplitude and echo time delay of backscattered light with high sensitivity. Fig. 2
shows the basic layout of the Michelson interferometer, which is also used in this
thesis. Light is divided in the beam splitter to a reference field Er and a sample
field Es. Light reflects from the reference mirror with the known optical path
length and interferes with light backscattered from the sample at the beam splitter.
Interference seen at the output of the interferometer is the sum of the reference
and sample arms fields. Intensity detected by a detector can be written as follows:
I 0 ~ Er + Es + 2 Er Es cos ( 2k ΔL ) ,
2

2

(7)

where k is the wave number and ΔL is the optical path difference between the
reference and sample arms.
When the reference mirror is moved, the optical path length difference
between the interferometer arms causes destructive and constructive interference.
This superposition of the waves causes the interference signal to oscillate at a
frequency related to the speed of the mirror. If a narrow band width or a long
coherence light source is used, the oscillation appears with a wide range of optical
path length differences between the interferometer’s arms. A micrometer
resolution is due to using a low coherence light source where backscattered light
23

interferes with reference light only when the optical path length difference
between the interferometer's arms is less than the coherence length of the light
source. Thus, spatial resolution of OCT depends on the coherence length of the
light source, which is inversely proportional to the spectral bandwidth. The
interference signals observed at the detector in the case of the static scatterer and
in the case of the moving scatterer are shown in Fig. 2.

Fig. 2. The basic layout of OCT based on the Michelson interferometer. Er and ES are
the light fields reflected from the reference and the sample arms, respectively. BS is
the beam splitter. Detected signals in the case of the static scatterer and in the case of
the moving scatterer.

OCT gives simultaneous access to the structural data and to the velocity
information of the scattering media. The structural image is related to the
intensity of the backscattered light. A cross-sectional image is constructed by
performing successive axial measurements, A-scans, while transversely scanning
the probe beam across the sample. The moving particles induce a Doppler shift to
the backscattered light where, with prior knowledge of the Doppler angle, the
absolute speed can be determined.
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3.2

Time domain optical coherence tomography

Depending on the detection method, OCT technique can be divided into two main
branches called time domain OCT (TD-OCT) and frequency domain OCT (FDOCT). In this thesis, the TD-OCT setup is used for the flow measurement and it
will be discussed in more detail below.
Flow velocities in small capillaries easily grow very high even with moderate
flow rates. In industrial processes and capillary viscometers, the maximum flow
velocities can be in the range of meters per second (Willenbacher et al. 1997). In
TD-OCT, the maximum measured velocity is limited by, in addition to the signalto-noise ratio (SNR), the operating bandwidth of the transimpedance preamplifier
and the speed of the digitizer, which can be easily selected to be adequate. For
measuring fast velocities with FD-OCT by comparing the phases between
successive A-scans at the same depth, the time interval between two A-scans must
be short enough to avoid phase wrapping. Sufficient temporal resolution could be
achieved with state-of-the-art fast line cameras or high-speed wavelength-swept
lasers. Due to the costs and availability of fast line cameras and high-speed
wavelength-swept lasers, the time domain configuration was chosen to be used in
this thesis. An additional critical disadvantage of the FD-OCT compared to the
TD-OCT is the lack of dynamic focusing, which has a direct relation to the lateral
resolution and the sensitivity of the system (Chen et al. 1999, Wang et al. 1997).
Because in FD-OCT the whole depth profile is acquired instantly without
scanning, it makes dynamic focusing impossible. With dynamic focusing, a
superior imaging depth can be achieved and, in addition, flow velocity profiles
can be measured more accurately, especially in small diameter capillaries. New
techniques for improving the lateral resolution in FD-OCT have been presented
by utilizing multiple beams focused on different depths (Holmes et al. 2008, Yang
et al. 2004), by exploiting Bessel-beam illumination with axicon optics (Lee &
Rolland 2008) or by using adaptive optics (Hermann et al. 2004, Zawadzki et al.
2005).
3.3

Doppler optical coherence tomography

In TD-OCT a structural image can be determined directly from the envelope of
the backscattered interference signal that is modulated by the carrier frequency of
the scanning mirror. Functional imaging, such as determination of velocity, is
done by measuring a Doppler shift induced by moving particles. The most usual
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methods for evaluating the Doppler shift are short-time Fourier transform (STFT)
(Chen et al. 1997, Izatt et al. 1997), continuous wavelet analysis (Choma et al.
2006), measuring a phase difference (Zhao et al. 2000b) or Doppler variance (Ren
et al. 2002, Zhao et al. 2000a) between adjacent A-scans. In this thesis, the
Doppler shift was estimated using the spectrogram method by calculating the
STFT.
3.3.1 Doppler frequency and Doppler angle
A moving particle induces a Doppler shift to the backscattered light which
interferes with light coming from the reference arm. The Doppler frequency fD
occurs in the interference fringe:
fD =

1
( k s − ki ) ⋅ V,
2π

(8)

where ks and ki are the wave vectors of scattering and incoming light,
respectively, and V is the velocity vector of the moving particle (Bouma &
Tearney 2002, Drexler & Fujimoto 2008, Fercher et al. 2003). To be able to
measure the flow velocity of a moving object, light should strike the object at an
angle. Fig. 3 shows a schematic of probe beam direction and Doppler angle.
Assuming ks = −ki and θD is the Doppler angle between the ki and V and nm is the
refractive index of the medium, the Doppler shift simplifies to

fD =

2nmV cosθ D

λ

,

where λ is the centre wavelength of the used light source.
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(9)

Fig. 3. The schematic of probe beam direction and Doppler angle. V is the velocity
vector of the moving particle. Ki and KS are the wave vectors of the incident and the
scattered light, respectively. θD is the Doppler angle inside the suspension and θair is
the angle between the probe beam and the outer wall of the tube.

If the probing beam is perpendicular to the moving object, it does not induce a
Doppler shift. The possible techniques to measure flow velocities, which are
perpendicular to the beam, utilize the Doppler variance and the broadening of the
power spectrum (Ren et al. 2002).
3.3.2 Doppler frequency from short-time Fourier transform
The Doppler frequency in TD-OCT is usually determined by using the
spectrogram method for signal analysis. The STFT is calculated for a recorded
interference signal to transform it from time to frequency domain. In the STFT
method the time varying signal is divided into equal-sized time windows and fast
Fourier transform (FFT) is performed on each window separately. An actual
signal detected by the detector and corresponding spectrogram are shown in Fig.
4.
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Fig. 4. Schematics of a spectrogram method for DOCT flow velocity data analysis. The
digitized interference signal is acquired from an A-scan (top). FFT processing is
applied to equal-sized time windows to form a spectrogram (bottom). Doppler
frequencies are evaluated from the spectrogram by locating the frequencies with the
highest amplitudes.

