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Visualization of flow patterning in high-speed centrifugal microfluidics

Markus Grumann,? Thilo Brenner, Christian Beer, Roland Zengerle, and Jens Ducrée
IMTEK-University of Freiburg, Laboratory for MEMS Applications, Georges-Koehler-Allee 106,
D-79110 Freiburg, Germany

(Received 11 February 2004; accepted 4 October 2004; published online 6 Janugry 2005

This work presents a new experimental setup for image capturing of centrifugally driven flows in
disk-based microchannels rotating at high frequencies of up to 150 Hz. To still achieve a
micron-scale resolution, smearing effects are minimized by a microscope-mounted CCD camera
featuring an extremely short minimum exposure time of 100 ns, only. The image capture is
controlled by a real-time PC board which sends delayed trigger signals to the CCD camera and to
a stroboscopic flash upon receiving the zero-crossing signal of the rotating disk. The common delay
of the trigger signals is electronically adjusted according to the spinning frequency. This appreciably
improves the stability of the captured image sequences. Another computer is equipped with a fast
framegrabber PC board to directly acquire the image data from the CCD camera. A maximum
spatial resolution ranging between 4./ at rest and 1um at a 150 Hz frequency of rotation is
achieved. Even at high frequencies of rotation, image smearing does not significantly impair the
contrast. Using this experimental setup, the Coriolis-induced patterning of two liquid flows in
300-um-wide channels rotating at 100 Hz is visualized at a spatial resolution better tham10
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I. INTRODUCTION The fluidic macro-to-micro interfacing, i.e., the introduction
of liquid at the inlet ports, is supported by the centrifugal

Microfluidic t.ech.nolog|es plgy a !(ey [ole for enab!lng field. Finally, as for other lab-on-a-chip technologies, the de-
many novel applications in the life science8 End-users in . X
tection, e.g., by optical readout, can be performed by con-

these fields request technology platforms which provide mac | ional equipment with the disk at rest

ture solutions for a given group of applications, for instance .
. S . In summary, the lab-on-a-disk platform possesses a great
the drug discovery pipeline or the gene expression workflow, . . . . 2
p o otential for a comprehensive process integration of liquid
These market needs are addressed by “lab-on-a-chip” sys-- " . Lo X _
andling and detection in diagnostic as and also syn-

tems which integrate basic analytical steps such as samp Retic application%?’ Combined with their robustness and

injection, preparation, amplification and detection to perform_. "~ . ° I .

. : . ; . ... simplicity, they are deemed a promising candidate for a suc-
complex diagnostic tasks on a credit-card sized, microfluidic e
substratd—11 cessful commercialization.

A special type of these lab-on-a-chip devices are micro- _In this work, we .preisent a new, hlgh—perfo_rman_ce ex-
structured disks. so called “labs-on-a-disk ” which were pub_penmental setup which is able to accurately visualize mi-

lished for the first time by the group of Madou in 190815 croscale flow patterns on disks at a maximum resolution be-
Set into spinning motion, these disks transport liquid by
means of the centrifugal force from inlets near the center of
the disk through preferentially radial microchannels to the
outer perimetelFig. 1). Basic operations such as stopping
and mixing of flows commonly result from the intricate in-
terplay of the centrifugal force with the geometry and hydro-
phobic patterning of the microfluidic structurts®

Compared to conventional lab-on-a-chip devices, these
modular lab-on-a-disk platforms display several intrinsic ad-
vantages: First, the actuation and the detector as well as all
moving parts are entirely delegated to a robust macroscopic
unit which resembles a conventional CD-ROM drive. The
microfluidic disk thus constitutes a merely passive module,
avoiding the error-prone hybrid or monolithic integration.
Second, the mechanical interface between the two systeRG. 1. Microstructured “lab-on-a-disk” featuring four parallel mixing de-

modules is constituted by a simple macroscopic disk holderices. All disks are made of PMMA with an outer diameter of 120 mm, an
inner(hole) diameter of 15 mm, and a thickness of 1.6 mm. The prototyping

by precicion machining imposes a minimum lateral structure width of

dAuthor to whom correspondence should be addressed; electronic mair'.oo_“m,' Seefuing ishachieved either by a self-adhesive PDMS cover or by
grumann@imtek.de, www.imtek.de/anwendungen/ amination of scotch tape.
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II. REQUIREMENTS ON MEASUREMENT SETUP

