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3D manipulation and dynamics of soft materials in 3D flows
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Abstract

Flow-based manipulation of particles is an essential tool for studying soft materials, but prior work has nearly exclusively relied on using

two-dimensional (2D) flows generated in planar microfluidic geometries. In this work, we demonstrate 3D trapping and manipulation of

freely suspended particles, droplets, and giant unilamellar vesicles in 3D flow fields using automated flow control. Three-dimensional flow

fields including uniaxial extension and biaxial extension are generated in 3D-printed fluidic devices combined with active feedback control §
for particle manipulation in 3D. Flow fields are characterized using particle tracking velocimetry complemented by finite-element simulations §
for all flow geometries. Single colloidal particles (3.4 um diameter) are confined in low viscosity solvent (1.0 mPas) near the stagnation g
points of uniaxial and biaxial extensional flow for long times (>10 min) using active feedback control. Trap stiffness is experimentally deter- 5
mined by analyzing the power spectral density of particle position fluctuations. We further demonstrate precise manipulation of colloidal par- =
ticles along user-defined trajectories in three dimensions using automated flow control. Newtonian liquid droplets and GUVs are trapped and:;
deformed in precisely controlled uniaxial and biaxial extensional flows, which is a new demonstration for 3D flow fields. Overall, this work &
extends flow-based manipulation of particles and droplets to three dimensions, thereby enabling quantitative analysis of colloids and soft %

i

materials in complex nonequilibrium flows. © 2023 The Society of Rheology. https://doi.org/10.1122/8.0000600

Il. INTRODUCTION

The ability to trap and manipulate single particles in
liquid media has revolutionized several fields of science and
engineering. Particle trapping methods based on optical [1],
magnetic [2], acoustic [3], and electrokinetic [4] force fields
have allowed for detailed investigations of colloids and soft
materials. Hydrodynamic flow-based traps have further
enabled the study of freely suspended particles such as liquid
droplets, single polymers, and vesicles in nonequilibrium
extensional flow conditions [5—8]. In recent years, the Stokes
trap has allowed for multiplexed particle trapping and manip-
ulation using automated flow control, including the fluidic-
directed assembly of colloidal particles [9]. The Stokes trap
relies on flow-based manipulation of freely suspended parti-
cles or molecules to study the conformation, deformation,
and dynamics of materials using a model predictive control
(MPC) algorithm [9]. Previous generations of the flow-based
trapping method allowed for the confinement of single parti-
cles or molecules near the stagnation point of planar exten-
sional flow generated in polydimethylsiloxane (PDMS)-based
cross-slot microfluidic devices fabricated using standard soft
lithography [10-12].
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To date, flow-based trapping has nearly exclusively relied ¢
on using a planar microfludic device and model approxima-
tion to manipulate the 2D center-of-mass positions of parti-
cles [7-9,13]. Prior generations of flow-based traps relied on
2D manipulation in thin-gap (or Hele-Shaw) microdevices
due to the limitations imposed by the layer-by-layer fabrica-
tion method used in soft lithography [9-12,14]. However, 3
understanding the dynamics of soft materials (e.g., polymerici,
and inkjet solutions and colloidal clusters) in 3D flows is 8
highly relevant for industrial processes that rely on uniaxialg
extensional and biaxial extensional flow [15-18]. Forg
example, electrospinning and extrusion processes generally
subject polymeric liquids to uniaxial extensional flow fields
[19-21], whereas film blowing and vacuum molding pro-
cesses subject materials to biaxial extension [22,23].
Moreover, 2D flows such as planar extension have been
reported to give rise to different apparent extensional viscosi-
ties for viscoelastic liquids compared to 3D uniaxial and
biaxial extensional flows [24]. Broadly speaking, polymeric
liquids are commonly subjected to processing and deforma-
tion in 3D extensional flows in a wide range of industrial
processes [25], but generating these 3D flows in micro- or
millifluidic devices is challenging and relatively uncommon
[26]. Prior work has reported extensional viscosity measure-
ments in uniaxial and biaxial extensional flows using the
opposed-jets device, typically with millimeter nozzle dimen-
sions or larger [27-29].
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Microfluidic devices capable of generating 3D flows have
been reported based on a 3D stacked, multilayer six-arm
cross-slot geometry [30]. Here, Gonzalez and Liu used com-
putational modeling to characterize fluid flow in a double-
layered microfluidic design with the overall goal of translat-
ing particles in 3D using cooperative flow modes along the
three spatial axes [30]. By operating this device in an oppos-
ing flow mode wherein channels on opposite sides serve as
inlets, a flow field with 3D hyperbolic streamlines was gener-
ated accompanied by a stagnation point near the center of the
device [30]. Prior work has also studied elastic instabilities in
six-arm [31] and four-arm [32,33] channel geometries with
finite aspect ratios using computational modeling. However,
creating highly structured 3D geometries in PDMS-based
devices is challenging due to device fabrication constraints
associated with channel dimensions and flow channel aspect
ratios [14]. Haward et al. recently reported a six-arm cross-
slot geometry device fabricated by selective laser-induced
etching in quartz substrates [26,34]. Uniaxial and biaxial
extensional flows were generated in this device, and the bire-
fringence signals of dilute polymer solutions were measured
as a function of flow strength [26,34].