The Doppler frequency is evaluated by locating the frequency with the highest
amplitude in the power spectrum and applying a centroid method. The actual
Doppler shift caused by the moving particle is derived by subtracting the carrier
frequency induced by the scanning mirror from the measured frequency.
Furthermore, the flow velocity in each window is calculated by the following
equation:
v=
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( fm − fc ) λ ,
2nm cos θ D

(10)

where fm is the measured Doppler frequency from each window, fc is the carrier
Doppler frequency from the scanning mirror, nm is the mean refractive index of
the medium and θD is the Doppler angle inside the flowing suspension. If the flow
is laminar and parallel to the tube, it is possible to use the angle between the
tube’s outer wall and the probing beam. By utilizing Snell’s Law to take into
account refraction from the tube wall, the equation simplifies to:
v=

( fm − fc ) λ ,
2cos θ air

(11)

where θair is the angle between the probe beam and the outer wall of the tube.
Thus, knowledge of the refractive index of the medium is not necessary.
The spectrogram method is good for measuring high values of velocity even
with the low imaging speed of TD-OCT. Disadvantages are related to the
coupling of depth resolution and velocity sensitivity (Zhao et al. 2000b). Selected
window size used for the velocity calculation determines the frequency resolution
in the power spectrum. Thus, the minimum detectable Doppler frequency shift
varies inversely with the chosen STFT window size. By using a large window the
Doppler frequency can be detected more accurately, however, applying a large
window simultaneously decreases the spatial resolution. In addition, by utilizing
higher imaging speeds, the velocity resolution is limited because the pixel
acquisition time is proportional to the STFT window size. Alternative methods to
improve the Doppler frequency estimation have been presented. These include the
Wigner distribution (Xu et al. 2007) and zero-crossing method (Villey et al. 2010,
Xu et al. 2008).
3.4

Multiple scattering and scattering coefficient

The intrinsic features of the OCT technique are to detect ballistic photons which
are single scattered, and to reject multiple scattered photons. This is due to the
coherence gating which prevents interference from those photons that have
scattered multiple times and experienced longer optical path length difference
than the coherence length of the light source. In addition, a confocal detection, in
which the out-of-focus light in axial and lateral directions is rejected due to lower
back-coupling efficiency, contributes to the cancelling of multiple scattered
photons (Tuchin 2013). However, in turbid and highly scattering media photons
usually exhibit more than one scattering event from which some are still detected
and contribute to the measured signal. Although the multiple scattering affects the
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signal amplitude and the spatial resolution that is used for structural imaging
(Häusler et al. 1996, Kirillin et al. 2006, Ruikang 2002, Yadlowsky et al. 1995),
the velocity imaging with DOCT is also sensitive for multiple scattered photons
(Bykov et al. 2005, Kalkman et al. 2010). While these photons cross the section
of moving particles twice, they acquire random Doppler frequency shifts which
can affect the measured flow velocity profile.
Amplitude of the OCT signal from a low scattering medium shows the total
attenuation of the backscattered light containing the joint effects from the
absorption and the scattering. In low scattering media, when absorption is
negligible, the OCT amplitude signal follows Beer’s Law and can be described
with single exponential decay (Tuchin 2013). By linear fitting to the OCT signal
in a logarithmic scale, the scattering coefficient of the measured medium can be
estimated. Moreover, if the particle concentration varies in the flow cross section,
the amplitude signal can reveal more information from the flowing suspension
such as formation of a particle-free layer.
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4

Measurement system

4.1

DOCT measurement system

The schematic of the system and the image of the actual device utilized in the
flow velocity measurements are shown in Fig. 5. The DOCT measurement system
is based on the free-space Michelson interferometer. The light source is a
superluminescent diode (SLD) with centre wavelength of 840 nm and spectral
band width of 50 nm. The near infrared light source is chosen for the system
because a longer wavelength scatters less from particles which in turn increases
the measuring depth of the device. Furthermore, among the available commercial
broadband light sources, the one with the shortest coherence length was chosen.
Light from the SLD was first collimated and guided through the optical
isolator that prevents optical feedback and damage to the SLD. The optical
isolation is done by using a linear polarizer and a quarter-wave plate, the optic
axis of which is set at a 45 degree angle to the plane of incident polarization. The
output from the optical isolator is circularly polarized light that is also used as a
probing beam. The light is divided by 50/50 cube beam splitter to the reference
and measurement arms. Following the Linnik interferometer configuration, to
compensate a chromatic dispersion and other optical aberrations both arms have
similar focusing optics consisting of achromatic doublets with focal lengths of 65
mm and diameters of 10 mm.
To minimize the moving parts in the interferometer and to make the system
compact, the interferometer is placed on top of the piezo stage with the lateral
dimensions of 114 mm by 114 mm. Due to the fixed position of the reference
mirror, a depth scan and a carrier frequency modulation for a DOCT signal is
performed by moving the whole interferometer with relation to the sample
position. The used scanning geometry enables dynamic focusing due to the fact
that the focusing lens at the measurement arm moves with respect to the sample
position during the depth scan. Thus, the measurement voxel is kept at the beam
waist position in the turbid sample. Tracking the measurement voxel is important
for preserving good lateral resolution as well as for maintaining a good SNR
(Chen et al. 1999). One of the drawbacks of the utilized dynamic focusing
method is that the incremental movement of the focusing lens is too large
compared to the shift of the position of the measurement voxel. This is due to the
fact that the measured backscattered signal originates from the equivalent optical
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distance, within the coherence length of the light source, as the beam splitter and
the reference mirror. Thus, because of the higher refractive index of the sample
medium compared to air, in which the focusing lens is moved, the measurement
voxel is located before the beam waist position.

