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ABSTRACT

We present in this paper a three-dimensional tectnifor analysing the meniscus of a capillary flmwa rectangular
microchannel. Due to strong experimental constsainbth on the high flow dynamics and on the smhafiensions of the
channel, we use a synchrotron beam provided byAtiManced Photon Source of Chicago, which presentsemus
advantages. First, the beam has a high spatiateote and it is then possible to perform x-raysgheontrast imaging. This
technique exploits refractive index variations @d00 to 1000 times more sensitive than classibabrption techniques.
Second, emission fluxes of x-ray photons are vewyortant, and rapid dynamics measurements arelp@s3ihis unique
imaging technique allows carrying out measurememtssamples of very low dimensions (a few tens aframeters),
produces 3D images and can be implemented on atdsstpaque to visible light. The tested microckbaeection is 25 um
deep and 100 um wide. The substrate is PDMS exposexiygen plasma beforehand to be hydrophilic taediuid is pure
water. Measurements are made at different projectimgles comprised between -75° and +75°, in dadapply tomography
techniques. A 3D image of the meniscus is thenmstcocted.

1. INTRODUCTION D profiles are built and analyzed. Finally, we dode the
paper with a discussion and a presentation of petsfes for

Developing experimental techniques for accurate this work.

analysis of two-phase flows in microchannels isuarent

challenge. Applications dealing with such microatelrflows 2. PHASE CONTRAST METHOD

are very large and concern biology or process eeging for

which integration of microchannels in lab-on-chip roicro- Away from the Bragg diffraction condition, the

reactors is a strong stake. Our work is focusedeeloping transmission of x-rays through a material can tsedeed by

a measurement technique to characterize the three-the material’'s complex index of refractiam,which is usually

dimensional meniscus of a flow in a rectangular written as:

microchannel. n=1-0+iB (1)

The accurate knowledge of local contact angles As in visible light optics, the x-ray wave vectarthe material

pet\/lveen the fluid and (\;V&}:IS is fundamhent?I,hesmg(a]i;; is modified by the index of refraction such that thray wave
implement a smart modelling approach of the imimhit vector inside the materidd' = nk wherek = 277/1 is the
phase. Experimental constraints are high: spatales are in ¢ ndl is th lenath of th

the order of 10 pm, implying very low contrastssé| flow vacuum wave vector, and IS the waveiengih ot tn€ x-ray.
dynamics is relatively rapid (in the order of a fem/s) and The linear absorption coefficieptis related to the imaginary

implies a high acquisition frequency, around 100. Hor part of the index of refraction:

these two reasons, we use a synchrotron beam pibtiglthe - 4 @)

Advanced Photon Source of Chicago, which presents H A

numerous advantages. This unique imaging techradjoers For most applications, the dominant contribution ttee

carrying out measurements on samples of very low gpsorption is the photoelectric effect. In thisesabe linear
dimensions (less than 100 um) and produces 3D isndd®  apsorption coefficient varies approximately [1] as
tested microchannel is 100 um wide, 25 um deep thad

: o e Hpo ~PA° 2 3)

substrate is PDMS. The fluid is pure water andhjsated by p.e
the bottom of the channel, which is placed vertycal where p is the density of the material a@lis the atomic

In what follows, we present our preliminary effort  number. In the x-ray regime, and away from absormpédges
and results toward this objective using the phaseeced and Bragg conditions, it can be considered with cadg
imaging technique. approximation that

The paper is indented in four main parts, as Valo J=1.3x10° ,0/12. (4)
First, the phase contrast method is presentedtail. d8econd,
the experimental set-up is described and the aedjumages
of flows in the microchannel are presented. Thiné, method
for tomographic reconstructions is presented andisoas 3-

Jis thus a small positive number of the order of.1Dhe x-
ray phase velocityg/n, is therefore higher inside the material
than in vacuum.



