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Abstract The ability to understand and visualize complex
flow structures in microfluidic and biological systems relies
heavily on the resolving power of three-dimensional (3D)
particle velocimetry techniques. We propose a simple tech-
nique for acquiring volumetric particle information with
the potential for microsecond time resolution. By utilizing
a fast varifocal lens in a modified wide-field microscope,
we capture both volumetric and planar information with
microsecond time resolution. The technique is demon-
strated by tracking particle motions in the complex, three-
dimensional flow in a high Reynolds number laminar flow
at a branching arrow-shaped junction.

1 Introduction

Micron-scale volumetric velocimetry measurements are
invaluable to understanding many of the complex flow
structures found throughout the fields of fluid dynamics,
engineering, and life sciences (Westerweel et al. 2013;
Choi and Lee 2009; Dennis and Nickels 2011; Wereley and
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Meinhart 2010; Vigolo et al. 2014). The ability of three-
dimensional (3D) velocimetry techniques to accurately
track particles relies on the resolving power of 3D imaging
techniques (Klein et al. 2012; Cierpka and Kihler 2011).
Retrieving out-of-plane motions has been the major chal-
lenge of 3D imaging techniques and has attracted a signifi-
cant interest in the recent literature. One common method
to obtain information along a third axis is to set up multiple
cameras, as is done in tomographic and stereographic imag-
ing (Elsinga et al. 2006; Prasad 2000). However, setting
up multiple optical paths not only increases the complex-
ity of the system and difficulty in reconstructing the data,
but it also increases the cost of the system. Another strat-
egy to obtain out-of-plane motions without using multiple
cameras is to acquire planar information at different posi-
tions on the optical axis. This is sometimes done by utiliz-
ing optical effects of the tracked object, moving the linear
stage, and/or using varifocal optics (Park and Kihm 2005;
Pereira and Gharib 2002; Grothe and Dabiri 2008; Willert
and Gharib 1992; Zong et al. 2014; Mermillod-Blondin
et al. 2008; Chen et al. 2014; Park et al. 2004; Olivier et al.
2009; Duocastella et al. 2014; Vettenburg et al. 2014).
Several optical effects that can be used to reconstruct
out-of-plane motions of tracked objects have been pro-
posed (Park and Kihm 2005; Pereira and Gharib 2002;
Grothe and Dabiri 2008; Willert and Gharib 1992).
However, insufficient imaging depth has been a major
limitation of these techniques. Other methods, such as
utilizing a linear stage or varifocal optics, provide suf-
ficient and flexible imaging depth. However, these
step-wise approaches suffer from limitations in image
acquisition due to the scanning speed of the stage or
the varifocal optics (Chen et al. 2014; Park et al. 2004;
Vettenburg et al. 2014). Among the varifocal optics, tun-
able acoustic gradient index (TAG) lenses provide the
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highest scanning frequency, ranging from 50 kHz to 1
MHz. TAG lenses have been used along with various
imaging setups including confocal microscopy, two-
photon microscopy, and light-sheet microscopy (Zong
et al. 2014; Mermillod-Blondin et al. 2008; Olivier et al.
2009; Duocastella et al. 2014). With confocal and two-
photon microscopy, planar information is derived by
point scanning, which lowers the image acquisition rate.
Here, we present a simple and fast 3D imaging technique
by integrating wide-field microscopy with a TAG lens to
perform volumetric velocimetry measurements.

The unique imaging capabilities of our approach
are enabled by the fast axial scanning of a TAG lens.
TAG lenses consist of a fluid-filled cylindrical cavity
in which a piezo material is excited to form an acoustic
wave within the fluid, creating periodic variations of the
refractive index (McLeod and Arnold 2007; Duocastella
et al. 2012). The refractive index of the lens has been
shown to be a Bessel function in space and a sinusoi-
dal function in time. As a result, the focal length of the
optical system oscillates as a sinusoidal function at the
driving frequency. To capture images at different focal
lengths, we trigger an LED light source and the cam-
era shutter simultaneously at a delayed time. An image
frame is then captured at a certain phase of the sinusoi-
dal function of the focal length. Hence, we are able to
obtain images at different focal planes by altering the
delay time to trigger the LED and camera shutter. Thus,
this method not only allows one to select the number and
position of each focal plane of interest, but also allows
selection of the temporal and spatial resolution of the
velocimetry technique in general.