Fig. 5. Schematic of the DOCT system (Paper I, published with the permission of ©
2008 SPIE) and the image of the actual measurement device. SLD: superluminescent
diode, CL: collimator, PL: polarizer, QWP: quarter-wave plate, BS: beam splitter, FL:
focusing lens, PD: photodiode.
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The interference signal is detected by using a silicon PIN photodiode the output
current of which is changed to voltage and amplified with a transimpedance
amplifier. Then the amplified signal is band pass filtered and further amplified
before being transferred to a 12-bit analog-to-digital converter. The measurement
system is controlled by the LabVIEW program which runs the scanning, the data
acquisition and data processing.
4.2

Device performance parameters

Defined by the spectral band width of the light source the spatial resolution of the
DOCT device is 6.2 µm in air and 4.7 µm in scattering medium with refractive
index of 1.33. The lateral resolution with 65 mm focal length focusing lenses and
input beam diameter of 8 mm is 8.7 µm with the focusing depth of 140 µm.
The maximum depth scanning range of the DOCT device is limited to 50 mm
due to the travel range of the piezo stage. However, due to the attenuation of the
backscattered light, the actual measurement range is usually less than 1.5 mm in
highly scattering media. The scanning speed of the device can be adjusted from
0.5 mm/s to 3 mm/s which corresponds to A-scan rates from 0.33 Hz to 2 Hz with
the normally applied measurement range of 1.5 mm. With scanning speeds from
0.5 mm/s to 3 mm/s, the carrier modulation frequency ranges from 1.19 kHz to
7.14 kHz. The lower and higher scanning speeds induced more fluctuation to the
carrier frequency and was caused by the instabilities of the piezo stage motion.
Moreover, the noise was increased at frequencies below 1 kHz mostly due to lack
of suitable band bass filter. The carrier frequency of 7.14 kHz limits measured
Doppler frequency to about 6 kHz when flow goes away from the probe beam.
However, at the same time the flow towards the beam is limited by the Nyquist
frequency.
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5

Results

The results from this thesis present the applicability of the developed DOCT
device for high resolution flow velocity profile measurements in small capillaries,
in strands of a living slime mould, and furthermore, the accurate determination of
the suspension’s viscosity. This chapter is divided mainly according to the
individual results from papers. In section 5.1, the accuracy and good spatial
resolution of the DOCT system is demonstrated and compared with commercial
TD-OCT (Paper I). In section 5.2, the applicability of the technique for imaging
cytoplasm shuttle flow in living slime mould, Physarum polycephalum, is
evaluated (Paper II). The influence of multiple scattering on the accuracy of the
measured flow velocity profiles are discussed in section 5.3 (Papers III-IV). The
most important result of this thesis is presented in section 5.4 (Paper V), where
DOCT is applied for measuring the viscosity as a function of shear rate in a
capillary viscometer.
5.1

Accuracy in flow velocity profile measurements

The performance characteristics of the laboratory-built DOCT device were
compared to the commercial OCT device (Institute of Applied Physics, Russian
Academy of Sciences). The comparison was conducted in two cases. In the first
case, the flow velocity profiles were measured inside a circular glass capillary
with a diameter of 0.8 mm. The continuous and stable flow was ensured by using
a syringe precision pump (OPAM Instruments Oy). The theoretical maximum
velocity could be determined from the preset flow rate and from the capillary
dimensions. The used flow rate range varied from 1 ml/min to 3.33 ml/min
corresponding to Reynolds numbers from 27 to 88. These values being much
lower than 2000 ensured that measurements were performed in the laminar flow
region. In the other case, a microfluidic chip consisting of three layers, the two
outer layers made of polymethyl methacrylate (PMMA) and the middle layer
made of cellulose acetate (CA) with a rectangular channel cross section of 100
µm by 1000 µm and a length of 55 mm, was utilized. The suspension was fed into
the inlet of the channel and the flow was induced by an intrinsic capillary force
which stopped after the meniscus reached the channel outlet. Intralipid (van
Staveren et al. 1991) was used in both cases as a scattering suspension because it
offered a stable sample for the experiments and scattering coefficient was easy to
tune. In addition, Intralipid mixed well with water. For the measurements, 1%
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Intralipid concentration with a refractive index of 1.36 was prepared by diluting
10% Intralipid (Fresenius Kabi AB, Uppsala, Sweden) with distilled water.
The determination of the absolute velocity requires an accurate value for the
Doppler angle. Because the DOCT device used in the thesis does not have a
lateral scanning mode, the Doppler angle was defined in advance by the method
used by Wang et al. (2007). The capillary outer wall position was determined in
two lateral locations, see Fig. 6, from two A-scans shifted 1 mm apart from each
other by a manual translation stage. The Doppler angle θD was calculated from the
triangle obtained from the axial shift Δx and 1 mm lateral movement. The
obtained Doppler angles for the laboratory-built DOCT and the commercial OCT
were 88.04 ± 0.03° and 87.5 ± 0.1° respectively.

Fig. 6. Determination of Doppler angle θD. ∆x is the difference between the locations of
the outer wall of the capillary in 2 scans.

5.1.1 Velocity profiles from the glass capillary
Before measurements, the focus needed to be adjusted carefully. To optimize the
imaging depth inside the capillary the focus of the objective lens was adjusted in
the centre of the lumen in both setups. In the laboratory-built DOCT, the
measurement voxel stayed inside the depth of the field of the objective lens
thanks to dynamic focusing, while the commercial OCT with static focusing was
unable to track the measurement voxel. The dynamic focusing ensured good
lateral resolution and SNR.
The flow velocity profiles were measured with four pumping speeds, 1
ml/min, 1.67 ml/min, 2.5 ml/min and 3.33 ml/min, by using the commercial OCT.
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The measurement consisting of 200 A-scans was repeated 3 times at each
pumping speed. Fig. 7 a) shows the flow velocity profile averaged from 600 Ascans at a flow rate of 1.67 ml/min. In addition, the profile is fitted with 2nd order
polynomial from which the maximum velocity is defined. The linearity and
accuracy of the measured maximum velocity are shown in Fig. 7 b) as a function
of the flow rate. The maximum velocities are fitted with linear regression line
going through the origin.
The measurements using the laboratory-built DOCT were performed in the
same pumping range, however, at the beginning the flow rate was increased with
smaller steps. One acquired velocity profile was an average from 30 A-scans. The
velocity profile, seen in Fig. 7 c), is an average from 3 measurements consisting
of a total of 90 A-scans. The correlation with the theoretical parabolic flow
velocity profile, marked as a solid line, is excellent. Furthermore, the measured
peak velocities, shown in Fig. 7 d), correspond well to the theoretical maximum
velocities. In addition, the standard deviation of the laboratory-built DOCT is
much smaller than that of commercial OCT.
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Fig. 7. Measurement results from a glass capillary. a) Flow velocity profile at 1.67
ml/min with polynomial fitting measured with the commercial OCT; b) and pumping
speed vs. measured max velocity; c) Flow velocity profile at 1.67 ml/min with
polynomial fitting from the laboratory-built DOCT; d) and pumping speed vs.
measured max velocity. (Paper I, published with the permission of © 2008 SPIE).

