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Abstract

The enrichment and isolation of rare cells from complex samples, such as circulating tumor cells
(CTCs) from whole blood, is an important engineering problem with widespread clinical
applications. One approach uses a microfluidic obstacle array with an antibody surface
functionalization to both guide cells into contact with the capture surface and to facilitate
adhesion; geometrically enhanced differential immunocapture is a design strategy in which the
array is designed to promote target cell-obstacle contact and minimize other interactions
(Gleghorn et al., 2010; Kirby et al., 2012). We present a simulation that uses capture experiments
in a simple Hele-Shaw geometry (Santana et al., 2012) to inform a target-cell-specific capture
model that can predict capture probability in immunocapture microdevices of any arbitrary
complex geometry. We show that capture performance is strongly dependent on the array
geometry, and that it is possible to select an obstacle array geometry that maximizes capture
efficiency (by creating combinations of frequent target cell-obstacle collisions and shear stress
low enough to support capture), while simulatenously enhancing purity by minimizing non-
specific adhesion of both smaller contaminant cells (with infrequent cell-obstacle collisions) and
larger contaminant cells (by focusing those collisions into regions of high shear stress).
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1 Introduction

The capture of rare cells from complex samples, such as circulating tumor cells (CTCs) from
whole blood, is an important engineering challenge with a wide range of clinical
applications. Recent work has successfully isolated CD34-positive endothelial stem (Zhu et
al., 2013) and progenitor cells (Hatch et al., 2011), and CTCs from cancer patients (Hsieh et
al., 2006; Nagrath et al., 2007; Talasaz et al., 2009; Stott et al., 2010; Gleghorn et al., 2010)
with microfluidic devices. These devices can be divided into two major categories: pressure-
driven devices and those that also use electrokinetic techniques (primarily
dielectrophoresis). Within the former, cells can be isolated by size-based sorting
(deterministic lateral displacement (Inglis et al., 2006; Davis et al., 2006; Frechette and
Drazer, 2009; Loutherback et al., 2010), inertial sheath flows (Wu et al., 2009)), size- and
stiffness-based filtration (Zheng et al., 2007; Lin et al., 2010), and through antibody-
mediated surface capture. Pratt et al. (2011) present a review of these devices; Smith et al.
(2012) review the fundamental transport mechanisms that determine their performance.

This work focuses on the subset of rare cell capture microfluidic devices that use an array of
antibody-terminated obstacles to form their capture surface, and details simulations to
optimize their geometries. One such optimization strategy has been termed geometrically
enhanced differential immunocapture (GEDI) (Gleghorn et al., 2010), in which an array of
obstacles is designed so that capture efficiency is maximized by displacing target cells (e.g.,
CTCs) onto streamlines that result in subsequent cell-obstacle collisions, while contaminant
cells (e.g., leukocytes) are displaced onto streamlines that avoid additional cell-obstacle
interactions.

Such an array is shown in Figure 1, in which cell-obstacle collisions are governed by the
spacing between rows (I") and columns of obstacles (A), the obstacle (R) and cell radius (a),
and the array offset (A). Figure 1 shows a “unit structure”, the smallest unit of the array,
consisting of one obstacle and the velocity field around it; a unit structure has symmetric
boundaries and can be arrayed as needed to simulate a device of any size.

Within these microdevices, the force on a spherical particle in Stokes flow in the bulk fluid
(i.e., far from a wall) is given by

Fyy=6rpal, (1)

were p is the fluid viscosity and U is the velocity at the particle center. Near a wall, there is
a correction

F _(1 9a+a3 -1 5
Foue 16d = 8d3 @

where d is the distance from the particle center to the wall (Batchelor, 1967). As contact
F 16

occurs,d —a,and i, -~ "g". We linearize the velocity distribution near the wall, and

treat the dislodging force on a cell in contact with an obstacle as proportional to the local

transverse shear stress, t, which is calculated as

Biomed Microdevices. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 3

dUy
T(G,T):I[J,W 5 (3)

r=R+ta

where Ug is the velocity tangential to the obstacle surface. The shear stress is zero near
leading and trailing edges and is greatest at the shoulder, where the velocity gradient is
largest (Fig 2).