For an incident plane wave of unit amplitude
travelling in thez-direction,

W, =e** (5)
the transmitted wave immediately after the sampe be
written as

W, = A(x, y) e/ & (6)

where
_Iy(x,y,z) dz
Alxy)=e 2 )

and

21 i
pxy)=-="]3(x v 2 di (@)

In conventional absorption x-ray imaging, the
detector is usually placed close to the sample. mbasured
intensity is thus:

| 25(x, y) = |LP1|2 _ e—jﬂ(x,y,z) dz ©)

where the integration is over the sample. The sitgmmt each
point on the detected image (radiograph) dependghen
integrated absorption suffered by the correspondisrgy
beam through the sample. Thus, a radiograph previde
information regarding the sample absorption coiffit
projected onto the-y plane, t(x,y). By using tomographic
techniques, it is possible to obtamXx,y,2). The contrast
mechanism can be fully described by a geometrenal-r
approach. The intensity at each point on the deteatly
depends on how much energy the particular ray laseg
traverses the sample. Neighbouring rays have mztefdside
from blurring due to instrumental resolution andité source
size). The contrast mechanism has nothing to dd wit
diffraction or interference.

In phase-enhanced x-ray imaging, the contrast
mechanism is based on diffraction and/or interfeeethat
results from the differences in the real part &f thdex of
refraction within the sample. Note that this isaiddition to
the normal absorption contrast mechanism. Therettaee
techniques that can provide phase-enhanced imagée ix-
ray regime: (1) interferometry [2; 3], (2) angular
deflectometry [4; 5] and (3) Fresnel diffraction avi
propagation [6; 7].

In the technique described in this paper, propagat
based Fresnel diffraction, the contrast mechanizmes from
the interference between neighbouring points ofatheefront
at a certain distance from the sample. The advestafjthis
technique are: (1) very high flux since minimalayroptics
are required, (2) simplicity as a result of itdime geometry,
and (3) almost any sample size can be used.

Fresnel diffraction can be described by the Friesne
Kirchoff integral [8]. The wave excitation at a ppP on the
detector at, away from the sample can be written as:

(X=X (y-)?

[e.t.pye =

—j e*®

Wo(x,y)= as

(10)
where the integration is over the plane of the damphis
equation describes the propagation of the wave ftben
sample to some distance away, and it is this pratxay that
allows for the interference effect responsibletfas imaging
technique. From equation (10), clearly the wavecfioms at
each and every point on the sample plane contrittine
wave function at each and every point of the deteglane.
However, since the exponential in the integral tfiates
rapidly for large x — x’) and ¢ — y’), most of the

dk dy

contributions to the wave function at; (, y;) come from a
region near the corresponding point on the samphe
choice of the sample to detector distarggedepends on the
sample characteristics, the x-ray wavelength, aeddesired
features to be detected. Generally, the smaller xtay
wavelength, the larger is the required distance tloa
interference to occur. The distance also actsksuaer filter
in that images taken at smaller distances will berem
sensitive to higher sample spatial frequencies envtmiages
taken at larger distances will be more sensitivelower
sample spatial frequencies.

Several aspects of this technique should be mbinte
out. Since this technique involves interferencewken
transversely nearby points of the wavefront, theoining
wave must be at least partially spatially coheréihie small
source size and large source-to-sample distancekirdt
generation synchrotrons like the Advanced Photoor&o
(APS) provide x-ray beams that easily satisfy tipatial
coherence requirement. Another important considarais
the required beam monochromaticity. Although theebn of
refraction and the Fresnel-Kirchoff integral depemdthe x-
ray wavelength, it can be shown [9] that, for thdge>
enhanced regime that is of interest here, the dkpme is
weak. That is to say, although the exact interfegefiinge
structure is wavelength dependent, the largest /paiddy
features near the phase jumps are not very senmditithe
wavelength. Thus, if, as in this case, one is amigrested in
seeing the edges of the sample, a broad energypassd
incident beam can be used. In fact, this technitpe been
demonstrated using a synchrotron white beam [10].