The velocity sensitivity of the laboratory-built DOCT is shown in Fig. 8. The flow
rate is changed gradually from 1 ml/min to 1.83 ml/min by steps of 0.17 ml/min
and acquired profiles are fitted with the 2nd order polynomial. The measured
profiles show the excellent velocity sensitivity of the DOCT system, which is
especially seen on the left side of the profiles that is the input direction of the
probing beam. The velocity profiles are close to each other, however, they still
differ as the flow rate increases. The stepper motor of the syringe pump induced
some amount of pulsatile behaviour to the flow, which, together with the small
variations in the scanning speed of the piezo stage during the A-scan acquisition,
can be seen as a wavelike pattern in the flow velocity profiles. The results from
38

the commercial OCT system exhibited significant overlapping of the velocity
profiles when flow rate increased with small steps, which is due to the large
standard deviation and low velocity sensitivity.

Fig. 8. Flow profiles from laboratory-built DOCT at 1–1.83 ml/min. a) Whole profiles
nd

with 2

order polynomial, marked by solid lines (Paper I, published with the

permission of © 2008 SPIE); b) the same flow profiles with error bars from the wall to
the centre of the capillary.
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In Table 1, the theoretical maximum values calculated from pump flow rate and
the capillary cross section are compared to the values obtained with both devices.
The values are determined by applying 2nd order polynomial fitting to the average
of three measurements and finding a peak velocity. By excluding the highest flow
rate, the results detected by the commercial OCT are higher than the theoretical
values throughout the used velocity range. The velocities marked within the
brackets (Table 1, OCT) were measured at a different time and are consistent with
each other. However, there is a discrepancy with the previously measured
velocities that could have arisen from the potential uncertainty related to the
probe beam focusing and Doppler angle measurements. Moreover, fluctuations in
the base Doppler frequency can cause some additional inaccuracies. The mean
standard deviation for the values achieved with the commercial OCT was 7.0
mm/s and the mean difference to the theoretical value was 6.8%, excluding the
results shown in brackets. The results measured with the laboratory-built DOCT
agreed well with theoretical values, thus having the mean standard deviation of
1.7 mm/s. By excluding the measurement at the highest flow rate of 3.33 ml/min
the standard deviation decreases to 1.0 mm/s. The mean difference between all
the measured and theoretical values was 0.9%. The relatively large standard
deviation at the highest flow rate results from the decrease of SNR. The standard
deviation can be decreased by averaging calculated spectrograms after which the
Doppler frequency is determined instead of averaging calculated Doppler
frequencies.
Table 1. Flow rate of the pump, theoretical and measured values. (Paper I, published
with the permission of © 2008 SPIE).
Flow rate of the pump

Theoretical value

Measured values
Built DOCT

Commercial OCT

Vmax(mm/s)

Vmax(mm/s)

Vmax(mm/s)

1

66.3

66.2±0.91

72.6±6.98

1.17

77.4

77.1±1.42

(95.9±0.58)

1.33

88.4

87.8±0.93

(109.9±3.93)

1.5

99.4

98.8±1.68

(121.1±9.07)

1.67

110.5

109.1±0.67

120.2±5.0

1.83

121.6

120.7±0.94

(148.1±10.2)

2.5

165.8

163.2±0.66

176.3±13.92

3.33

221

217.3±6.4

215.3±6.54

ml/min
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5.1.2 Velocity profiles from microfluidic channel
The measuring point for the microfluidic channel was set to 15 mm from the inlet,
where the flow profile was assumed to be fully developed. Due to high scanning
speed, the amount of samples acquired along the channel depth was too low,
resulting in the commercial OCT being unable to measure really low speed
velocity profiles. However, by setting the scanning speed of the laboratory-built
DOCT to 0.5 mm/s, corresponding the Doppler frequency of 1.19 kHz, it was
able to acquire more samples from the inside of the channel. The higher amount
of acquired samples ensured sufficient velocity sensitivity and therefore flow
velocity could be measured. The Doppler angle was estimated to be 85.0° and
velocity profile shown in Fig. 9 is an average of 15 scans. The flow velocity
slowed down during the measurement because the drag forces increased as the
meniscus moved further away from the inlet. Also, inhomogeneity and impurities
in the channel caused some changes in the driving capillary forces.

Fig. 9. The flow velocity profile obtained with the laboratory-built DOCT from the
microfluidic channel with cross section of 1000 µm x 100 µm. (Paper I, published with
the permission of © 2008 SPIE).
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5.2

Imaging of cytoplasm shuttle flow in Physarum polycephalum

The accuracy of the DOCT technique was demonstrated in the previous section.
The applicability of this functional imaging modality is not limited only to
measuring simple geometries such as round glass capillary and nearly anisotropic
scattering from Intralipid. To demonstrate and prove the versatility of the DOCT
technique it was applied to image cytoplasm shuttle flow in vivo in Physarum
polycephalum (Paper II). Physarum have been studied by implementing numerous
techniques such as phase-contrast microscopy (Wohlfarth-Bottermann 1974),
laser Doppler microscopy (Romanovskii & Teplov 1995) and image analysis
(Takagi & Ueda 2008). However, most of these techniques have limitations in
simultaneously imaging the dynamics of the strand contraction and flow velocity
profiles of the cytoplasm shuttle flow with a high spatial resolution.
In the plasmodium stage of the life cycle the slime mould Physarum forms
cylindrical strands, the walls of which spontaneously contract and relax, thus
generating the shuttle flow of the cytoplasm. The typical size of the strands is in
the range of several hundred micrometres and the period of oscillation is about 1
min at room temperature. The plasmodium of Physarum polycephalum was
grown on filter paper placed into a Petri dish with the bottom covered with agar
ten hours before measurements. Fig. 10 shows two strands which connect two
main bodies of the spreading Physarum. The probe beam position is depicted by
the circle.

Fig. 10. Photographic image of two large strands of Physarum on an agar layer in a
Petri dish. The circle indicates the probe beam location. (Paper II, published with the
permission of © J. Biophotonics 2009).

The image of the measurement set-up is shown in Fig. 11. The Petri dish is
attached vertically to a metallic frame. The probe beam is positioned over the
measured strand using a web camera. The Doppler angle between the probing
beam and the selected strand was adjusted by a micrometer screw. Due to the
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expected low velocity stream inside the strand the velocity sensitivity was
maximized by setting the Petri dish together with the plasmodium at a Doppler
angle of 50 degrees. Smaller Doppler angle resulted in strong mirror-like
reflection at the air-strand interface resulting in a decrease in the DOCT signal
amplitude, and therefore, velocities could not be measured. The shuttle flow
inside the strand changed the direction of flow between the contraction and
relaxation phases. Thus, the carrier frequency must be high enough to be able to
detect flow velocity profiles in both directions. Hence, the scanning speed of the
piezo stage was set to 1.6 mm/s, which corresponded to a carrier frequency of
3810 Hz and allowed flow velocity detection in the range of ±3 mm/s with the
applied Doppler angle. However, the actual upper limit for the positive velocities,
the flow towards the probing beam, was dependent on the Nyquist frequency.