In recent years, additive manufacturing has provided a
powerful alternative to PDMS-based soft lithography tech-
niques to fabricate 3D microfluidic devices using a variety of
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materials [35]. Additive manufacturing allows for fabrication
of well-defined 3D flow channels, enabling researchers to
build complex shapes as well as nonorthogonal and nonpla-
nar structures inside microfluidic systems. Using stereolithog-
raphy (SLA), Lee et al. fabricated a 3D printed microfluidic
device with a helical microchannel to detect bacterial cells
[36]. In addition, Spivey et al. created a single-cell capturing
device using projection printing (DMD-PP) to observe cellu-
lar aging [37]. Despite recent progress, however, automated
flow control has not been extended to trap and manipulate
particles in 3D flows.

In this work, we demonstrate 3D trapping and manipu-
lation of freely suspended particles, droplets, and vesicles
using automated flow control. SLA 3D-printing is used to
fabricate flow devices with a six-arm cross-slot geometry
[Figs. 1(a) and 1(b)]. Uniaxial and biaxial extensional
flow fields are generated within 3D-printed devices using
pressure-driven flow and are characterized using particle
tracking velocimetry (PTV) and finite-element simulations.
Using automated flow control, single colloidal particles 9
are trapped and confined near the stagnation point ini_!
both uniaxial and biaxial extensional flows, and trap per- g
formance is characterized by determining trap stiffness 3
from Fourier spectral analysis of particle position fluctua- =
tions. We further demonstrate full 3D control over the
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FIG. 1. Schematic of the 3D printed flow device used in this work. (a) Uniaxial and (b) biaxial extensional flow configurations using the six-channel cross-slot
geometry. Red arrows denote inlets, whereas yellow arrows denote outlets. (c) Schematic (not to scale) of the fluidic device when mounted on an inverted micro-
scope setup during autofocusing using the single-imaging mode scheme. Here, the microscope objective is fixed, and the device is translated orthogonal to the
image plane (in the z-direction) to maintain particles in focus. Blue regions denote internal flow channels. The bottom channel is sealed with a glass coverslip.
For clarity, the y-axis channels orthogonal to the plane of the page are not shown. (d) Schematic (not to scale) of orthogonal imaging setup wherein two objectives
actively image and track a trapped particle, allowing for full 3D particle tracking. (¢) Photograph of the 3D-printed device used in the single-imaging mode with
internal channels filled with red dye. (f) Photograph of 3D-printed device used in dual-imaging mode with internal channels filled with blue dye. (g) Schematic
of the overall device showing a cylinder supplying nitrogen gas to computer-controlled pressure regulators which in turn pressurize solution reservoirs. The reser-
voirs feed the solution into the single-imaging 3D-printed device (photograph shown in top-down view). Figure is shown in color in online version.
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center-of-mass position of trapped particles along user-
defined trajectories using automated flow control. In addi-
tion, liquid droplets and giant unilamellar vesicles (GUVs)
are deformed in well-defined uniaxial and biaxial exten-
sional flows. Overall, this work significantly advances the
ability to confine, manipulate, and study freely suspended
particles in 3D flows, which will enable quantitative com-
parisons between microscopic dynamics to macroscopic
rheological measurements.