3. EXPERIMENTAL
IMAGES

SET-UP AND ACQUIRED

3.1 Experimental set-up

The experiments were performed at the SRI-CAT 1-
ID-C station at the APS. A high-energy bent Laulécan
monochromator [11] provided a monochromatic bearthéo
sample with an energy bandpass/E ~ 10° The employed
energy during experiments was 25 keV. The x-rayrhsae
was approximately 1 mmand the total number of incident
photons on the sample was about1h/s. The source-to-
sample distance was about 60 m, and the sampletéatodr
distance was about 50 cm. A 400 um thick Cd\W@stal
was used to convert x-rays to visible light. Theagm was
magnified using a microscope lens (x5) and reconditia a
cryogenically cooled CCD (1024x1280 pixels, gun pixel
size) detector. So pixel size in the sample is luB¥%and the
field of view in the plate is 1.37x1.72 fim

The microchannel plate is disposed in a metallic
frame in order to keep it flat. The plate is madel8
microchannels. All the channels are 25 pm deepn¢aln
axis) and 45 mm long (along x-axis), only the widtranges
between 10 and 500 um (along y-axis). The resuéisemted
in this paper are relative to a 100 um wide micesctel. The
chosen fluid is pure water. It is injected in th&emchannel
through a syringe and a tube from outside of thieldé&d
room. Fluid is injected by the bottom reservoir dimel flow is
going up through capillary pumping. After an injeat, air is
blown into the microchannel to dry it and to beddor
another injection.
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Figure 1. Photograph of the et—u‘p

imaging detector

100 pm microchannel

parallel synchrotron beam

Figure 2: Diagram of the set-up

A photograph of the microchannel plate is shown in
figure 1. We can see the arm that positions the fob an
injection of water in the bottom of microchannabte 2 is a
diagram of the experiment.

3.2 Acquired images

A limitation here is that PDMS substrate containin
the channels presents a high aspect ratio (widter ov
thickness). The dimensions of the substrate ar8@&kmni.
Then 31 projections has been acquired for anglesligq
distributed in the range [-75°; +75°] around thaxis (figure
3), covering a global angle of 150°. Acquisitionpobjections
at higher angle was not possible due to the 1/og&ha
relation of the material thickness seen by theyxb@am. At
higher angles, the absorption of material becomeshigh
and images are too much noisy or even inexistenbgo
processed.

For each projection that follows, an injection of
water has been carried out. A hypothesis of repédyaof
the flow conditions has been made; indeed, it veapossible
to realize all the projections for the same in@etdue the
quite high flow velocity and rotations of the sampdke time.
We performed an injection for each acquisition. i®ages
had to be realigned to always get the meniscutiénsame
position in the image to make post-processing ptessAlso,
gains have been normalized in the images to takeaiccount
variations in time of the detector.

The flow velocity is in the magnitude of 5 cm/s,
which is quite high as compared to the limiteddief view.
The exposure time had to be very short (5 ms)rderonot to
introduce blur in the image. Another possibility wia be to

trig optically acquisitions with another signal, tiopl for
example.

In conventional x-ray computed tomography, 180° or
360° projection angles are required with specifinditions
between the detector resolution and the number
projections. So 30° angle scan is missing to fukfg latter
requirement. This introduces a bias in the coming
tomographic reconstructions.

Here follow three images of 2D images of meniscus
(figure 3).

of

-75° angle

-45° angle

0° angle

Figure 3: 2D images of the flow

The corresponding profiles are plotted in figure 4
Each profile is an integration of the image valonehe area
shown in figure 3.

These profiles are characteristic of phase cantras
effect with oscillations at the location of edgesl @n almost
constant value outside from edges. This is therinétion
provided by phase contrast measurements: a pedkeat
location of edges. This data is then analysed assitye
gradient information in the image. The same lesalhserved
in the PDMS substrate and in the channel fillechot with
water. This is due to a very low contrast of abSorp
between the three media, and it implies that cotweal
absorption x-ray could not have been applied.
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Figure 4: profiles in images for different projection angle

4. TOMOGRAPHIC RECONSTRUCTIONS

Images acquired with the set-up were convertea int
sinograms. Normalization procedures were applieatder to
equalize gain detector and beam light inhomogeriaitthe
images. The sinograms are obtained by applyingpasgiure
which rearranges the data in a specific way. A griam
collects the lines in the images presented in §dat a given
x-position along the axis of rotatione. the axis of the
channel, as a function of angles. As such, a sarogronsists
of 31 lines per 106 rows, each row corresponding pixel in
the region of interest which includes the meniscAs.
example of sinogram is shown in figure 5.