We consider this dislodging force and the frequency of collisions between cells and the
capture surfaces with coupled computational fluid dynamics (CFD), particle advection, and
capture simulations for the identification of GEDI-optimized array geometries and the
design of high efficiency and high purity microfluidic rare cell capture devices. These
simulations are informed by shear stress-dependent experimental capture data, collected in a
Hele-Shaw geometry (Santana et al., 2012), allowing data from a simple device to be used to
study arbitrarily complex geometries.

2 Modeling cell capture

Cell adhesion models include mechanical-force responses, cell adhesion kinetics,

mechanics, and modes (Bell et al., 1984; Dembo et al., 1988), and cell deformation and
biomolecule deformation and rearrangement (Dustin et al., 1996; Zhu et al., 2000). The most
sophisticated simulations consider these parameters and predict capture, rolling, and release
events. Upon adhesion to a surface, local forcing, reduced cell velocity, and long residence
times result in cell adherence owing to continued bond formation (Dong and Lei, 2000) or to
cell rolling owing to a series of bond formations and disassociations (Lawrence and
Springer, 1991; Orsello et al., 2001).

Predicting cell adhesion probabilities and modes with detailed models requires a priori
knowledge, or at least estimates, of many parameters (e.g. reaction rate coefficients, receptor
densities, etc.); this information is often unavailable, especially in cases of rare,
heterogeneous cells. In various models, as in the physical system, many parameters are
codependent (Dembo et al., 1988; Dong and Lei, 2000). Additionally, computational
approaches require models for various physical parameters (e.g. harmonic potentials for
bond strengths (Saad and Schultz, 1986; Dembo et al., 1988; Luo et al., 2011), cell
mechanical properties (Zhu et al., 2000; N’Dri et al., 2003), and simplified fluid properties
(Das et al., 2000; Smith et al., 2012)) and must make many assumptions (e.g. periodic and
uniform surfaces (Saintillan et al., 2005), continuum fields to represent concentrated
suspension (Baier et al., 2009), and simplified geometries (Das et al., 2000)).

Because detailed parameters are largely unavailable for rare cell capture applications,
reduced-order models are a logical engineering approach. Decuzzi and Ferrari (2006)
present a relatively simple exponential capture model for cell capture in a linear shear flow,
which was successfully used to study CTC capture in microfluidic devices by Wan et al.
(2011). This model predicts the probability of adhesion in a simple channel as

A Fdislodgc
k, T mA. ) @
B riic

0
Pcapture:mrml Ka AceXP <_

where m, and m are the receptor and ligand surface densities, £ the receptor—ligand
association constant at zero load, A the contact area, A the characteristic receptor—ligand
bond length, kgT the thermal energy, and Fisiodge the dislodging force. Rather than
determining each of these parameters, we grouped them into two lumped parameters,
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A=m,m KA, (5)

and

A
Bzi
k,Tm,A. ®)

which are experimentally determined constants specific to each combination of cell and
surface chemistry. We linearized Fgjsjodge as proportional to © near the wall, and discretized
the model as

chapture :AeXp ( - BT) dt, @)

where dt is the time that a cell is in contact.

We selected LNCaP immortalized human prostate adenocarcinoma cells as a model rare
cell, and determined A and B for these cells in contact with surfaces functionalized with
J591, a monoclonal antibody that targets the prostate-specific membrane antigen (PSMA)
expressed on LNCaP cells. Santana et al. (2012) used a Hele-Shaw microfluidic device,
consisting of a shallow and wide chamber that expands so as to create a region of
monotonically-decreasing shear stress from the inlet to the outlet, and reported LNCaP
capture on a surface saturated with J591 as a function of shear stress. Figure 3 shows this
experimental data and a simple exponential fit, which yields a value of B = 85.5 Pa~L.

The constant A determines cell capture at a given shear stress. Gleghorn et al. (2010) report
an overall capture of approximately 70% for LNCaPs and J591 in a GEDI device withT' = A
=200 um, A =7 um. This geometry was simulated as described in Section 3 for LNCaP-
sized cells (2a=17.5+ 1.5 um (Zheng et al., 2007)), iterating on A until 70% capture was
predicted; A = 3.44 x 1072 571 was the result. We approximated A and B as independent of
2a; a more sophisticated Hele-Shaw experiment could group cells into different size
distributions and use A(2a) and B(2a) for the capture probability model.