Fig. 11. Image of the measurement set-up. Physarum in a Petri dish is attached
vertically to a metallic frame. The Doppler angle is set by a micrometer screw.

Flow velocity measurements were performed at so-called M-mode, where the Ascans are acquired at the same location and velocity profiles are recorded during a
set time period. Fig. 12 shows the time-resolved DOCT image, which consists of
several consecutive A-scans. The contractions of the outer wall, together with
colour coded flow velocities inside the strand, can be seen in Fig. 12. The shuttle
type of flow is seen in the change of flow directions from positive to negative
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displayed by light and dark colours, respectively. The static structures correspond
to a light-red colour.

Fig. 12. Time-resolved DOCT image of the Physarum strand. (Paper II, published with
permission of © J. Biophotonics 2009).

The high velocity sensitivity and the spatial resolution is seen Fig. 13. The
velocity profiles are taken from Fig. 12 at different time instances, including the
maximum velocities in both directions together with some intermediate profiles.
As seen from the 2nd order polynomial fitting, marked by the solid line, flow
profiles have a parabolic shape which indicates that flow is mainly Newtonian.
Thus, if the viscosity of the cytoplasm is known, it is possible to estimate a shear
stress induced by the wall contraction.
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Fig. 13. Flow velocity profiles of cytoplasm at different time instances 1,…,6. Solid
lines represent parabolic fitting. (Paper II, published with the permission of © J.
Biophotonics 2009).

As seen from Fig. 13, the applicability of the laboratory-built DOCT device for
detecting flow velocity profiles with high accuracy and good spatial resolution is
presented by measuring the cytoplasm shuttle flow in vivo on the Physarum.
5.3

Effects of multiple scattering

In this thesis, the multiple scattering effects on the measured flow velocity
profiles were studied in two phantoms consisting of static upper layer and moving
upper layer. In the former, the plain glass capillary was embedded in the cuvette
with a static superficial layer of Intralipid suspension. In the latter, the flow under
study was measured through another plain glass capillary in which the Intralipid
suspension was either stopped or flowing, hence being a dynamic superficial
layer.
5.3.1 Static superficial layer phantom
The embedding depth of the plain glass capillary, with inner dimensions of 0.3
mm by 3 mm, was varied from 100 µm to 600 µm. The cuvette, see Fig. 14, was
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filled with Intralipid the concentration of which ranged from 1% to 4%. The
concentration of the flowing Intralipid suspension was fixed at a level of 1%. The
side wall glass, with a thickness of 200 µm, formed an angle between the
capillary of about 4.5°. A certain embedding depth was chosen by positioning the
probing beam to the corresponding point along the capillary.

Fig. 14. Static upper layer phantom with one sidewall made of glass and plain capillary
with inner dimensions of 0.3 mm by 3 mm. (Paper III, published with the permission of
© 2010 SPIE).

The mean particle size of polydispersed Intralipid is about 0.3 µm and it is
commonly used as a material for tissue phantoms. The approximated scattering
coefficient for the used wavelength at 1–4% concentrations varied from 2 mm−1
to 8 mm−1 corresponding to photon-free mean paths of 0.13–0.5 mm. The flow
rate was fixed at 100 ml/h, from which the Reynolds number was calculated to be
9 and ensured laminar flow. The used solutions were diluted from the
commercially available 20% Intralipid by distilled water. The continuous syringe
pump was used to provide accurate and stable flow during the measurements.
Fig. 15 a) shows the time-resolved OCT amplitude image consisting of 100
A-scans together with the averaged amplitude (solid line) obtained from the same
scanning point at the depth of 100 µm. The measured flow velocity profile,
presented in Fig. 15 b), shows the appearance of a false peak originating from the
capillary wall. This is one of the effects caused by the multiple scattered photons
that have intersected flow at least twice and acquired random Doppler shift. The
level of this peak is directly proportional to the mean flow velocity.
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Fig. 15. a) Time-resolved OCT image with averaged amplitude signal (solid line) and b)
flow velocity profile in the glass capillary filled with 1% Intralipid solution and
embedded into Intralipid with the same concentration at the depth of 100 µm. (Paper
IV, published with the permission of © 2011 SPIE).

Fig. 16 a) shows the distorted flow velocity profiles of the Intralipid 1%
concentration, both inside the capillary and in the cuvette, as a function of the
increasing embedding depth. It can be seen that an increase in the embedding
depth leads to a decrease in the measured maximal flow velocity and to an
increase in the profile width. In Fig. 16 b), where the capillary embedding depth
is fixed and the concentration of the surrounding Intralipid is changed from 1 to
3%, similar profiles to those seen in the case of the increasing embedding depth
can be observed. Thus, the main parameter determining the profile distortion is
the optical thickness of the Intralipid layer in front of the capillary. This is due to
the fact that, with an increasing optical thickness, the number of photons carrying
reliable information about the flow velocities decreases.
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Fig. 16. Flow velocity profiles from 1% Intralipid with a) varying embedding depth from
200 µm to 500 µm and b) with fixed depth of 200 µm and varying surrounding
concentration from 1 to 3%. (Paper IV, published with the permission of © 2011 SPIE).

The effect caused by the optical thickness of the scattering superficial layer is
further confirmed in Fig. 17. It presents the measured maximal velocities from the
capillary as a function of embedding depth and changing surroundings’
concentration. With concentration of 2% and 3% the DOCT signal decayed
rapidly after 300 µm and further depths could not be measured. However, it
shows similar maximal velocities, for example, for 2% Intralipid solution outside
the capillary at an embedding depth of 100 µm and for 1% Intralipid solution at
an embedding depth of 200 µm. Also, the same values are depicted for 1%
Intralipid at a depth of 600 µm and for 3% Intralipid at 200 µm, etc.
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Fig. 17. Dependence of the maximal values of the measured flow velocity profiles on
the capillary embedding depth for different concentrations of the Intralipid solution
outside the capillary. (Paper IV, published with the permission of © 2011 SPIE).