Il. MATERIALS AND METHODS
A. Device fabrication

Devices are fabricated using an SLA 3D printer (Form 3,
Formlabs) utilizing commercially available photopolymer
resin (Clear V4, Formlabs). A 3D model of the device con-
taining 750 um-wide channels was sliced using the software
Preform (Formlabs) and subsequently printed at a fixed
25 uym layer height. Devices were removed from print sup-
ports, and each internal channel within the device was copi-
ously flushed with isopropyl alcohol via a syringe. Excess
unpolymerized resin was washed away by submerging the
devices in an isopropyl alcohol bath under strong agitation.
The devices were then thoroughly dried, heated to 60 °C, and
exposed to 405 nm light for 15min to fully cure the 3D
printed part according to manufacturer specifications. In
some cases, mechanical sanding was necessary to smooth
surfaces that retained print support features.

For single-mode imaging experiments involving one
camera [Figs. 1(c) and 1(e)], the device design includes a
channel with one open surface in the -z direction arm of the
six-channel cross-slot. A glass coverslip was used in con-
junction with UV-curing adhesive (Norland) to seal the
bottom channel, thereby providing optical access to the
center of the six-arm cross-slot. The distance from the cover-
slip on the bottom of the device to the center of the 3D cross-
slot is 2 mm.

For orthogonal-imaging experiments involving two cameras
[Figs. 1(d) and 1(f)], we utilized a different 3D-printed device
with a modified design (vide infra). A 3D cross-slot geometry
was positioned near a corner of the overall 3D-printed block
such that two open surfaces on the +x and -z-direction channels
were exposed. Glass coverslips encased these open channels
using UV-curing adhesive as previously described, enabling
imaging into the center of the 3D cross-slot from both the x—y
and y—z planes. The distance from the two coverslip surfaces to
the center of the cross-slot is 2 mm.

B. Finite-element simulations of flow fields

Numerical simulations were performed using COMSOL
Multiphysics to model the flow of a Newtonian fluid in the
3D device geometry. A model of the printed 3D cross-slot
was directly imported into COMSOL Multiphysics. For uni-
axial extensional flow, four inlet channels were oriented
along the y- and z-axes, and two outlet channels were ori-
ented along the x-axis. For biaxial extensional flow, two inlet
channels were oriented along the z-axis, and four outlet chan-
nels oriented along the x- and y-axes. The channel size of the

simulated geometry was set to 750 um to match the channel
dimensions in experiments. In all cases, a no-slip boundary
condition is specified for all internal surfaces, and static pres-
sure values for outlet port cross sections and inlet port cross
sections are imposed for steady-flow such that the inlet pres-
sures are higher than outlet pressures. The geometry was
meshed using a physics-controlled sequence and an extra
fine mesh size, resulting in 246 204 elements. Finally, the
velocity profile within the channels was solved using the
Stokes equations.