This modeling approach allows for the result of one experiment, performed in a known
Hele-Shaw geometry, to inform A and B for each specific combination of cell and surface
chemistry. The resulting capture model lumps together many effects (such as the balance
between lubrication forces, cell and obstacle surface irregularities, and van der Waals
attraction) into two experimentally-determined parameters and permits the computationally
efficient study of a large design space.

3 Computational methods

A CFD-particle advection simulation was developed to track cells of various sizes through a
range of obstacle array geometries, calculating when cell-obstacle contact occurred and the
likelihood that a given collision results in capture. The simulation workflow consisted of
three discrete steps performed in series.

3.1 Computational fluid dynamics (CFD) simulations

COMSOL Multiphysics (COMSOL, Inc.; Burlington, MA, USA) was used to solve the
two—dimensional Navier—Stokes equations and compute the fluid velocity field in each
obstacle array geometry. A subdomain of 5 by 20 obstacle unit structures was simulated,
with this subdomain size chosen based on the results of a convergence study on the removal
of edge effects. The boundary conditions consisted of a uniform inlet velocity, U; a zero-
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pressure outlet on the opposite end; and symmetry boundary conditions on the sides. U =
100 pum/s was used for all inlet velocities, consistent with a 0.612 mL/hr flow rate in the 8.5
mm wide and 200 um deep “GEDI chip” first described in Gleghorn et al. (2010) and
resulting in a Reynolds number of

Rer=——~ 0O (10_2> ©)

where p = 1000 kg/m3 and ;1. = 1 mPas represent the bulk density and viscosity,
respectively.

The x- and y-velocity components of the center obstacle unit structure were interpolated onto
a regular grid and saved; this unit structure has symmetrical boundaries and was arrayed in
later steps to simulate a device of any arbitarily large length and width.

3.2 Cell-obstacle collision simulations

A custom, parallelized particle advection simulation was developed in MATLAB (The
MathWorks, Inc.; Natick, MA, USA) to track cells through each obstacle array. In this
system, advection dominates diffusion (Pe, the Péclet number, > 1), and particle inertial
effects are negligible (&, the Stokes number, < 1). As such, the cells were modeled as
Lagrangian tracers, tracing the fluid streamlines unless a cell-obstacle collision occurred, at
which point a no-penetration condition was enforced. A device 100 columns long was
simulated by arraying unit structures as previously described, with cells entering the array
evenly spaced 5 um apart (this spacing was chosen as it resulted in the mean collision
frequency being independent of the cells’ initial positions) and advected through the array
by use of a fourth-order Runge-Kutta integration scheme with adaptive time stepping.

The number of collisions was averaged for each cell starting point and over the length of the
device, and is reported as the mean collision frequency for that cell size and array geometry.
Additionally, at each timestep for which a cell was in contact with an obstacle, the angular
position (with respect to the nearest obstacle), the local shear stress, and the duration of
contact was recorded for later use in calculating capture.

3.3 Cell capture Monte Carlo simulations

To calculate capture, the discrete capture probability,

dPeapture=Aexp(—B7)dt, (9)

(where dt is the timestep length, T is the local shear stress, and the constants A = 3.44 x 1072
s~1and B = 85.5 Pa~1 were calculated as described in Section 2) was calculated for every
timestep where cell-obstacle contact occurred. This discrete probability was compared to a
psuedorandom number, dPrangom; if dPcapture = dPrandom, that cell was “captured.” This
stochastic process was repeated for N = 1000 replicates per initial position (determined
based on a convergence study) and the averaged value is presented as the mean capture
probability for each combination of cell size and obstacle array geometry.

