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Abstract. In particle image velocimetry experiments where optical access is limited or in
microscale geometries, it may be desirable to illuminate the entire test section with a volume

of light, as opposed to a two-dimensional sheet of light. With volume illumination, the depth

of the measurement plane must be defined by the focusing characteristics of the recording
optics. A theoretical expression for the depth of the two-dimensional measurement plane is
derived and it is shown to agree well with experimental observations. Unfocused particle
images, which lie outside the measurement plane, create background noise that decreases the
signal-to-noise ratio of the particle-image fields. Results show that the particle concentration
must be chosen judiciously in order to balance the desired spatial resolution and
signal-to-noise ratio of the particle-image field.
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1. Introduction micromachining flow structures into a silicon substrate and
sealed by anodically bonding borosilicate glass to the silicon
Since the 1980s, particle image velocimetry (PIV) has structure. Devices constructed in this manner allow optical
become a popular method for measuring spatially resolvedaccess from one direction only, through the glass wafer. In
velocity fields (Adrian 1986, Adrian and Yao 1985). The principle, waveguides can be micromachined directly into
convention for two-dimensional PIV is to illuminate a single microfluidic devices (Sobe#t al 1993, Foquegt al 1998) to
plane of the flow with a light sheet whose thickness is less provide optical access for a light sheet. Because of the added
than the depth of field of the image recording system. In this complexity involved during fabrication, using waveguides for
situation, the depth of the measurement plane is determinedoptical access is not a desirable approach.
by the thickness of the light sheet. The small length scales associated with microfluidic
Volume illumination is an alternative approach, whereby devices require that the thickness of the measurement plane
the test section is illuminated by a volume of light. This should be only a few micronmetres. Since it is difficult to
mode of illumination has been used to measure three-form a light sheet that is only a few micronmetres thick and
dimensional velocity vectors using a single camera (Willert virtuallyimpossible to align such a light sheet with the optical
and Gharib 1992), multiple cameras (Okametaal 1995) plane, volume illumination is the only feasible illumination
and a holographic camera (Gray and Greated 1993, Hinschmethod for most micro-PIV applications.
1995). To date, microscale fluid measurements have consisted
Volume illumination may be necessary for obtaining largely of bulk measurements, such as of volume flow
two-dimensional measurements when optical access isrates, pressures and forces. A few researchers have made
limited to only one direction or in microscale geometries notable contributions towards making quantitative multi-
in which alignment of the light sheet is difficult. Volume point measurements of microflows. For instance, Brody
illumination is advantageous when one is interested in and Yager (1996) calculated velocities based on microscopic
measuring flows through micro electromechanical systemsparticle streaklines. Pauwt al (1998) used fluorescent
(MEMS) for which optical access is limited to one direction microscopic imaging of a caged dye and scalar image
and the length scale is of the order of micrometres (Meinhart velocimetry techniques to calculate velocities in a circular
and Zhang 2000). capillary. Lanzillottoet al (1997) used x-rays scattered by
Usually, optical access inside silicon-based microfluidic emulsion droplets to image flow through optically opaque
devices is limited to one direction, because of the fabrication devices. These techniques suffer from having a large depth of
process. These devices can be fabricated by bulkfield and hence the velocities measured are averaged through
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the entire depth of the test section. This averaging can be a

serious liability when there are spatial velocity gradients in
the out-of-plane direction.

Investigators have recently started adapting PIV to
microscale domains (Santiagd al 1998, Meinhartet al

1999a). For a review and comparison of these techniques,

see Meinharet al (1999b).

2. Out-of-plane resolution

2.1. Three-dimensional diffraction pattern

Following Born and Wolf (1997) and Gray and Greated
(1993), the intensity distribution of the three-dimensional
diffraction pattern of a point source imaged through a
circular aperture of radiug can be written in terms of the
dimensionless diffraction variables, (v)

2
I(u,v) = (5) [Ulz(u, v) + U22(u, )] 1o (1a)
and
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functions, which may be expressed as an infinite series of
Bessel functions of the first kind
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The dimensionless diffraction variables are defined as

U= 271E (a>2
=2r; (5
v=2n§<%) 3)

where f is the radius of the spherical wave as it approaches

the aperture (which can be approximated as the focal length

ofthe lens) is the wavelength of light andandz are the in-
plane radius and the out-of-plane coordinate, with the origin

located at the point source (see figure 1). Although equations jistrinution reduces to zero at—

(1a) and (B) are both valid in the region near the point of
focus, it is computationally convenient to use equatiar) (1
outside the geometrical shadow, wheérgv| < 1, and to
use equation (1) within the geometrical shadow, where
lu/v| > 1 (Born and Wolf 1997). In the focal plane, the
intensity distribution reduces to the expected result
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Figure 1. The geometry of a particle of diametéy being imaged
through a circular aperture of radiusby a lens of focal lengttf.
The coordinates andz denote the radial and axial positions with
respect to a point source of light.
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Figure 2. The three-dimensional intensity distribution pattern
expressed in diffraction units(v), following Born and Wolf
(1997). The focal point is located at the origin, the optical axis is
located along = 0 and the focal plane is located alomg= O.