The chief aim of the setup is to obtain a stable and mag-
nified image of the flow patterns within the microstructures
on the rapidly rotating disk. The azimuthal displacement of
each captured framAx’ in the corresponding image plane
(“smearing’, which is linked to the finite exposure time of
the CCD camerat, has to be minimized for high-resolution
pictures. This way, a point located at a distamceom the
center of a channel moves at a lab-frame velocity

azimuthal displacement Ax’ (grey shaded)
during exposure ime Ar AX'/At =27y - (1)

FIG. 2. Azimuthal displacementx’ (‘smearing’) observed in a magnified ~ while rotating at frequencyy (Fig. 2). For instance, an ob-

i s s e o & o sy oL PoSiionetl at =5 om and rtating aty= 100 Ha travels

radiusr from the center of rotation in the lab frame. at a speed of 31.4 m Sin t_he lab fr_a_me! Under_these ex-
perimentally most challenging conditions, a maximum expo-
sure timeAt=Ax"/2myyr <320 ns is necessary to reach a

H 1 H ! —
tween 4.5um at rest and 1(wum during rotation at 150 Hz. theoretical spatial resolutiodx’ =10 um.

The setup is composed of a CCD camera with an ultrashort,
100 ns(minimum) exposure time, a microscope and a stro-11l. EXPERIMENTAL SETUP
boscopic flash as well as two PCs for real-time frequency

control, _triggfaring aqd Qata storage. At. rest, Fhe resolution 0Iiisk player(“Bio-Disk player”’) and an image capturing unit
4.5um is primarily limited by the optical microscope and (Fig. 3). The PC-controlledio-Disk player spins the disk at

the CCD camera. During spinning motion, images aréy defined frequency of rotation up tg=150 Hz. The image

smeared out by an azimuthal displacement derived to bgapturing unit is composed of a stroboscopic fléBhello-
4.7 um for 150 Hz. o scope 255-01, Drello GmbkRef. 2] and a CCD camera
With this setup, we demonstrate the visualization of ﬂOW[Sensicam fast shutter, PCO Computer Optics GniBEf.
patterning in spinning microchannels by the previously disgs)] which is mounted on a microscofteica MZ12.5,
covered secondary transversal flow patterns arising in radilejca Microsystems GmbHRef. 29] to obtain a tenfold
channel networks under the impact of the apparent Coriolighagnification of the captured image. The high speed CCD
force?~*° These transversal currents arise as the Corioligamera allows very short exposure times down to 100 ns. As
pseudoforce, which is experienced by the liquid in the nonthe changes in the microfluidic processes under investigation
inertial disk-frame, dominates all other forces, including theproceed on time scales in the range of seconds, the image
centrifugal force. In a radial channel with a radius of 20@ capture ratev is of minor importance.
and water as liquid, the apparent Coriolis force prevails the  During the nonexposure period, the CCD chip can only
centrifugal force for frequencies aboug=14 Hz. To still  be blocked electronically which turns out to be insufficient to
observe resulting microstructured flow patterns towards highule out a weak acquisition of light. Thus, the light accumu-
speeds of rotation, the optical smearing during the finite extated over the nonexposure time produces a parasitic back-
posure time of the CCD camera must remain significantlyground in the captured image. The background can become
smaller than the actual width of the pattern, in this case somdominant for very short exposure tima$ compared to the
10 microns, to be observed. full period Ty. To reduce this effect, i.e., to enhance the con-

The measurement setup consists of a modified compact

OCD camera —_ FIG. 3. The experimental setup is
| (5) image capture frameg rabber composed of the Bio-Disk player, a
\ 3 R M PChoard microscope, a CCD camera, a strobo-
- (4) trigger scopic flash and two PC boards. CCD
microscope for CCD camera 4 camera and trigger control are imple-
_l mented by a framegrabber and a real-
linear drive roa (3) trigger for flash time PC board, respectively. The spin-
\ e < ning frequency rampy(t) is set by a
I i . | . \\k custom-made graphical-user-interface
] AR . (GUI) and then sent to the playét).
Bio-Disk "y O trigger at frequency Q Next, the zero-crossing trigger signal
player ) . . trigger control of the angular sensor in the player is
with\ (3 fﬁ,"g‘g?ssmg real-time frequency ramp Q(# AD-cpnverted and prO(_:essed by a
angular sensor - PC board real-time PC board?2). This PC board
L& subsequently triggers the stroboscopic

flash (3) and the CCD camer&d) at
the frequencyv. The acquired frames
are transiently recorded by the
framegrabber PC board and then for-
warded to the PC RAMS5).