C. Microscopy and optics

Imaging for the single-camera microscope mode was per-
formed using an inverted microscope (Olympus IX81)
coupled with a CMOS camera (Grasshopper 3, FLIR) or an
electron-multiplying charged-coupled device (EMCCD)
camera (Andor iXon Ultra 897), which captured images at
1024 x 768 and 512 x 512 pixel resolutions, respectively. A
0.25 numerical aperture (NA) 10x, a 0.40 NA 10x, or a_
1.10 NA 60x long working distance objective (Olympus) 2
was used. In some cases, an additional 1.6x magniﬁcationg
lens was employed, resulting in a pixel size of 0.345 or§
0.216 um for the 10x objectives and 0.267 or 0.167 um for $
the 60x objective. The 0.40 NA 10x objective was used for%
particle manipulation experiments due to the smallerg
depth-of-field, which generally yielded enhanced z-position §
localization. The 1.10NA 60x objective was :
observing GUVs due to the higher NA, which aids in accu-
rate and detailed observation of vesicles. Epi-illumination of
the cross-slot was achieved using a 532 or a 635 nm continu- ¢
ous wave (CW) laser (Spectra-Physics) with a dichroic beam g
splitter (ZT532 or ZT650, Chroma). The emitted light passedg
through a 542 or a 655nm long-pass filter (ET542lp or3
ET655lp, Chroma) prior to the camera.

For two-plane orthogonal imaging experiments, the dual-
camera microscope mode consisted of the components from &
the single-imaging mode with an additional optical train con-~

©

sisting of a second CMOS camera (Grasshopper 3, FLIR), ag
tube lens (ThorLabs), and 542 nm long-pass filter (ET542Ip, §
Chroma). The 10 x 0.25 NA and the 10 x 0.40 NA objec-g
tives were simultaneously utilized to generate two orthogonal
imaging planes for fine-scale center-of-mass particle localiza-
tion in 3D. The 0.40 NA objective (x—y plane objective) was
used on the inverted microscope, and the 0.25 NA objective

(y—z plane objective) was used in the second optical train.
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D. Device operation

Aqueous solutions (viscosity 7 = 1.0 mPas) seeded with
trace amounts (< 1.8 x 10° beads/ul) of 1.0 um (Fluospheres)
or 3.4 um diameter (Spherotech) fluorescent Nile Red or Nile
Blue polystyrene beads were introduced into the device using
microfluidic tubing connected to a reservoir for the channels
in the cross-slot geometry. Standard microfluidic fittings were
used to interface the microfluidic tubing with Luer-lock ports
embedded within the device design [Fig. 1(g)]. The pressures
in each of the six reservoirs were individually controlled from
the laboratory computer via either electropneumatic pressure
regulators (Proportion-Air) using data acquisition cards
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(CompactDAQ, National Instruments) or piezoelectric pressure
regulators (OB1 MK3, Elveflow). The latter set of pressure
regulators were used in 3D orthogonal manipulation and
droplet deformation experiments.

Uniaxial and biaxial extensional flow fields were gener-
ated near the center and axes of the cross-slot by pressurizing
the inlet and outlet channels appropriate for the desired flow
fields. Near the sidewalls of the channels, however, flow
adjacent to the channel walls is dominated by shear due to
the no-slip boundary condition. In this work, the horizontal
imaging axis was chosen as the axis of extension (x-axis) for
uniaxial extensional flow. Biaxial extension was generated
using the out-of-plane axis (z-axis) as the compressional axis.
For flow field characterization experiments, only select inlet
channels were seeded with fluorescent beads to minimize
background signal from out-of-focus beads. For uniaxial
extensional flow, the +y and -y inlet channels contained fluo-
rescent beads and the 4z and —z inlet channels contained pure
solvent. For biaxial extensional flows, fluorescent beads were
added to the +z channel. PTV was performed using previ-
ously reported algorithms to characterize the flow fields gener-
ated and to determine strain rates as a function of applied
pressure (supplementary material, Figs. 1 and 2 [61]) [38].

E. 3D particle trapping and manipulation

A LabVIEW program was used for automated closed-loop
feedback control of the imposed flow fields using
proportional-integral-derivative (PID) control, as previously
reported (supplementary material, Fig. 3 [61]) [11]. In the
single-imaging mode, the particle position in the x—y plane is
determined by localizing center-of-mass positions from
camera images. The pressure regulators are modulated via the
PID controller to control imposed flow rates in the six chan-
nels. Two PID controllers are used in parallel to manipulate
particle positions along the x- and y-axes by perturbing pres-
sure gradients Ap, and Ap,, respectively. The total feedback
loop time constant for the image acquisition in this work was
25-50ms (40-20 Hz), though the current setup enables
particles to be imaged and trapped using feedback rates up
to 62 Hz.