The measured profiles are also fitted with two formulas. The first formula,
referred to as parabolic fit, is the theoretical profile for the Newtonian laminar
flow:

  d
V ( d ) = Vmax 1 − 1 − 
  R


2


 ,


(12)

where the fitting parameter Vmax is the peak velocity in the centre of the capillary,
R is half of the channel thickness and d is the distance from the glass-Intralipid
interface inside the capillary. The second formula:

  d 2 
V ( d ) = Vmax 1 − 1 −   + α d + β d 3 ,
  R 



(13)

has two additional fitting parameters α and β in addition to the Vmax to enable the
asymmetric fitting where Vmax can be off-centred and the parabola can be nonsymmetric (Kalkman et al. 2010). Results from the fitting are presented in Fig. 18
at a depth of 100 µm with Intralipid concentration of the surroundings being 1%
and 4%. In Fig. 18 flow speeds are presented as Doppler frequencies rather than
absolute velocities because it does not change the shape of the profile. The dashed
line represents parabolic fitting and the solid line is asymmetric fitting. With 1%
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concentration of flowing suspension and static surroundings the effect of multiple
scattering is negligible and both the parabolic and the asymmetric fittings are
matching well to the measured values. However, when the surrounding
concentration is increased to 4%, parabolic fitting begins to deviate from the
measured values, especially after the centre of the capillary. The asymmetric
fitting results in much more accurate fitting and, by comparing it to the parabolic
fit, the peak of the flow velocity profile is somewhat shifted and also the width of
the profile is broadened. In a simplified situation, only ballistic photons, that have
scattered only once, contribute to the OCT signal and carry reliable velocity
information. However, inside turbid samples multiple scattering events are
common and single scattering approximation for the OCT signal is no longer
valid. As light scatters multiple times inside a flowing suspension, it acquires
random Doppler shifts. Thus, the velocity information becomes unreliable and
velocity profiles distorted.

Fig. 18. Flow velocity profiles at 100 ml/h with a) 1% Intralipid flow embedded at 100
µm depth of 1% Intralipid and b) 1% Intralipid flow embedded at 100 µm of 4%
Intralipid. The dashed lines represent the parabolic fit and the solid lines are the
asymmetric fit. (Paper III, published with the permission of © 2010 SPIE).

5.3.2 Dynamic superficial layer phantom
The moving superficial layer was created by introducing a second glass capillary
in front of the studied flow, see Fig. 19. The inner dimensions of the capillaries
were 0.2 mm by 2.0 mm with wall thickness of 0.15 mm. To reduce the refractive
index mismatch the air gap between the capillaries was filled with water. The
flow rate and Intralipid concentration were kept constant at 100 ml/h and 1%
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respectively, while the parameters of the upper flow were varied (concentration
from 1% to 4% and flow rate from 0 to 200 ml/h). The Doppler angle was
estimated to be 85°, however, velocities are presented in Doppler frequencies.
The Reynolds number was calculated to be less than 14, which ensured laminar
flow.

Fig. 19. Dynamic upper layer phantom consisting of two plain glass capillaries with
inner dimensions of 0.2 mm by 2 mm. (Paper III, published with the permission of ©
2010 SPIE).

Fig. 20 shows averaged STFT spectrograms from two capillaries, both filled with
1% Intralipid. Fig. 20 a) shows the initial situation where both flows were
stopped. In Fig. 20 b) the studied flow is flowing with a flow rate of 100 ml/h
while the suspension in the upper capillary is stopped. Furthermore, in Fig. 20 c)
suspensions in both capillaries are flowing with a flow rate of 100 ml/h. When the
flow is stopped, the Doppler frequencies appear at the carrier frequency arising
from the scanning motion. From Figs. 20 b) and 20 c) parabolic flow velocity
profiles are clearly seen in both capillaries as well as the false Doppler signals
appearing at the interfaces behind the flows. These peaks result from multiple
scattered photons that have intersected with flow twice and acquired a Doppler
shift directly proportional to the flow rate.

51

Fig. 20. STFT spectrograms of DOCT signal from two glass capillaries filled with 1%
Intralipid. a) The initial situation where both flows are stopped. b) The superficial flow
is stopped while the lower one is flowing with the flow rate of 100 ml/h. c) The
suspensions are flowing at 100 ml/h in both capillaries. (Paper III, published with the
permission of © 2010 SPIE).

Flow velocity profiles were also fitted according to the formulas (12) and (13).
Fig. 21 a) and 21 b) show the fitted velocity profiles measured at the same time.
Here 4% Intralipid is flowing in the superficial capillary and 1% Intralipid in the
lower capillary. In the superficial capillary, flow velocity profile agrees nicely
with the parabolic fitting. However, the flow under study differs from the
parabolic approximation and asymmetric fit provides better fitting to the
measured points. In addition, the peak velocity is slightly shifted towards the
greater depth and the profile has broadened. Fig. 21 c) shows the flow velocity
profile from the lower capillary when the superficial flow has been stopped. The
difference between Figs. 21 b) and 21 c) is very small and will fall under
measurement error.
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Fig. 21. Measured flow velocity profiles at 100 ml/h flow rate from a) the superficial
capillary with Intralipid concentration of 4%, b) from the lower capillary with Intralipid
concentration of 1% and c) from the lower capillary when the superficial flow is
stopped. The dashed lines represent the parabolic fit and the solid lines are the
asymmetric fit. (Paper III, published with the permission of © 2010 SPIE).

These experiments demonstrate the effects of the multiple scattering on the
reconstructed flow velocity profiles. The results show that the theoretical
parabolic fit does not give the best fit when there is high scattering medium in
front of the flow, even though the flow should be a perfect parabola. The most
visible effect is the broadening of the flow velocity profile. Further effects include
a decrease in the maximum velocity and change in the peak velocity position.
These changes in velocity profiles are similar but slightly smaller when
comparing with the theoretical analysis done by Yura et al. (2005) and the results
reported by Kalkman et al. (2010), Kalkman et al. (2012) and Moger et al.
(2005). This might be due to the shorter coherence length and better lateral
resolution of the used DOCT system and therefore less multiple scattered photons
were detected. The differences between the cases of the dynamic and the static
53

layer are negligible and are in the range of the measurement accuracy. Thus, the
most important factors that cause distortions to the measured velocity profiles are
thickness of the superficial layer and the concentration of the Intralipid
suspension. So, in the end, multiple scattering effects on the flow velocity
profiles, at least in the shallow depths and low scattering media, are relatively
small and will not cause significant measurement error. Thus, further analysis of
the flow velocity profile is applicable for accurate viscosity determination.
5.4