(1) frequency Q

€
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zero-crossing trigger

Puser=

=0°

Puser

FIG. 4. Active trigger control. A nominal angular shift,., of 70° is trans-
ferred into a delay tim&T=Ty/2+T, which is composed of a constant half
periodT,/2 and the additional delay,. Additionally, an offsetr of 12.8 us
has to be subtracted froffi, because the stroboscopic flash needs to be
triggered 12.8us in advance to obtain its maximum intensity during expo-
sure of the camera. To achieve a best-case image resolution, the expos
time of the CCD camera is set to its minimum value of 100 ns.
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A zzro-cnoss ing '
trigger signal |4°_5TD_.,, Ty :
from player 1 y :
B : Ty !
trigger from ' :‘_L':
PCboard . X I '
: Do
trigger for : .-
flash .

D
delayed trigger
for CCD camera

exposure interval
of CCD camera

FIG. 6. Concept of the time-critical signal-processing: The trigger signal
which is generated by the angular sensor in the pléierat a periodT, is
forwarded to the real-time PC boag#). This board computes an additional
delayT, according to the user-selected azimuthal position of the CCD cam-
era and substracts the constant flash deltysynchronize the stroboscopic
flash and the CCD camera. Thus, it is guaranteed that the CCD camera
shoots at the maximum intensity of the fla@).

experiments by a comfortable graphical user interface
estpoint 4.1, Keithley Instruments GmbH, Germify

Lgllﬁe whole capturing unit can be positioned by software at

user selected radial and azimuthal positions by a linear me-
chanical drive with a tolerance of 1@m. This allows a cap-

trast, a stroboscopic flash is used which clearly exceeds thgring of images at arbitrary positions on the disk. Further-

intensity of the background light during the exposure time.

more, the user can set acceleration ramps, delays and time

Two PCs control the setup. The first PC is equipped withintervals of constant rotational frequency. All these settings

a framegrabber PC boarfPCl-board 525KP1573, PCO
Computer Optics GmbKRef. 30] to manage the time criti-
cal acquisition of image data from the 1280024 pixel
CCD chip at a maximum operating frequency of .
=8 Hz. The second PC features a real-time PC boar

can be stored on the PC in a user-defined protocol.

The image capturing unit is triggered by the zero-
crossing signal of the rotating disk. An optical angular sensor
attached to the player detects the periodical zero-crossing of
the rotating disk and forwards the trigger-signal to a real-

(ADwin-light-16, Jaeger Computergesteuerte Meftechnikime PC board. The rotating frequency

GmbH, Lorsch, Germar?§7) for controlling the setup compo-

nents. The zero-crossing signals from the player are for-

warded with different, preselected delagySig. 3) to the
framegrabber PC boalCCD camera and data storagand

1

T
is derived from the time interval, between two signals. An

(2)

14

to the stroboscopic flash. The user directly interacts with thenteger scaler adjusts the rate of image capture

8
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FIG. 5. Intensity distribution of the flash after triggering. The experimental

data is obtained by acquiring the sigralof a fast-response diode with an
oscilloscope and subsequent signal processing via PC. Thisnisyleter-
mined as the distance between the rising edge of the trigger signal and th
maximum intensity of the flash.
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Rayleigh resolution

c=0.15

FIG. 7. Spatial resolution of two incoherently luminescing point-like objects
A and B with completely resolved corresponding imagesaad B (c=1,
left) and partly resolved images following the Rayleigh criterior0.15,
eqht) The Rayleigh criterion is satisfied when the center of the diffraction
pattern A (Airy disk) of object A coincides with the first minimum of the
diffraction pattern B of object B.
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FIG. 8. Evaluation of the maximum spatial resolution at rest: To experimentally determine the minimum resolvable object xistaaddSAF high-