which is the Airy function fofFraunhoferdiffraction through
a circular aperture. Along the optical axis, the intensity
distribution reduces to
2
) I

The three-dimensional intensity distribution calculated from
equation (1) is shown ifigure 2. The focal point is located
at the origin, the optical axis is located at= O and the
focal plane is located at = 0. The maximum intensityp,
occurs at the focal point. Along the optical axis, the intensity
447, £87, while a local

sin(u/4)
u/4

[(u,0) = ( (5)

maximum occurs ai = +6mw.

2.2. The depth of field

The depth ofield of a standard microscope objective lens is
given by Ino@ and Spring (1997) as
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where n is the refractive index of theluid between Test Section —»C—1
the micrdluidic device and the objective lengy is the
wavelength of light in a vacuum being imaged by the optical
systemNA is the numerical aperture of the objective lebs,

is the total magrication of the system andis the smallest

distance that can be resolved by a detector located in the )l:lgiggAanhqaser

Objective Lens

Epi-fluorescent
Prism/Filter Cube

image plane of the microscope (for the case of a CCD sensor, A=

is the spacing between pixels). Equation (6) is the summation T v v A=560nm

of the depth ofield resulting from diffraction (thérst term Beam Expanding ——— Lens

on the right-hand side) and geometrical effects (the second Optics

term on the right-hand side). CCD Camera

The cut-off for the depth dfield due to diffraction (the
first term on the right-hand side of equation (6)) is chosen
by convention to be one quarter the out-of-plane distance gigyre 3. A schematic diagram of the micro-PIV system. Light
between thdirst two minima in the three-dimensional point  (» = 532 nm) is emitted from the Nd:YAG laser and relayed
spread function, i.eu = =4 in figure 2. Substituting through the objective lens into the test section, where it illuminates

NA = nsind =~ na/f andio = na yields thefirst term a volume of the test section. Fluorescently dyed particles in the
S : : test section are exciting by the greea= 532 nm light and emit
on the right-hand SIde. of equation (6). . . redx = 570 light. This light is imaged by the objective lens,
If a CCD sensor is used to record particle images, the passed through the efiisorescentilter cube and recorded by the
geometrical term in equation (6) can be derived by projecting CCD camera.

the CCD array into thBowfield and then considering the out-

of-plane distance the CCD sensor can be moved before thes, . — 2; and using the dinition of numerical aperture,
geometrical shadow of the point source occupies morethanay 4 — ; sing ~ na/f, one can estimate the measurement
single pixel. This derivation is valid for small light collection depth due to diffraction as

angles, for which tafl >~ sin6 = NA/n.

3nA0
0zq = > 7
2.3. The PIV measurement depth NA
The measurement depth of volume-illuminated two- The effect of geometrical optics upon the measurement

dimensional PIV can be fi@ed as twice the distance depth can be estimated by considering the distance from the

from the centre of the object plane at which a particle object plane in which the intensity along the optical axis of a

can be located such that its maximum image intensity is particle with a diameted,,, decreases by an amoynt= 0.1,

an arbitrarily spedied fraction of its maximum in-focus  duetothe spread in the geometrical shadow, i.e. the collection

intensity. Beyond this distance, the particle-image intensity cone of the lens. If the lightlux within the geometrical

is suficiently low that it will not signficantly irfluence the  shadow remains constant, the intensity along the optical axis

velocity measurement. We will ugeto denote this fractional il vary roughly asz=2. Fromfigure 1, if the geometrical

intensity. particle image is stitciently resolved by the CCD array, the
While the PIV measurement depth is related to the depth measurement depth due to geometrical optics can be written

of field of the optical system, it is important to distinguish  for an arbitrary value op as

between these two concepts. The deptfialfl is ddined as

twice the distance from the object plane in which the object is 52 — 1-V¢) d,

considered unfocused in terms of image quality. In the case Le = Jo tand

of volume-illuminated PIV, one is primarily interested in the

measurement depth, which isfaed as twice the distance There may exist situations in which the pixel size

from the object plane in which a particle becomefdisigntly (projected onto the object plane),M, is much larger than

unfocused that it no longer contributes sfigantly to the the particle diameterd,, and consequently equation (8)

velocity measurement. In general, the depthfiefd and would not be applicable. In this case, the measurement

measurement depth are related quantities, but they are usuallglepth is twice the distance at which the geometrical shadow

not equal. is distributed over enough pixels that the intensity at any
The theoretical contribution of an out-of-focus particle one pixel is reduced by an amougt If the intensity

to the correlation function is estimated by considering (i) the distribution is uniform in the geometrical shadow (a good

effect due to diffraction, (i) the effect due to geometrical first approximation), one can show this depth to be

optics and (iii) thefinite size of the particle. For the current

discussion, we shall choose the cut-off for the on-axis image (%)Mﬁ —d,

intensity,¢, to be arbitrarily a tenth of the in-focus intensity. 8z = ——

This arbitrary choice will be supported experimentally below.