In the single-imaging mode [Fig. 1(c)], particles are
tracked in the z-axis direction (orthogonal to the image
plane) by mounting the flow device on a motorized stage
(Zaber Technologies) and translating the stage along the
z-axis (supplementary material, Fig. 4 [61]). The velocity of
the translational motor was controlled via LabVIEW, and the
motor position was used to determine the z-position of
trapped particles. An autofocusing algorithm was employed
to maintain the particle of interest in the focal plane, as previ-
ously reported (supplementary material, Fig. 4 [61]) [39].
Using this approach, the z stage continually moved to track
particles in the z-direction, and the average intensity / of the
pixels corresponding to the detected particle was recorded as
a function of the z position. The resulting fluorescence inten-
sity gradient dI/dz was used to determine the translational
direction of the z motor such that / was maximized, which
corresponds to an estimated z position where the particle was
in focus. In this work, we used the particle image intensity as

the image quality parameter as opposed to the trapped parti-
cle area used by Hsiao et al. [39] due to the lower-
magnification objective used in this work.

For particle manipulation experiments in 3D using the
orthogonal dual-imaging mode [Fig. 1(d)], particles are
directly imaged in the y—z plane using an additional camera
and optical imaging path, enabling direct determination of
the z positions of trapped particles (supplementary material,
Fig. 5 [61]). The dual-imaging approach provides greatly
improved accuracy for determining the z-position of the
trapped particle. In the dual-imaging mode, particle x, y, and
Z positions are acquired simultaneously from two imaging
planes (x—y and y—z planes). Three PID controllers are simul-
taneously employed to manipulate particle positions along
the x-, y-, and z- axes (supplementary material, Fig. 6 [61]).

F. Droplet preparation and deformation

A solution of polydisperse water-in-oil droplets was pre-
pared by repeatedly inverting a mixture containing 5 ul ofCJ
1.9 mM sodium dodecyl sulfate (SDS) in aqueous solution 2
and 500 ul of 0.5 wt. % sorbitan monooleate surfactant (Span §
80) in mineral oil. The combination of SDS and Span 80 has%
previously been reported to produce ultralow oil-water inter- 3
facial tensions y ~ 107% — 107> N/m [40-42]. However, to%
enable efficient delivery of droplets prepared off—device,g
slightly lower surfactant concentrations were used yielding §
an interfacial tension y ~ 10~ — 1073 N/m (as determined &
from droplet deformation experiments). For droplet deforma- &
tion experiments, 0.5 wt. % Span 80 in mineral oil was added§
to each of the six reservoirs. The stock droplet solution was &
diluted 10-fold in the -+z channel. A broadband LED?E
mounted above the device was used to illuminate the 3D§
cross-slot, and droplets were imaged using brightfield 3
microscopy. Trapped droplets were deformed under both uni-
axial and biaxial extensional flow. The center-of-mass of a g
trapped droplet was tracked, and automated PID control was &
used to position the droplet near the stagnation point in the}:
x- and y-directions. Movies of droplet deformation (supple- 3
mentary material, Movies 12 and 13 [61]) were recorded as§
the pressure differentials were incrementally increased tog
observe drop deformation as a function of flow strengths.
The edges of the trapped droplet were tracked using a custom
LabVIEW program to quantify droplet deformation as a
function of applied pressure.