precision test-target which features a manifold of line pairs at diffetl@rdwn) spacings is use@). Here, each test object comprises three opaque lines at

a defined width spaced by two transparent lines of the same width. These objects are classified by the nominal number of line pairs per mm whick correspond
to the object distance in a reciprocal way. All images of the test-target are captured at tenfold optical zoom and tenfold digital zoom. Line profiles of all
beam-structures are drawn and the maximum and minimum values of the intensity distribution are id@tifigsing Eq.(6) and assuming the Rayleigh-

criterion c=0.15 to determine the limit of resolution, a maximum spatial resolutjgnof 4.5 um is obtainedC).

v=(yyMOD 8) + 1 Hz (3) maximum light intensity(lower line) (Fig. 5). This way, the
stroboscopic flash is triggered at a time interv@lrior to the
to comply with the maximum operating frequenay,ax exposure of the CCD camera.
=8 Hz pf the CQD camera. ' ' ) At ¢,.~=0, the capture is taken at a half peridgl 2 of
Active real-time trigger control is required to achieve rotation of the disk after the zero-crossing. This constant
spatial stability of the picturg“freeze imagej at varying  offset is necessary to allow a signal processing time prior to
frequencies and to set the frame of observation to the Presgriggering of the flash. Otherwise the flash may possibly be
lected angular positions on the disk. The trigger is furthertriggered before the zero-crossing signal of the playgt2
adapted to individual electronic delays of the setup COMPOz|ways amounts to more than 12.8, even at frequencies of
nents. According to the frequency of rotatisfiand the user- 100 Hz. The PC board then forwards the signal to the flash
defined angular positiop on the disk, the trigger signal is light and, with an additional trigger delay=12.8 us, to the

delayed by controller of the CCD camera. The captured pictures are
T 1 0 stored to the PC RAM and saved in standard file format.
AT(v,0) = =2+ T,-7=—+Tog -7 (4) Figure 6 shows the time diagram of all trigger delays at the

2 2vg 360 PC board and the CCD camera.

on the PC boardAT(v,¢) consists of a constant delay of

half a periodT,/2 and an _gddmonal timé,, accqrdmg to the IV EVALUATION OF THE SPATIAL RESOLUTION
preselected angular positignto be observedFig. 4).
Furthermore, an offset is subtracted from that delay in To evaluate the limits of spatial resolution at rest and

order to compensate the response time of the flash. This timduring rotation, two appropriate test structures are optically
offset was obtained by measuring the output signal of a phoanalyzed. Additionally, theoretical calculations are carried
todiode facing the optical output interface of the flash. A timeout to verify the identified limitations.

offset 7=12.8 us was measured by an oscilloscope between Following the Rayleigh-criterion, two equally bright
the rising edge of the trigger sign@lipper ling and the points A and B in the object plane are spatially resolvable

image plane 1
z g z A B
§ g 0.8 &
£ £ 2 p
806
o4
0.2
le:—u':«A—x, 0-..-..
. . 0 25 50 7% 100 125 150
atrest(vo=0)  during rotation (vo > OHz) Frequency of rotationVo(Hz)

FIG. 9. Evaluation of the maximum spatial resolution during rotation: A test-structure with periodically arranged opaque beams and transpayexitaspa
linewidth x of 30 um is recorded at varying frequencies of rotatigp The distance of the test-structure to the center of rotation amounts to 5 cm, the
exposure time of the CCD cameftd was kept at 100 ngA) In the image plane, the nearly rectangular intensity profile observed for the disk at rest distorts
to a trapezoid with lateral ramps at a widilx’. The overall broadening of the recorded feature gizeoughly corresponds to the azimuthal path the object
travels during rotatioriEq. (1)]. Experimentally, the contrast of 0.77 at rest diminishes to 0.67 at 150 Hz which is still sufficient to resolve the flow patterns

in the centrifugal flows.
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300 pm

reservoir

ink

FIG. 11. Sequence of concurrent flowsvgt100 Hz. Exploiting the Cori-
olis force acting perpendicular to the centrifugal force, two fluids can be
laminated, thus their mixing can be enhanc¢Beéf. 26.