Figure5: example of sinogram

The width of the region of interest is 106 pixels,
which corresponds to the width of the channel. Desihe
high flux of photons in the beam, the exposure timgery
low (5 ms) and the images are quite noisy. Theidigions
have been reconstructed by integrating the filtgnagections
on 150° instead of 180°. Back projection has beatized on
only 150°.

In conventional x-ray tomography, it is assumeat th
the projection data are the Radon transform ofuhetion to
be estimated. Notingd' the Dirac function, the two-
dimensional Radon transform expressed as

R f(swW]=[[ f(x ¥0'(s sin w yos v dxc

(11)
describes the integration of functid(x, y) over the lines
defined by the scalag; in the detector coordinate system and
the anglew which is the projection angle of the sample in the
beam. As the set-up makes use of parallel x-raynbehe

three-dimensional distribution of the refractivedex is
reconstructed as a stack of two-dimensional digtiois.
Each of these distributions is reconstructed bylyamgp the
filered back projection (FBP) algorithm, making eth
hypothesis that the contribution of the wave exicitaat a
point on the detector comes from a close regiah &fmeans
that no deconvolution procedure of the interfereeffect is
applied on the images. As a consequence, this zippaition
makes the spatial resolution weak and could be remthby
applying proper algorithm [12]. We also consideatitineA(X,
y) function is constant and the measurement is affilynction
of ¢ (%, y), which integrates for a giventhe refractive index
distributiond (x, y, 2) (cf. equations (6) and (7)).

The filtered back projection algorithm allows to
recover thef (x, y) distribution by considering the projection
data at angles in the rangen]D,

Fouy)=[ p(s W dv(12)
p(sw=]" e, Wo Wp) €™ @

pP(po,w) is the Fourier transform of (s, w). W(p) is an
apodization filter which limits the noise effect &igh
frequency enhanced by the ramp fi|p9|r. Many filters can be

applied. Best results have been obtained with ddder
Butterworth filter with a cut-off frequency equal 0.3 of the
Nyquist frequency. The FBP algorithm simply tehsit thef
(x, y) function is obtained by backprojecting the prdifts
filtered with a ramp and an apodization filters.

The FBP algorithm was applied for the 256
sinograms generated along the vertical direction thod
detector. Then 256 cross-sections images of theoofiennel
were obtained. It was possible to pile up and pukate these
images to constitute a 3D image. This image ofstiepe of
the meniscus is shown in figure 6. The full timedoonstruct
such an image is around 1 hour.

We can observe on the reconstructed images that th
surface described by the meniscus is really 3DuAvature
appears in the transversal direction that providel®t of
information. This is the main gain of this measueam
technique as compared to optical ones; we cantp®t3D
surface that describes the meniscus. At this stge,to the
algorithm we applied, the information is qualitativ

PDMS is naturally a hydrophobic substrate, but the
bonding process requires a surface treatment witfgen
plasma. After exposition to oxygen plasma, PDMSasar
becomes hydrophilic [13], and the shape of the fibserved
interfaces (figure 6) is in accordance with the eotpd
profile.

The further objective will be to confront these
experimental data to theoretical knowledge for dtebe
understanding of capillary flows behaviour in recpalar
microchannels. Basic understanding of the capilalaws
was gained almost a century ago [14; 15; 16; 1T, S#ice
then, the Lucas-Washburn equation has been seffaing
decades as the basis for describing the capillagngmena
[19; 20; 21].