e
ford —. 8
or,,>M (8)

e

ford
» <y

tané ©
Most PIV experiments are designed so that the particle
The effect of diffraction can be evaluated by considering images are sfiitiently resolved by the CCD pixels.
the intensity of the point spread function along the optical Therefore, we will only consider equation (8) in the current
axis. From equation (5), ip = 0.1, then the intensity cut-  discussion. By setting = 0.1 and then adding the diameter
off will occur atu ~ +37. Using equation (3), substituting of the particle to the measurement depth due to diffraction
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z=-2.63um z=-1.75um z=-0.88um z=0pm z=0.88um z=1.75um z=2.63um

Figure 4. Particle-imagdields of 1xm diameter polystyrene particles recorded usingféa- 60, NA = 1.4 oil-immersion objective lens.
Each of the images is taken ajn steps of the objective lens, corresponding to Q.&8steps of the object plane. Imag# (s near the
focal plane and is well focused. At approximately 1% from the focal plane, images)(and (f) are suficiently unfocused that they do
not contribute sigricantly to the correlation function. This corresponds to the maximum image intensity of a tenth of the maximum
in-focus image intensity.

and geometrical optics, we obtain an estimate for the total Table 1. A comparison of measured depths of correlation

measuremerdz,,: calculated from experiments and theory.
Swio , 2164, 0 82m (um)
b =Naz " ang T (10) Theory
NA M n d, (um) Experiment (equation (10))
2.4. Experimental measurements 1.4 60 1515 0.2 1.75 1.8
_ _ 14 60 1515 1.0 3.5 3.4
Experiments were performed to determine the accuracy with 0.6 40 1.0 1.0 10.6 8.6

which equation (10) predicts the measurement depth, using
the micro-PIV system shown ifigure 3. In order to test
the various terms in equation (10), we obtained a series ofand near the object plane. At approximately 1.i#8 from
particle images with the objective lens at several discrete the focal plane, image®)and §) are suficiently unfocused
axial positions, using two different microscope objectives that they do not contribute sigigantly to the correlation
and particles of two different sizes. We used polystyrene function. The average maximum image intensity of images
particles of diameterd, = 200 nm and 1.Qum, which  (b) and €) is approximately a tenth of the maximum in-
werefluorescently tagged to excite &af,, = 540 nm and  focus image intensity, which corresponds to the cut-off value
emit ati.,;, = 570 nm. Thisfluorescent dye was chosen chosen in the derivation of equation (10).

because its excitation frequency closely matched532 nm The measurement depth was estimated quantitatively
light from the frequency-doubled Nd:YAG laser. The particle by averaging the maximum intensity of six particles in

images were recorded using a 1300030 pixelx 12-bit each image. The average maximum intensity of each
interline-transfer, cooled CCD camera. The interline-transfer image was then plotted as a function of the axial position.

featurg of the camera allows one tp acquire two b_ack_-to- The measurement depth was determined as twice the axial
back Images W't_h'n .500 ns. An air-immersion objective distance from the object plane where the intensity was
lens with a magrilc.atllonM - 40 and a numencgl aperture  o4,ced to a tenth of the maximum in-focus intensity. Table
NA = 0.6 and an oil-immersion objective Igns WM =60 1 compares the measurement depths obtained experimentally
andNA = 1.4 were used to record the particle images. with theoretical values predicted by equation (10).

A thin layer of a dilute particle solution was placed . .
. . . The experimentally determined measurement depths
between a slide and a coverslip, so that particles would .
range from approximatelyz,, = 1.8 um, foranM = 60,

adhere to the coverslip surface. The microscope objectiveNA _ 1.4 obiective lens imading.. — 200 nm particles. t

was positioned so that a group of particles deposited on the T ? lJec 'Ve_ elOSGI aglf g _M _ 40 [[)\?Alc_eg,Go

coverslip was in focus. A sequence of images was recordedapprm_('maeﬁz'" = 2opum, foranM = 2, -
objective lens imaging, = 1 um particles. These results

as the microscope objective lens was translated axially in . . . o
1 um increments. When an oil-immersion objective lens are in good agreement with the theoretical predictions of
equation (10).