Rheological measurements

In the previous sections, the accuracy and the applicability of the laboratory-built
DOCT system for measuring flow velocity profiles in different suspensions were
experimentally studied. In this section, the DOCT will be used to determine a
viscosity in a capillary viscometer directly from a flow velocity profile and a
pressure drop along the capillary according to the theoretical definition (5). These
measurements, presented in paper V, were the first ones where the DOCT
technique was applied for measuring the viscosity in the capillary type
viscometer. In the same year Harvey & Waigh (2011) applied the DOCT
technique in controlled shear flow at a plate-plate rheometer.
5.4.1 Sample suspension preparation and pressure drop
The suspensions used in the measurement were different concentrations of
glycerol and distilled water solutions with added polystyrene particles acting as
scattering particles. The varying concentration ratios for prepared glycerol and
water solutions were 50/50, 40/60, 30/70 and 20/80, respectively. Polystyrene
particles, with diameter of 0.3 µm, had a total concentration of less than 0.17% in
the final suspension. The particle concentration was adjusted, depending on the
glycerol concentration, to keep the scattering coefficient µs constant to maintain
similar signal to noise ratio between the different samples. The µs was calculated
to be 2.5 mm−1 and was verified from the attenuation of the OCT signal
amplitude. All the samples were sonicated 30 min to make particles evenly
dispersed. To ensure that the measurements are performed in the laminar flow
region, the Reynolds numbers were calculated to be below 50. The measurements
were done at an ambient room temperature of 24.0±0.4°C.
The pressure drop along the glass capillary, with an inner diameter of 1 mm,
is measured during the flow velocity profile measurements with a differential
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pressure sensor. The pressure sensor is connected to the inlet of the capillary by a
polymer T-connector with inner diameter of 0.8 mm. The outlet of the capillary is
left free in air as well as the secondary input of the pressure sensor. The total
length in which the pressure drop is measured is 269 mm, including the 19 mm
part of the 0.8 mm T-connector. Due to the large length-diameter ratio (>250) of
the capillary, the entrance and the exit effects to the pressure drop were neglected.
5.4.2 Shear rate
The shear rates at the wall were calculated from six flow rates ranging from 50
ml/h to 200 ml/h corresponding to the theoretical shear rates of 132 1/s to 528 1/s.
Before the determination of the shear rate according to the formula (2), the
measured velocity profiles were fitted with parabola. However, the flow rates of
150 ml/h and 200 ml/h could be fitted only partly. This was due to the used
Doppler angle of 69.5° (between the probing beam and the capillary surface) and
the sampling frequency of 200 kHz, which limited the measurement range to
about 1–120 mm/s.
The measured flow velocity profiles averaged from 5 measurements at speeds
of 50 ml/h, 100 ml/h and 200 ml/h are seen in Fig. 22 a). The partial profile at
flow rate of 200 ml/h could be measured as far as 300 µm from the wall. The
sinusoidal oscillation, best seen at a flow rate of 50 ml/h, is due to the slight
variations in the scanning speed of the piezo stage. However, this Doppler noise
appears to have a negligible effect on the accuracy of the flow velocity profiles.
Fig. 22 b) shows the close-up from the measured profiles at 100 µm distance from
the wall with error bars and fitted profiles (solid lines).
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Fig. 22. a) Measured flow velocity profiles at flow rates of 200 ml/h, 100 ml/h and 50
ml/h; b) close up from the profiles with parabolic fitting (solid lines) at the capillary
wall. (Paper V, published with the permission of the Photonics Letters of Poland).

The comparison with the theoretical shear rates calculated from the flow rates set
to the syringe pump and the shear rate calculated from the fitted velocity profiles
is shown in Table 2. The results show an excellent agreement with theoretical
values with the relative error being less than 1%. In addition, the shear rate
variation between the samples is really consistent.
Table 2. The measured shear rates and the theoretical shear rates with the different
flow rates. G is glycerol and W is water. (Paper V, published with the permission of the
Photonics Letters of Poland).
Flow rate ml/h

Theoretical

50% G. 50% W. 40% G. 60% W. 30% G. 70% W. 20% G. 80% W.

shear rate
50

132.0

130.1

129.6

130.3

75

198.0

195.0

195.7

195.5

129.0
193.6

100

264.0

260.1

260.6

259.4

258.4

125

330.0

324.8

324.6

324.1

322.2

150

396.0

390.3

394.9

390.3

391.9

200

528.0

524.6

521.9

527.5

537.9

5.4.3 Determination of the viscosity
Viscosities are estimated in Fig. 23 by substituting the formula (5) with the
measured shear rate and pressure drop values (solid symbols). Furthermore, the
reliability of the measured viscosities was confirmed by reference measurements
obtained with a rotational viscometer (Brookfield DV-II+), marked with open
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symbols. However, the shear rates did not overlap, except for the shear rate of 132
1/s, due to the end of range of the rotational viscometer. There is a small
discrepancy between the measured and the reference values at shear rate of 132
1/s, although the relative error of viscosity seems to be constant. This difference
could arise from the improper calibration of the rotational viscometer. Another
possible reason could be that 132 1/s is at the beginning of the range for the used
capillary viscometer geometry; hence the error in the pressure measurements
could become dominant. This could also explain why the values approach the
reference values at the higher shear rates.

Fig. 23. The viscosities measured from the flow velocity profiles (solid symbols) and
the corresponding viscosities measured with the rotational viscometer (open
symbols). (Paper V, published with the permission of the Photonics Letters of Poland).

The results presented in section 5.4 demonstrate the application for utilizing the
DOCT in rheological experiments, especially in viscosity measurements with the
capillary viscometer. The flow velocity profiles were measured and, furthermore,
the shear rates were determined with high accuracy, together with the pressure
drop along the capillary. The absolute viscosities, instead of the apparent
viscosities, were calculated according to the theoretical definition (5) directly
from the fitted flow velocity profile and the pressure drop. Although the
Newtonian assumption was made by applying the parabolic fit to the entire
measured velocity profile, comparable results could be obtained with a nonparabolic fit or if only a few measurement points would be selected for fitting. To
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be able to utilize only two sequential measurement points in calculating the
viscosity, the Doppler noise arising from the scanning stage should be reduced.
Nevertheless, the calculated viscosity values agreed well with the reference
measurements obtained by the rotational viscometer.
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6

Discussion

This section analyses the obtained results and discusses the limitations and the
problems related to the applied technique. In addition, the possibilities and
potential developments and future applications are presented.
6.1