However, there are critical hydraulic diametersl an
flow rates, above which dynamic inertia effects carlonger
be neglected [22; 23; 24]. The Washburn equatioc diso
been shown to be insufficient at very short timaglp due to
the lack of inertial terms [17].

with where



The x-ray technique described in this article will
enable to review the mechanisms controlling theadyins of
capillary rise and determine the main forces actimgthe
liquid (balance of dynamic inertia, surface tensigravity
and viscosity of the liquid). Surface tension ipeledant on
contact angle and by studying meniscus shape, thay x
techniqgue will confirm or not the flow rate-depente
dynamic contact angle found by Hamraetial [25]

More widely, this technique will enable to study:

e the initial stages of penetration (for which inerti

effects are significant [22; 23]),

« surfactants effects [26],

« the effects of preparation and cleaning of capdigr
which are essential for the liquid-substrate
interaction.

5. DISCUSSION

The x-ray images shown in figure 3 were taken with
an incoming beam of energy 25 keV, with a bandpasE ~
102, and a 5 ms exposure time. Furthermore, the utatuta
ray source was specifically detuned to about 1/3ffthts
maximum intensity at this energy to prevent satonabf the
detector. The photon flux onto the sample overbtbem area
(~ 1x 1 mnf) was about 18 ph/s.

As described above, it is not necessary for the
incoming beam to have a narrow bandpass. By using a
multilayer monochromator or a multilayer mirror [distead
of single-crystal silicon, the energy bandwidth tie
incoming beam can be increasedM&E ~ 10 — 10%. This
would boost the incoming photon flux by a factombbut 10-
100. Taken together with another generation of alete
photon counting detector to eliminate noise, imgyesented
in figure 3 can be much noiseless.

It can be seen that phase-enhanced radiography at
ms time resolution can be achieved but even mudterbe
exposure time is possible on such facility. Thet fase
resolution afforded by this technique has allowsdauclearly
visualize flows in microchannels. The unique apitf this x-
ray imaging technique should prove to be usefualidating
computational fluid dynamics results obtained from
microchannels.

At a first step, the standard filtered back prtget
algorithm has been used with strong hypothesistwaie not
satisfied here. The effect of interference wavetherdetector
could be taken into account by a pre deconvoludigorithm
or by considering it directly in the reconstructiprocedure.
Besides, the lack of projections in a certain amglege and
the small number of projections could be taken &toount
by applying discrete methods for reconstructiomheatthan
analytical one which requires 180° projections. Témolution
should be deeply enhanced in that case and measuiem
could become quantitative. This gives perspectivethiat
work.

6. CONCLUSION

The simplicity of the propagation-based phase-
enhanced imaging technique described here, togefttethe
availability of the very high flux and high x-raynergies
opens up many exciting possibilities in the fieltl »eray
imaging. In the current experiments involving micnannels,
radiography in the 5 ms range can be achieved.

This preliminary work has allowed representing the
3D shape of a meniscus in a capillary flow. The mmai
difficulties of this work were the high dynamics thie flow.

As a consequence, images had to be acquired dueng
short times. The results are very encouraging;aé been
possible to perform acquisitions on a very powerful
instrument such as a synchrotron. Another difficultas
tomographic reconstructions of the data. Indeed,hag a
partial data set of 150° projections of the micaratel. Also,
algorithms for that kind of reconstruction are quitifferent
from the ones for absorption computed tomograplesile
these difficulties, very interesting images wergagied. It is
clear on these images that the meniscus surfagerédy 3D
and presents a transversal curvature that canenobberved
using optical techniques.

Perspectives of this work are to compare the
experimental 3D image of the meniscus with a CFD



simulation result. This comparison will improve at Ilthe 12.

knowledge and hypothesis made on such capillarwstlo
Also, another perspective is to obtain other mersismages

for different types of substrate and surface treatihand to 13.

study more complex configurations such as thoselertered
in bifurcations. This will allow disposing of dataase on

capillary flows in microchannels. 14.
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9.LIST OF SYMBOLS

......................... refractive index
10, real part of refractivelex
......................... imaginary part of eftive index
......................... material wave vector
......................... vacuum wave vector
......................... wavelength, m

....................... density of material, g/ctn
....................... atomic number of material
....................... amplitude of incident wave
....................... amplitude of wave just after material
........................ amplitude of wave at measurement point
......................... sample to detectoratise, m
......................... radon transform ofiadtion
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