4 Experimental methods

The I' = A =200 um, A =7 um GEDI device reported in Gleghorn et al. (2010) was used to
capture LNCaP prostate cancer cells. The captured cells were fixed, stained, and their
angular position with respect to the obstacles’ leading edge was calculated.
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4.1 Capture experiments

Microdevice preparation—The GEDI devices were functionalized with monoclonal
J591 antibody (provided by Dr. Neil Bander, Weill Cornell Medical College) as described in
Kirby et al. (2012). The devices were then sealed with 3 mm thick Polydimethylsiloxane
(PDMS, 7:1 base:curing agent) gaskets held in place with a compression jig. Working fluids
enter and exit the device through 15 cm pieces of 0.020 inch ID Tygon tubing (Saint-
Gobain) installed at the entrance and exit ports of the device using 7 mm segments of 23
gauge stainless steel tubing threaded through holes formed in the PDMS gaskets at the
locations of the ports.

Cell preparation—LNCaP cells were cultured in T75 tissue culture treated flasks
(Corning). The cells were incubated at 37°C in RPMI-1640 culture media supplemented
with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin. Upon reaching confluence
the cells were treated with trypsin and resuspended at a density of 1.5 x 103 cells/mL in a
carrier solution consisting of Dulbecco’s phosphate buffered saline with 1% bovine serum
albumin and 1 mM ethylenediaminetetraacetic acid.

Microfluidic capture procedure—A three-way stopcock (Baxter) with one female and
two male luer-lock ports was fitted with two 3 mL syringes (BD) and one blunt needle
mounted to a male luer-lock fixture. The Tygon tubing extending from the entrance port of
the assembled GEDI device was attached to the blunt needle. Initially, one syringe is filled
with deionized water while the other was filled with cell-free carrier solution. The syringe
containing the DI water, with the stopcock assembly attached, was fitted into a syringe
pump (Chemyx, Inc.) set to a flow rate of 1.0 mL/hr. This flow rate was maintained in all
subsequent steps. DI water was flowed for 15 minutes, after which the syringes were
swapped (without removal from the stopcock assembly) and carrier solution was flowed for
another 15 minutes. At this point the syringe containing DI water was removed from the
stopcock and replaced with an identical syringe containing 1 mL of the pre-prepared cell
suspension. This suspension was run for 1 hour, thus flowing the entire volume of the
suspension through the device. Finally, cell-free carrier solution was again flowed for 15
minutes to ensure that the dead volume of the stopcock that may contain any residual cell
suspension was flushed.

Fixing and staining cells—Upon completion of the capture procedure, the compression
jig was disassembled and the PDMS gasket was carefully removed from the GEDI
microchip. The captured cells were then fixed on-chip by incubating for 15 minutes in
PHEMO fixative (PHEMO buffer: PIPES acid, HEPES acid, EGTA disodium salt, Mg-
Cl,-6H,0, 10% DMSO) with 2% formaldehyde. The cells were permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich) in PBS and stained with DAPI (Invitrogen). The microchips
were then mounted onto glass coverslips with Mowiol.

4.2 Image analysis

A Zeiss LSM 5 Live Confocal Microscope with a 10x, 0.3 NA objective was used to image
the capture surface of the GEDI chip. Individual fields of view were tiled into one composite
image of the entire chip at four vertical slices. Images were acquired with two different
optical settings: one collecting backscatter from the laser to image the reflection from the
tops of the obstacles in the GEDI device and the other with a 405 nm excitation laser and a
415-480 nm bandpass emission filter to image the fluorescence from the DAPI nuclear
stain.

A MATLAB script was used to take a maximum intensity projection of each image tile
along the depth of the chip and stitched the tiles into a large, two-dimensional, two-channel
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image. To isolate obstacle-sized features in the backscatter channel and cell nucleus-sized
features (6—10 um) in the DAPI channel, the script filtered each channel with a
correspondingly tuned difference-of-gaussians kernel. The script then found the locations
and intensities of local maxima in the DAPI and backscatter channels, and a user-set
brightness threshold eliminated insufficiently bright local maxima (i.e., peaks that arose
from noise rather than obstacles or cells). All sufficiently bright backscatter maxima were
assumed to be centers of obstacles and all sufficiently bright DAPI maxima were assumed to
be centers of LNCaP cells. The script then determined the location of the nearest obstacle
center to the cell and defined a set of local coordinates of each cell relative to the nearest
obstacle center.