Measurement results

The results of this thesis show the applicability of the DOCT technique to
accurately measure, with high spatial resolution, the flow velocity profiles of
highly scattering suspensions in small capillaries. Particularly, the velocity values
close to the capillary wall are resolved with excellent accuracy. Although the
accuracy of the DOCT technique and its applications in visualizing flow
dynamics in small capillaries and complex structures has been demonstrated
previously by many researchers (Bonesi et al. 2007a, Moger et al. 2004, Tao et al.
2009), the DOCT has not been previously utilized in a capillary viscometer to
measure absolute viscosity. The technique is used to characterize different
suspensions ranging from bio materials (Davis et al. 2009, Peterson et al. 2012)
and polymer suspensions to complex industrial fluids (Ahn et al. 2008, Jaradat et
al. 2012). Other techniques such as LDA (Schmidt et al. 1999, Schuberth &
Münstedt 2008) and Doppler ultrasound velocimetry (Kotzé et al. 2013,
Wunderlich & Brunn 2000) are unable to perform such measurements in the
vicinity of the capillary wall. Thus, the velocities at the wall have to be
determined by an extrapolation method. The PIV (Kähler et al. 2006, PérezGonzález et al. 2012, Roberts et al. 2007) can measure flows close to the wall,
but its use is often limited to more diluted suspensions.
The effect of the multiple scattering on the flow velocity profile construction
was found to be negligible in determination of the shear rate at the wall. However,
the effect must be considered when applying the fitting to the whole flow velocity
profile, especially a parabolic one, because it may lead to false shear rate values
and, furthermore, to large errors in the calculated viscosities.
The determination of the viscosities directly from the flow velocity profiles
without making any assumptions about the flow, show excellent agreement with
the reference measurements. Although the viscosities in this study were
determined from the shear rate values at the wall, by measuring the entire velocity
profile, the viscosity can be determined in the range of shear rate values. This is
due to the fact that in stationary tube flow, the pressure loss measurement at the
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tube wall yields shear stress values in all interior points of the tube. Thus, DOCT
provides a successful, direct measurement method for fluid flow analysis and
reduces the need for additional measurements in capillary viscometers to correct,
for example, wall slip of suspension.
6.2

Limitations

Limitations of the DOCT technique are mostly related to its inherent nature to
record only backscattered light, which requires a fluid consisting of scattering
particles, or else tracing particles must be added. In certain cases these added
particles may, however, change the flow properties of the fluid. There are,
however, lots of colloidal dispersions, polymer suspensions, bio materials and
industrial suspensions that inherently scatter light and can be measured by DOCT.
In viscosity measurements, before the calculation of the actual shear rate, the
optical distance must be scaled back to the real distance, which requires a prior
knowledge of the refractive index. However, prior knowledge is necessary only in
cases where just a part of the flow profile can be measured. In the other cases, the
refractive index can be easily determined from the ratio of the measured optical
distance and the tube diameter. Another possible source for error in shear rate
measurement comes from determination of the Doppler angle that is required for
absolute velocity calculation. Due to cosine function in the velocity formula, even
a small error in the Doppler angle measurement results in a large error in shear
rate values especially at normally applied angles of about 85 degrees.
The ability to measure flow velocity profiles and possible non-Newtonian
effects such as a wall slip and a lubrication layer at the vicinity of a tube wall is
limited by a spatial resolution of the technique. The resolution is related to the
coherence length of the light source and by utilizing ultra-broadband sources
(Drexler et al. 1999) it is possible to measure velocities up to 1–2 µm distance
from the wall. In addition, the maximum imaging depth is usually limited to few
millimetres and in highly opaque suspensions, such as paper pastes, to a few tens
of microns.
Nowadays, much faster DOCT systems based on frequency domain optical
coherence tomography, utilizing either fast line camera (Potsaid et al. 2008) or
swept sources (Huber et al. 2006, Potsaid et al. 2010), are more popular and have
some benefits compared to the TD-OCT approach. For example, FD-OCT can
detect much faster changes in complex flows and has better sensitivity. Due to the
fast A-scan rate phase wrapping is greatly reduced and much higher velocity can
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be resolved with current FD-OCT devices. However, FD-OCT suffers from the
static focus which limits the lateral resolution whereas with TD-OCT it is possible
to use dynamic focusing. The dynamic focusing enhances the lateral resolution
and the SNR.
6.3

Future work

As seen in the previous sections, the DOCT technique can be used to measure
viscosity of a simple Newtonian fluid. In the future it will be much more
interesting to utilize DOCT in rheological measurements to experimentally
characterize more complicated fluids and their flow properties. These include
properties such as drag reduction, wall slip and hysteresis, which may cause false
interpretation of the results from the standard rheological measurements. The
DOCT technique has recently been utilized more and more in the field of
rheology, mostly due to the increase in the availability of commercial devices.
This method has a real potential to make a huge impact on this particular field of
research.
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7

Summary

The aim of this thesis was to develop and utilize the DOCT device in a novel way
with the conventional capillary viscometer to determine the absolute viscosity
calculated directly from flow velocity profile and pressure drop. In addition, the
accuracy of the measured flow velocity profiles in microfluidic channels and
capillaries were experimentally studied.
The developed TD-DOCT was compared to the commercial OCT in two
different cases, the first one was a glass capillary and the second one was a
microfluidic channel. The developed DOCT outperformed the commercial one in
measurement accuracy with mean differences from theoretical values of 0.9% and
6.8%, respectively. Due to the unstable scanning velocity and poor velocity
sensitivity, the commercial OCT was unable to measure slow flow velocity profile
from the microfluidic channel.
The applicability of the developed DOCT for different suspensions was
demonstrated by measuring the shuttle flow in vivo from the slime mould
Physarum polycephalum. The contractions of the strand wall and the cytoplasm
shuttle flow were imaged with high spatial resolution. The velocity profiles, fitted
with the parabolas, showed Newtonian behaviour in all of the measured flow
rates.
Considering the novel application in accurate viscosity measurements, the
error caused by multiple scattering occurring in highly scattering media was
experimentally studied in two cases. In the first case, the studied flow was
embedded in the static medium, and in the second case, the flow was measured
through other flow. The multiple scattering caused the broadening of the velocity
profile at the back side, a small shift in the peak velocity, and, in addition, a slight
decrease in the maximum velocity. Furthermore, the conclusion is that the effects
of multiple scattering are negligible at the beginning of the profile in both cases.
Thus, if the whole profile is fitted with the parabola, it may cause error to the
calculated shear rate.
The developed DOCT was utilized together with the capillary viscometer to
measure Newtonian fluid viscosity. The samples consisted of varying
concentrations of glycerol-water mixture in which the added polystyrene spheres
acted as the tracing particles. The results were compared to the reference
viscosities obtained from the rotational viscometer (Brookfield DV-II+).
Excellent agreement was found between the viscosities determined from the flow
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velocity profiles and the reference values. However, the measuring range of the
rotational viscometer ended at the point where the capillary viscometer started.
The results show that the DOCT is an excellent tool for measuring flow
velocity profile with high accuracy. Furthermore, the measured flow velocity
profile can be used to determinate the true shear rate in a capillary viscometer
after which the absolute viscosity of the fluid can be calculated.
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