0008}/

G. GUV preparation and deformation

GUVs were prepared from a mixture of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, Avanti Polar Lipids) and
0.2 mol. % of headgroup-labeled fluorescent lipid 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(Cyanine 5) (DOPE-Cys5,
Avanti Polar Lipids) using a previously described electrofor-
mation method [43-45]. To prepare the stock lipid solution
for electroformation of GUVs, a mixture of chloroform and
methanol (in a 5:2 v/v ratio) was used. A small aliquot (7 ul)
of the lipid mixture was then deposited onto indium tin
oxide (ITO) coated glass slides as a thin film and dried
under vacuum for 3h. Next, 100 mM sucrose solution
(n=1.1mPas) was introduced into the electroformation
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chamber, which was constructed using two of the prepared
ITO slides and a PDMS spacer. The electroformation
chamber was incubated overnight at 60 °C while connected
to a function generator (Agilent 33220 A) that applied an
alternating current (AC) electric field of 10 Vmm™' at
10 Hz. To observe the GUVs using fluorescence microscopy,
a 635nm CW laser was used to illuminate the Cy5-labeled
vesicles. Images were captured using an EMCCD camera at a
frame rate of 18 Hz. Similar to the droplet stretching experi-
ments, GUVs were trapped and deformed under both uniaxial
and biaxial extensional flow using PID control.

lll. RESULTS AND DISCUSSION
A. Uniaxial extensional flow

We began by characterizing the 3D flow fields generated
in the 3D-printed fluidic devices. Uniaxial extensional flow
consists of two axes of compression and one axis of exten-
sion. Uniaxial extensional flow, therefore, has nonzero veloc-
ity in the z-axis and is described by

Ve = E,X, (1a)
1,

Vy = _Eguya (1b)
1.

v, = —Eeuz, (Ic)

where the origin of the coordinate system is located at the
stagnation point and €&, is the strain rate in uniaxial extension.
For uniaxial extensional flow, the x and y axes are defined as
the two axes coincident with the imaging plane, and the z
axis is orthogonal to the xy plane.

For comparison, planar extensional flow is a 2D flow field
consisting of one axis of compression and an orthogonal axis
of extension, as described by

Ve = EpX, (2a)
vy = —£,Y, (2b)
v, =0, (2¢)

where £, denotes the strain rate for planar extensional flow.
Uniaxial extensional flow is generated by pressurizing the
four inlet channels corresponding to the compressional y- and
z-axes at equal positive values (p_y = py, = p_, = p.) rela-
tive to the pressure in the two outlet reservoirs (p_, = pyy)
along the extensional x-axis. We began by characterizing the
flow using the single-mode imaging setup [Fig. 1(c)].
Figure 2(a) shows particle trajectories in uniaxial extensional
flow obtained using PTV for imaging in the x—y plane at an
applied pressure Ap, = p1, — p+» = 1.4 kPa. Figure 2(a) also
shows characteristic streamlines obtained from numerical
simulations of the identical flow device geometry.
Individual particles follow 3D streamlines and enter the
focal plane of imaging (but are not necessarily in focus)

due to nonzero v, (supplementary material, Movie 4 [61]).
As expected, particle velocities v, and v, in the x—y image
plane are independent of z-position near the stagnation
point and away from channel walls. The flow field is hyper-
bolic near the stagnation point (x, y) = (0, 0), but unlike
planar extensional flow, magnitudes of the velocity gradi-
ents in the x-direction (extensional) and y-direction (com-
pressional) are unequal.

Figure 2(b) shows particle velocities v, and v, as a func-
tion of distance from the stagnation point along the x- and
y-axes. We determined the strain rates using a least squares
regression to determine dv,/dx = €,. Here, the quantities
dvy/dx and dv,/dy are determined from particle trajectories
using PTV, and their ratio was determined to be ~ —2.0 for
the range of pressures examined here (1.4 < Ap, < 6.9 kPa),
which is in excellent agreement with the expected ratio of
—2 for uniaxial extension as given by Eq. (1) [Fig. 2(c)].