5 Results and Discussion

Here we present one design study as an illustrative example of the model described in
Section 3, and discuss conclusions applicable to a wide range of target cells and surface
chemistries. We consider the capture of prostate cancer cells with the goal of maximizing
capture efficiency while simulatenously rejecting contaminating cells through a combination
of shear stress and cell size, both large and small.

5.1 Simulations

Given the large parameter space (T, A, A, a, r), we restricted our study to devices 100
obstacles long and with spacings of I" = A = 150 pm and R =50 pm obstacles. This results in
a 50 um gap between obstacles, which is large enough to avoid clogging but still minimizes
the overall device length. We normalized these length scales by the row spacing, T, so that
they may be applied to other geometries as long as the flow rate is also scaled accordingly.

Identifying high-efficiency geometries—The first design objective for a rare cell
capture device is to isolate the target cells at high efficiency. Toward that end, we studied
LNCaP collision and capture performance for normalized offsets ranging from A/T' =0 (a
straight array) to 0.5 (a hexagonal array). Figure 4 shows these results for the geometry
described above and a mean flow rate of 100 pm/s.

We note several trends that are broadly applicable: First, A/T' = 0 and 0.5 result in cells being
displaced onto streamlines which do not result in additional cell-obstacle collisions,
resulting in low collision frequencies and correspondingly low capture rates.

Second, as A/T" increases from zero, the collision frequency increases to a maximum. As the
distribution of cells enters the device, they must travel through a finite number of unit
structures before colliding with the first obstacle. An array with A/T" = 0 results in some cells
never having a collision; as the offset increases from zero, a cell travels through fewer unit
structures before its first collision. This trend is exacerbated in shorter devices.

Third, the abrupt transition from the maximum collision frequency to lower values occurs as
the cells transition from colliding on the offset-side of each subsequent obstacle to a more
complex “zig-zag” collision trajectory; for A/T" larger than this “critical offset”, the sharp
transitions in collision frequency for varying A/T" are a result of the collision pattern
changing from one discrete combination of collisions and misses to another. Some of these
collision patterns focus cells near the leading edge, where shear stress is low and residence
time high, resulting in spikes in the capture probability curve.

Finally, capture probability increases with increasing A/T', a result of cells being more
broadly distributed across the obstacle’s leading edge at larger A/T", as compared to being
concentrated in the high-shear-stress shoulder region at small A/T.
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Recalling our first design objective of capturing prostate cancer cells at high efficiency, we
select an offset of A/T" = 0.18 and turn to our second objective, maximizing sample purity.

Rejecting contaminating cells—Purity is enhanced by minimizing contaminant—
obstacle collisions and, when a collision does occur, engineering the geometry so that it
occurs in a region of high shear stress where capture is unlikely to occur. Figure 5 shows
collision rates and capture probability with a A/T" = 0.18 geometry. Following a collision
with an obstacle, contaminating cells smaller than a “critical diameter” of 2a =17 ym are
displaced onto streamlines that do not impinge on subsequent obstacles, leading to a near-
zero collision frequency and a subsequently low capture probability—this is in contrast with
straight and hexagonal arrays (Nagrath et al., 2007; Hatch et al., 2011) (A/T" =0 and 0.5,
respectively), which do not have size-dependent collision frequencies. Large contaminating
cells have frequent collisions but these interactions are focused near the obstacle shoulder,
where shear stress is highest and the residence time is shortest. Contaminating cells of the
same size as the target cells have the same collision frequeny, but are partially rejected from
capture via the immunospecificity of the antibody functionalization.

5.2 Experimental Verification

In addition to the aggregate capture probabilities described above, the model predicts
capture location on the obstacle with respect to the leading edge. We compare these
predictions to experimental capture data, extracted from microscopy images such as those in
Figure 6, to validate the simulation.