Fig. 1 a Demonstration of sim- (a)
ulation and experimental setup

for integrating the afocal system

and TAG lens. b Experimental

focal plane positions compared

with simulation results as a

Object Lens 1

2 Materials and methods
2.1 Imaging system

The main idea of this imaging technique is to acquire stacks
of 2D images by varying the positions of the focal plane
with the TAG lens. However, without proper compensa-
tion, the image size will scale with the object’s position.
This change of magnification will then reduce the accu-
racy of volumetric information. Constant magnification can
be achieved by placing the principal plane of the tunable
optics at the aperture stop of the objective lens. This step
could be verified by geometric optics. However, the aper-
ture stop usually is not accessible, requiring an afocal relay
system to transfer the aperture stop to an accessible posi-
tion for the tunable optics. Such an arrangement is com-
monly called a “4f” system. To verify that an afocal system
can be used in this way to obtain constant magnification,
we simulate our afocal system with the TAG lens using
Zemax (Zemax LLC). The layout of the system is shown
in Fig. la.

Here, we simulate the TAG lens as a time-varying gradi-
ent index lens, whose refractive index n can be written as
follows:

> cos(wt), ¢h)

where n is the static refractive index of the filling fluid,
w is the driving frequency, c, is the speed of sound of the
filling fluid, ¢ is the phase delay, and p is the radial coordi-
nate in the lens plane (McLeod and Arnold 2007). In addi-
tion, n, is related to the driving power of the piezo-electric
element, whose value is calibrated using experiments. By
altering the phase delay, the refractive index and hence
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the focal length of the system change correspondingly. We
find that the principal plane of the TAG lens is shifted on
the order of 1 pm within the scanning range. However,
the magnification error does not exceed 0.1% of the image
size when the principal plane of the TAG lens is properly
aligned with the aperture stop of the system. The experi-
mental and simulation results are shown in Fig. 1b and c,
demonstrating both the sinusoidal function of focal length
and the constant magnification at different focal lengths.

We now incorporate the TAG lens and afocal relay sys-
tem into a wide-field microscopy setup for particle tracking.
A graphical representation of this imaging setup is shown
in Fig. 2. The primary components of the imaging system
are a pulsed high-power white LED, a Fluar 5x/0.25 objec-
tive lens (Carl Zeiss Microscopy, LLC), a TAG lens (Model
TL25.6, TAG Optics Inc.), and a high-speed CMOS camera
(Phantom v7.3, Vision Research).

2.2 Experimental flow systems

To test our imaging approach in a flow system, we begin
with the simple case of a straight-square channel. In this
case, we flow 45 um diameter (d_p) polystyrene beads

Camera T(
1

Afocal
system

_| Driving kit |

—] X — |W_e generator |

Object

Condenser

X
Collector

lens | |

Fig. 2 Experimental setup. The illuminating ray paths are sketched
as yellow lines and the image-forming ray paths are sketched as black
lines. The driving kit sends RF signals to drive the TAG lens and
wave generator simultaneously. The wave generator then sends out
delayed transistor—transistor logic (TTL) pulses to trigger both the
pulsed LED and camera shutter at the same time

T

through a 1 mm by 1 mm square channel in a 21% by
weight glycerol solution. This mixture was selected to
match the density of the particles and prevent rising or
settling due to buoyancy effects. Here, the Stokes num-
ber St = p,d U, /(18u¢,,) is about 1.1 x 107, and thus,
the partlcles can be expected to track the fluid stream-
lines quite well. The fluid flows at a Reynolds number of
Re = pU,,t,,/u=1 We apply a low seeding density
(*2 % 10* mL™Y) to avoid particle overlapping; however,
higher densities can be used with more advanced particle
tracking algorithms. This experimental setup will allow us
to provide a quantitative comparison between the meas-
ured particle velocities in a simple 3D flow with theoretical
predictions.

The desired application of this imaging setup is to accu-
rately and quickly track particles in flows with complex 3D
structures. Recent fluid dynamics research has revealed that
the flows in simple T-, Y-, and arrow-shaped junctions have
a complex 3D structure that can develop recirculation zones
and even lead to unexpected particle trapping in some cases
(Vigolo et al. 2014; Chen et al. 2015; Vigolo et al. 2013).
Because of the 3D nature of these flows and the interesting
particle behaviors that can arise in them, we also perform
experiments in an arrow-shaped geometry with junction
angle 0 = 70° (Fig. 3).