was used to record particles immersed in a water solution, X ] )
a 1 um displacement of the objective lens resulteditst Since water has an index of refractiongf = 1.33, the
order in an,/n; = 1.33/1.515= 0.88 um displacement of effective NA of the oil-immersion lens when one is imaging
the objective plane. Here,,/n; is the ratio of the indices  Into water can be estimated by multiplying the sfieci VA

of refraction of the water solution and the lens immersion DY the ration, /n; = 1.33/1.515 = 0.878. Therefore, the
medium. Likewise, when an air-immersion lens was used effective numerical aperture of the oil-immersion lens when

to record images of particles immersed in a water solution, ©n€ is imaging into water i&¥A.;; ~ 1.23.

then a 1um displacement of the objective lens resulted in a Itis important to note that the human eye accommodates
ny/n; = 1.33/1.0 = 1.35 um displacement of the objective  from about 22 cmto ifinity, therefore the measurement depth
plane. cannot be determined by peering directly into the microscope
A sequence of particle images is shownfigure 4. (Inoué and Spring, 1997). When viewing particles directly
The particles are &m diameter polystyrene and the images with the human eye, the particles appear to stay in focus over
are recorded with an oil-immersioald = 60, NA = 1.4 a larger range of axial distances than would particles that are

objective lens. The image showrfigure 4¢l) iswell focused imaged onto a CCD camera.

812



Volume illumination for PIV

Cone of llluminating Light Table 2. Signal-to-noise ratios of the in-focus particle-imdiggd
/ for various particle concentrations and test-section depths.
. Particle concentration (by volume

L <—— Test Section Test-section (by )

oz, . <4+—— Measurement Plane depth «m) 0.01% 0.02% 0.04% 0.08%
—T_ 25 22 21 20 19
50 1.9 1.7 1.4 1.2
125 15 1.4 1.2 11
170 1.3 1.2 11 1.0

<«+— Objective Lens

As expected, the results indicate that, for a given particle
concentration, a higher signal-to-noise ratio is obtained by
Figure 5. The geometry of the objective lens and test section. In  imaging through a thinner device. This result occurs because
the epifluorescence mode, light emanating from the objective lens decreasing the thickness of the test section decreases the
illuminates a volume of the test section, which idided by the number of out-of-focus particles, while the number of in-
cone of illumination. All the particles in the cone of illumination focus particles remains constant. In general, thinner test

emit light, but only those particles within the measurement plane . I hiah icl . b d
are suficiently focused that they contribute to the correlation sections allow higher particle concentrations to be used,

function. which can be analysed using smaller interrogation regions.
Consequently, the seed particle concentration must be chosen
3. Background noise judiciously so that the desired spatial resolution can be

obtained, while maintaining adequate image quality (i.e.
In volume-illuminated two-dimensional PIV, all particles signal-to-noise ratio).
within the cone of illumination (irrespective of whether they
are in focus or out of focus) are illuminated and therefore
emit light that contributes to the recorded imdggd, see
figure 5. Particles that are outside the measurement domai
(i.e. out of focus) increase the background noise level, which
reduces the signal-to-noise ratio of the imdigéd. For the
current discussion, we fiae the signal-to-noise ratio of the

4., Conclusions

"rhe measurement depth of two-dimensional volume-
illuminated PIV is related to the depth of focus of the
recording lens and is dependent upon diffraction, geometrical

imagefield to be the peak image intensity of a tvoical in- optics and the particle size. Experimental measurements
9 P 9 y yp agree closely with theoretical predictions, which vary

focus.pamcle d|y|ded py the average background |ntens.|ty. between 1.75 and 10 6m for microscope objectives with
The signal-to-noise ratio depends upon many parameters: the

. . ) . . nhumerical apertures dfA = 1.4 and 0.6 and patrticle sizes
particle size, particle concentration, test-section geometry, £0.2and 1.0um. 1 tivel
illumination, recording optics, CCD camera, etc. ord.ca Qum, espectively. .

For a fixed illumination depth (i.e. test-section Background noise, resulting from out-of-focus particles
thickness), the level of background noise can be lowered thqt are vqume_ |Ilum|natgd, decreasgs the S|gqal-to-p0|se
by decreasing the concentration of seed particles. A lower ratio m_the part|c|e-|_magé|e_ld. The §|gna!-to-n0|se rat_lo
concentration of seed particles may require one to use Iargel’:an be improved by Increasing the r_atlo of in-focus par_tlcles
interrogation regions to obtain an adequate correlation signal,to tha.t of OUtTOf'fOCUS particles. This can be accomp]lshed
which reduces the spatial resolution of the measurements 2Y () increasing the m(_easureme_r_l_t depth, ("_) decreasmg_ the
Likewise, higher spatial resolutions can be obtained in thinner d€Pth of the test section and (iii) decreasing the particle
test sections, because higher particle concentrations (andoncentration.
consequently smaller interrogation spots) can be used while
maintaining an adequate signal-to-noise ratio. Acknowledgments
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