B. Biaxial extensional flow

Biaxial extensional flow is generated by applying equal
positive pressures to the channels associated with the com-
pressional z-axis (p_, and p,.) relative to the pressures =
applied to the four outlet channels (p_., pir, P—y» p+y)§
[Figs. 2(d)-2(f)]. We again characterized the flow field using‘-'i
the single-mode imaging setup [Fig. 1(c)]. Biaxial exten-
sional flow is described by

papeojumoq

Ve = EpX, (3a)
vy = EpY, (3b)
v, = —2€p, 3o)

where &, is the strain rate in the biaxial extensional flow.
Similar to uniaxial extensional flow, particles exhibit%
nonzero v, velocities in biaxial extension. The number:™
density of tracked particles is small near the stagnation point‘g
(x, y) = (0, 0) because the trajectories of incoming particles%
from the compressional z-axis diverge from this point. The S
resulting flow field has radially diverging streamlines from =
the stagnation point when viewed in the x—y plane (supple-
mentary material, Movie 5 [61]). We determined dv,/dx and
dvy/dy of the tracked particle trajectories and found that the
ratios matched the expected value of unity within error
[Fig. 2(f)], which validates the generation of biaxial exten-
sional flow. Manipulation of the outlet pressures p_,, piy,
P—y, P+y can be used to tune this ratio to achieve arbitrary
ellipsoidal extensional flows [26].

6900081/.2.8/¥/29/3pd-aj01e/10l1108/610"dIe'sgnd

C. Particle trapping in uniaxial extensional flow

We next demonstrate trapping of single particles in 3D
flow fields. Single colloidal particles (3.4 um diameter) were
trapped and confined near the stagnation point of uniaxial or
biaxial extensional flow in low viscosity aqueous solution
(n =1.0mPas). We began with particle trapping experi-
ments in uniaxial extensional flow using the single-mode
imaging setup (Fig. 3). A movie showing particle trapping in
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FIG. 2. Flow field characterization for uniaxial and biaxial extensional flows (3D flows). (a) and (d) Visualization of 3D flow fields using simulations and &
experiments for uniaxial and biaxial extensional flow, respectively. Red lines indicate streamlines generated from finite-element simulations for uniaxial and 3
biaxial extensional flow viewed in the x—y plane using the identical flow geometries as in the experiments. Black lines denote particle trajectories deterrmned
from PTV experiments using 1 #m diameter particles in uniaxial and biaxial extensional flow, respectively, as viewed in the x—y plane about z = 0. (b) and (e) g
Comparisons of velocity components v, and v, of particle trajectories as a function of position for x and y axes for simulations and experiments. The velocity 2

components are determined in uniaxial and biaxial extensional flow with a 1.4 kPa pressure difference. (c) and (f) Comparison of dv,/dx and dv,/dy of PTV &
results of uniaxial and biaxial extensional flows as a function of applied pressures Ap, and Apj, respectively. Dashed lines denote the idealized ratio for each

flow field. Figure is shown in color in online version.

uniaxial extensional flow is provided in supplementary mate-
rial (Movie 6 [61]). For these experiments, the detected parti-
cle center-of-mass position in the x-direction is compared to
a desired setpoint position xp, and the pressure difference
(Apy = p+x — p—y) is manipulated by the PID controller to
adjust the stagnation point position to effectively confine par-
ticles in flow, similar to prior work on 2D flow trapping
[Fig. 3(a)] [10,11]. Figure 3(c) shows the results from a
long-time (>10 min) trapping experiment, where the particle
position along the extensional axis of uniaxial extensional
flow is plotted as a function of time. The probability distribu-
tion of particle position along the x-direction during the
10-min trapping experiment is also plotted in Fig. 3(d),
showing that the particle is effectively confined along the
extensional axis. Trapped particles generally exhibit submi-
crometer standard deviation displacements from the mean
along the unstable x-axis (o = 0.49 um), which is signifi-
cantly smaller than the bead diameter (3.4 um). In addition,
particles are passively trapped along the two orthogonal
directions corresponding to the two compressional flow axes
[Figs. 3(b), 3(e), and 3(f)]. For these experiments, a strain
rate of &, = 2.27s~! was used.