For these arrow-shaped experiments, we use a square
channel with cross-sectional dimension ¢, = 800 pm. As
in the prior literature, we use as our fluid a 0.2 M solution
of sodium polytungstate, which has a density of p = 1450
kg/m? and a viscosity of 1.5 X 1073 Pass at a room tempera-
ture of 23.5°C (Ault et al. 2016). We use an average inlet
velocity of U,, = 0.206 m/s, which gives a flow Reyn-

u =160. For this Reyn-

olds number of Re = pU,,?,/
olds number, we expect the flow to contain swirling 3D

Fig. 3 Experimental geometry and numerical simulation domain.
The flow enters through the fop with average velocity U,,, and splits
between the two outlets. The channel cross-section is square with
dimension 7, and the arrow-junction turns through an angle 6. The
directions of x, y, and z are shown on the figure. The origin is taken to
be at the bottom vertex of the junction at a depth of half the channel

height
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vortical features in the junction that travel into the outlets
and decay downstream. We add polystyrene beads with
diameter d, =45 pm to the flow. These particles have a
density of p, = 1030 kg/m?, giving a Stokes number of
St = ppdlz)Uan /(8uf,) = 0.02. With this value, the parti-
cles can be expected to approximately follow the stream-
lines of the flow.

3 Results and discussion
3.1 Imaging capabilities

We first define the axial imaging volume. The ideal field
size is D/M, where D is the size of the camera chip and M
is the magnification of the system. The available imaging
depth of the volume along the optical axis, Az, can be writ-
ten as a function of the objective properties and the optical
power of the lens as previously reported (Duocastella et al.
2012). In our specific system, a 5X objective (N.A. 0.25)
is used in the wide-field microscope and the lens is driven
at 25.6 V, yielding a field size of 2.5 mm and an maximum
imaging depth of 600 pm.

Compared to other varifocal devices, the high scanning
frequency of a TAG lens allows the system to scan through
the full axial imaging range at a much higher rate. By send-
ing delayed pulses of light within one cycle of the TAG
lens oscillation and synchronizing with the camera shutter,
we can acquire as many image planes within our imaging
volume as the camera frame rate allows. In our experiments

Fig. 4 a Sharpest images of the (a)

here, the TAG lens is driven at 70 kHz, which is the mini-
mum resonance frequency for the system. Since we are lim-
ited by the frame rate of our high-speed camera, there is no
benefit to drive the lens at a higher frequency. In Fig. 4a,
each image is taken at a different phase delay of the TAG
lens, corresponding to different z-positions. An experi-
mental calibration of the relation between pulse delay and
z-positions is derived by performing sharpness tests on
the series of images taken at different phase delays and is
shown in Fig. 4b. The sharpness of the images is deter-
mined using prior approaches in the literature based on fil-
tering the 2D Fourier transform frequency spectra (Zhang
et al. 1999; De and Masilamani 2013). The normalized
magnification of the captured images versus the focal posi-
tion z is shown in Fig. 4c, demonstrating a nearly constant
magnification across all focal positions. Thus, we demon-
strate a high-speed 3D wide-field microscopy technique
that can capture volumetric information over a field of size
2.5 mm in width and 600 pm in depth with a theoretical
temporal resolution 1/70 kHz = 14.2 ps. Due to the limita-
tions of our high-speed camera, our experimental setup has
a temporal resolution of 1.2 ms. However, anticipating the
future availability of high-speed cameras, our setup serves
as a proof of concept for higher temporal resolution 3D
imaging systems.

3.2 Tracking two particles at different depths

We now apply this microscopy technique to a simple uni-
directional flow, and track the motion of two particles at

resolution target taken at differ-
ent z-positions. The uniformity
across the three images demon-
strates the nearly constant mag-
nification achieved by the afocal
system. The scale bar shown
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different z-positions in the depth direction. For this test
case, the flow is in the inlet section of the arrow-shaped
junction (Fig. 3). In this region of the geometry, the flow is
nearly parallel, and so the particles in the flow experience
no motion in the z-direction. Because of constraints in our
high-speed camera’s acquisition rate, we set the system to
record six images every time the TAG lens scans through
the channel. Thus, for every oscillation cycle of the lens,
we capture images at six different focal positions in the
depth direction. To determine the z-position of each par-
ticle, we first calculate the sharpness of a particle in each
of the captured image planes. The z-position of that parti-
cle is then ascribed to the plane with the maximum sharp-
ness. The spatial resolution in the x-y plane is 7.4 um and
the spacing between z-planes is 50 pm. In Fig. 5, we dem-
onstrate this procedure on two moving particles. The flow
is in the positive y-direction. The left column of the figure
shows the consecutive images that were captured at the
z = —100 pm focal plane, and the right column shows the
consecutive images that were captured at the z = +300 pm
focal plane.