no blurring at IEOTlm spacings is placed in the object plane of the micros¢éjme
fluid-interface 8(A)]. Subsequently, an intensity profile is generated from
\ the images captured by the attached CCD carfféita §B)]

to eventually calculate the contrasas a function of the line
spacing using Eq6) [Fig. §C)]. According to the Rayleigh
criterion, the minimum resolvable feature sixg;, corre-
sponds tocy,i,=0.15 as indicated by the dashed horizontal
line in Fig. §C). Hence, a spatial resolutiof,;, of roughly
4.5 um is determinedvertical arrow in Fig. 8C)] which is

FIG. 10. Laminar flow of water and ink in a microfluidic channel rotating at jn good agreement with the result of the previously derived
vp=100 Hz. The microfluidic structure is manufactured by mi(:romachiningt},]eoretical value of 3 2m

and sealed with scotch tagRef. 24. The geometrical dimensions of the

mixing channelsee insetare 300um in width and 65um in depth. By the In order to determine the decrease of spatial resolution
Coriolis force, the centrifugally driven liquid streams are laminated perpen-during rotation, it is not possible to use the previous standard
dicular to the direction of flowRef. 23. technique as the mechanical stress would bear a high risk of

destroying the expensive glass target. Instead, a high-
when the first minimum of the corresponding diffraction pat- resolution(5080 dpj, periodical beam-structure is plotiéd

tern A’ in the image plane coincides with the maximum of and fixe‘?' on a disk. Herg, t'he selepted Iipe pai.r ,thhf
the diffraction pattern B 30 um displays a lower limit of typical microfluidic struc-

For noncoherent illumination, this leads to a minimumtur_es' The radius of the orbit which is generated by the ro-
resolvable object spacing tating test structure amou_nts to 5 cm. At a frequeng\of _
150 Hz and an exposure time of 100 ns for example, an azi-
(5) muthal displacemenfx’ of 4.7 um occurs in the corre-
n-sing sponding image plangeg. (1)], i.e., the nearly rectangular
intensity-profile of the beam-structure measured at rest dis-
torts to a trapezoidal shape to broaden the width at half-
maximum during rotatiorfFig. AA)]. Thus, a decay of the
Contrastc with increasing frequencyy is expected and in-
deed verified by the experimeniBig. AB)]: at rest, a con-
trast ¢ of 0.77 is measured, decreasiog0.67 at an ex-
tremely high frequency of 150 Hz. However, this decrease
(Imax— I min) does not significantly worsen the resolution of the 30
N (6) features that are typical for the following observation of
(Imax+|m|n) T . .
Coriolis-induced flow patterns in microchannels.
possesses a minimum valag;,=0.15 at the maximum the- In summary, the experimentally determined spatial reso-
oretical resolution defined by the Rayleigh criterion. lution of X, at 4.5um denotes the maximum theoretical
With a numerical aperture of si§=0.125 of the objec-  resolution of the optical system. The rotation does not impair
tive lens, a wavelength 0f=480 nm, and the refractive in- thijs performance significantly, since the ultrashort exposure

dexn of air leads to a minimum resolvable feature sizg,  time keeps smearing effeatax’) in the range of the limit of
of 3.2um. However, in practice, this limitation is only yesolutionx,;,.

reached for a precisely adjusted optical beampath. Addition-

glly, _the _spectrum of_the thermal light sou??:ese_d_for the V. VISUALIZATION OF FLOW PATTERNS

illumination of the objects covers the complete visible range,

i.e., also wavelengths larger than 480 nm, to deteriorate the To prove the performance of the experimental setup, the

resolution. concurrent, centrifugally driven flow of two adjacent liquids
To determine the experimental resolutigg;,, a high-  at a Y-junction of a channel rotating at 100 Hz is monitored

precision test targafeaturing a series of line pairs at known at high accuracyFig. 10. Even at such a high speed, no

Xinin = 0.83 -

with the wavelength of the exposed light the numerical
aperture of the objective lens sihand the refractive inden

of the medium between the sample and the objective len
(Fig. 7). With the intensityl,,,x Of the image of the bright
points A and B and the intensitly,;, of the corresponding
dark intermediate area, the contrast
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