The experimental capture results agree with the trends observed in the simulations. Most
capture is observed in a region 30-90° from the leading edge of the obstacle, with a bias
toward the leading edge, where shear stress is lower than at the shoulder (Figure 7, top). The
experimental results show a broader distribution owing to non-uniformities in cell size as
well as the effect of captured cells on both the fluid flow and other cells. Additionally, the
GEDI chip (Gleghorn et al., 2010) used in the experiments reverses offset direction every 10
rows, so as to not systematically offset cells toward one side of the device. This reversal
cannot be simulated using the single obstacle unit structure approach described in Section 3,
resulting in additional entrance transition effects beyond what is captured in the simulations.
Although the reversal does not affect the shear stress encountered (and thus the capture
probability distribution from the leading edge), it does result in some cells being captured on
the non-offset side of the obstacle (Figure 7, bottom). This redistribution of some cells to the
non-offset side of the obstacles also has the beneficial effect of increasing the usable capture
area of the device.

6 Conclusion

This work has developed a simulation for the collision and capture of rare cells in
microfluidic obstacle arrays, and shown that both collision frequency and shear stress at
each collision are important for the optimization of these immunocapture devices. Using
LNCaP prostate cancer cells as an illustrative design study, we have identified a high-
efficiency geometry which has many LNCaP-obstacle collisions at moderate shear stress but
infrequent contaminant—obstacle collisions (for small contaminant cells). The simulation
uses one experiment evaluating capture at many shear stresses to inform the study of
arbitrarily complex geometries, and is readily adaptable to other target cells and surface
chemistries. These simulations are validated by a comparison between simulated and
experimentally observed capture distributions as a function of angular position around the
obstacle surfaces.
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Fig. 1.

Cell collision and capture events in microfluidic 2D arrays of cylindrical obstacles are
governed by the array geometry, cell size, cell and surface chemistry, and flow rate (and
thus local velocity and shear stress). Large arrays minimize edge effects and can be divided
into “unit structures” with symmetric boundaries; these unit structures can be repeated as
needed to simulate arrays of arbitrary size. The velocity field shown here is foraT'= A =
150 pm array with A = 22 pym, 2r = 100 pm and a mean velocity of 100 um/s.
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For a cell in contact with the obstacle surface, the local shear stress, T, ranges from zero at
the leading and trailing edges (0 = 0° and 180°, respectively) to a maximum at the shoulder
(6 = 90°). The shear stress shown here is for a representative array of I' = A = 200 pm with A
= 0 um, a mean velocity of 100 um/s, and a 2a = 18 pm LNCaP cell.
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The shear stress-dependent capture of LNCaP cultured prostate cancer cells on a J591
surface chemistry was determined by Santana et al. (2012). Fitting this data to an
exponential capture model (eqn. 7) results in B=85.5 Pa™L.
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Fig. 4.

Collision frequency (top) and capture probability (bottom) as a function of offset, T, for a 2a
= 18 um diameter LNCaP cell in a 100 row device at 100 um/s mean velocity. I' = A = 150
um, R =50 um. Shaded region represents one standard deviation for 3 x 104 simulated cells.
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Collision frequency (top) and capture probability (bottom) as a function of particle diameter,
2a, for a 100 row device at a 100 um/s mean velocity. A/T' = 16.67, ' = A = 150 ym, R=50
um. Shaded region represents one standard deviation for 3 x 10* simulated cells.
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Fig. 6.

False-color composite brightfield image of a complete GEDI device (scale bar: 3 mm), with
inset showing DAPI-stained LNCaP nuclei (blue) and automatically calculated cell centers
(red dots) in a region of four obstacles (inset scale bar: 100 um). Note that the interference
pattern observed is a result of slight thickness nonuniformities following mounting.

Biomed Microdevices. Author manuscript; available in PMC 2015 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Smith et al.

Page 17
C
S 0.4
a3 B Simulations
@ 0.3F Experiment
©
=
S 0.2}
©
O
O
Q- -
o 0.1
=
% O L L J
o

0 30 60 90 120 150 180
Angular position, 6 (degrees)

c 1
@)
= B Simulations
;‘% 0.8 Experiment
%
E 0.6F
=
3
S 04F
o
(O]
= 0.2F
a
8 I
Offset side Non-offset side
Fig. 7.

Simulated and experimental capture probability distributions as a function of angular
position from the leading edge (top). Reversal in the offset direction in the experiments does
not affect the distribution from the leading edge, but does redistribute some cells to the non-
offset side of the obstacle (bottom), an effect not captured in the simulations.
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