3.3 Tracking many particles in flow systems

We track many particles to construct a flow field in a
straight-square channel. The fluid flows at a Reynolds
number of Re = 1. For this case, we perform three sets of
experiments with 6 planes each, giving a total of 18 x 50
pm planes throughout the domain. This was done to allow
us to capture data over a larger z range of almost the entire
1 mm channel. Alternately, with a faster high-speed cam-
era, this data could have been captured in a single experi-
ment. The captured velocity data are compared with the
theoretical predictions in Fig. 6. With zero error, the color
of the data points would match the corresponding color of

z=—100 um

Fig. 5 Simultaneous tracking of two beads at different depth posi-
tions z. Time evolves from left to right and top to bottom. The flow
is from left to right (positive y-direction). The images on the left cor-
respond to the particle that is located at z = 100 pm + 25 pm, and

N
n

2

Velocity (m/s)

—
W

Fig. 6 Experimental velocity profile in a straight, square channel
is shown with the theoretical velocity values presented in the back-
ground Re = 1

the background (theoretical) colormap. The system may
suffer from bias caused by the imaging process and track-
ing methods. These errors can be quantified by the relative
mean velocity error and relative mean absolute velocity
error, which are 4.3% and 23.5%, respectively.

Now, we apply this microscopy technique to the com-
plex swirling flow located in the junction shown in Fig. 3.
As before, we utilize six focal planes. With this particle
velocimetry technique, there is a trade-off between the total
depth of field in the z-direction, the spatial resolution in
the depth direction, and the temporal resolution. Assum-
ing a desired depth of field Az, and a desired number of
focal planes N, the achieved spatial resolution in the depth

z=-+300 um

the images on the right correspond to the particle that is located at
z = +300 pm +25 pm. Here, the time step between successive images
of the same particle is 1.2 ms, and the time between images of the
lower and upper particles is 0.4 ms

@ Springer
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Fig. 7 Experimental particle
tracking data plotted along with
several streamlines to show the
expected motion of the flow

Re = 160. As can be seen, the
particle motions behave reason-
ably as expected, demonstrating
that this technique is capable
of simultaneously tracking
multiple particles in flows with
complex 3D features. Here,

the average inlet velocity is
U,y = 0.206 m/s. Each set of
colored dots represents the path
of one particle. The time step
between successive particle
captures is At = 0.2 ms

direction will be Az/N. Then, for a desired temporal reso-
lution (time step) At, the high-speed camera must be able
to achieve a frame rate of N/At. Since the TAG lens has
the ability to scan in the kHz to MHz range, the ability to
achieve high temporal resolution and spatial resolution in
the depth direction is limited by the state of the art in high-
speed camera technology. However, anticipating future
advances in the performance and availability of high-speed
cameras, the use of only several focal planes is sufficient
here as a proof of concept.

Experimental results using this technique to track mul-
tiple particles are shown in Fig. 7. Here, because of the
limitation of camera rate, we capture six focal planes in
a smaller scanning range, z = —400pm to z=-150p
m, where each plane is separated by 50 pm. The period of
oscillation for the volumetric imaging is 1.2 ms, and the
typical magnitude of velocity in the flow is U,, = 0.206
m/s. As can be seen in Fig. 7, the observed 3D particle tra-
jectories behave similarly with the simulated streamlines
of the flow. With the limited frame rate of our high-speed
camera, to more accurately resolve the 3D flow features, a
smaller depth of field may be used, centered around the fea-
tures of interest. A larger number of focal planes may be
utilized, at the expense of temporal resolution. Ultimately,
a faster high-speed camera will enable this technique to be
used with high temporal and spatial accuracy to visualize
complex, 3D flows.

4 Conclusion

We have demonstrated a fast axial-scanning wide-field
microscopy technique for volumetric particle tracking
velocimetry by integrating a TAG lens, scanning at a fre-
quency of 70 kHz, with a wide-field microscope to acquire
images through the scanning volume every 7.14 ps. The

@ Springer
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ability to quickly and precisely visualize complex 3D flow
fields and particle dynamics is essential for understanding
flow structures and natural dynamics in many complex sys-
tems. We achieve this result by synchronizing a TAG lens
with a pulsed LED and camera shutter to capture images at
different z-positions within the scanning cycle of the lens.
We eliminate the variation in image magnification by align-
ing the principal plane of the TAG lens with the aperture
stop of the objective, which is critical for imaging accuracy.
Therefore, the single-camera imaging system proposed in
the paper provides a simple and economical means of high-
speed three-dimensional visualization.

With this high-speed 3D imaging technique, we were
able to simultaneously capture multiple particle trajecto-
ries in the complex vortical flow within an arrow-shaped
junction with a time resolution of sub-milliseconds. We
emphasize that the temporal and spatial resolutions of this
technique are limited only by the image acquisition rate of
the available camera (based upon the needs of the experi-
ment of interest). With an upper bound on the TAG lens
oscillation frequency in the MHz range, sub-microsecond
volumetric particle tracking velocimetry measurements are
theoretically possible with this technique.
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