Trap performance was characterized by determining the
power spectral density (PSD) of the particle position fluctua-
tions for a trapped particle [Figs. 3(g) and 3(h)] [9,46].
Briefly, the time traces of trapped particle positions were sub-
divided into N < 8 bins with 50% overlap such that the
length of each bin was an integer power of 2. A Hamming
window was then applied to each bin, and the PSD was

separately computed for each windowed bin, from which the
average was determined, as shown in Figs. 3(g) and 3(h).
The PSDs are well-described by a Lorentzian function

kgT

PO = 2202+ f2)

“4)
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where kg is Boltzmann’s constant, T is absolute temperature, 's
¢ is the Stokes drag coefficient, f is the frequency, and f, is%
the corner frequency. Equation (4) is used to quantify trap 8
performance by determining the trap stiffness, which is&
defined as x = 2z{f,. We note that Eq. (4) is derived on the
basis where particles are passively trapped with a linear
restoring force from a target setpoint, as is the case with
optical traps. In the limit of small perturbations, the restoring
force for a PID controller is approximated as a linear restor-
ing force [11]. Using this approach, trap stiffness is deter-
mined as 1.4 x 107*pN/nm along the extensional axis
[Fig. 3(g)], which is comparable to early generation hydrody-
namic traps (1.2 x 10~* pN/nm) [47]. In general, trap stiff-
ness can be increased using an MPC scheme previously used
in the Stokes trap for multiplexed particle manipulations [9].
Employing larger proportional controller gains generally
resulted in particle oscillations about the setpoint, which
manifests by the appearance of a peak in the PSD of particle
position fluctuations [9,47].

Trapping particles in uniaxial extensional flow offers sig-
nificant advantages over particle trapping in 2D planar exten-
sional flow. In uniaxial extension, the second compressional



3D MANIPULATION OF SOFT MATERIALS IN 3D FLOWS 883
a
<¢>
Ax=0
C 10 . : d :
015 .
5 5 E
E o
X 01¢F .
S o p——
5t <-/<_°> 0.05 -
-10 1 1 0 L L -10 A . 0
0 200 400 600 -2 0 2 0 200 400 600 2 0 2
t(s) X (um) i t(s) y (um)
g T T lllllll T T lllllll T T T T T1TTT T T Illllll T T lllllll T T T TTTTT
B 100 £ 10 —
o~ o~
E E g
= = 5
<1077 f =0.36 Hz w103 f. =0.19Hz 2
o ¢ o N g
P x=15x 10" pN/nm % x=78x10"° pN/nm 3
10-4 1 1 IlIIIII 1 1 lIIlIII 1 1 10-4 1 1 IIIIIII 1 1 IIIIlII 1 1 11 1 111 'gg
107 10” 10° 10" 10 107" 10° 10" g
f (Hz) f (Hz) 4
o
FIG. 3. Particle trapping in uniaxial extensional flow. (a) Schematic showing particle trapping via manipulation of a stagnation point (denoted by cross)‘s

toward a setpoint position (open circle) in the x-direction (extensional axis). The offset Ax between the particle position (filled circle) and setpoint position =
(open circle) is used to manipulate Ap, to adjust the stagnation point position in the x-direction. (b) Schematic showing a particle passively trapped in the ;
y-direction (compressional axis). (c) Time trace of x-position of the trapped particle. The inset schematic shows a trapped particle in uniaxial extensional flow, &
and the red arrows depict the x-axis. (d) Probability distribution of x-position from (c). The red line shows a Gaussian fit. (e) Time trace of y-position of thec
trapped particle. The inset schematic shows a trapped particle in uniaxial extensional flow, and the red arrows depict the y-axis. (f) Probability distribution of & 3
y-position from data shown in (e). The red line shows a Gaussian fit. (g) and (h) Power spectral densities of x- and y- posmon from data shown in (c) and (e) for & 4>
the trapped particle. Red lines denote Lorentzian fits to Eq. (4). For these experiments, the uniaxial strain rate £, = 2.27s~! and particles are trapped in low vis- 3
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cosity aqueous solutions (7 = 1.0 mPas). Figure is shown in color in online version.

flow axis orthogonal to the plane of imaging (i.e., along the
z-direction) effectively pushes trapped particles into the plane
of imaging, which prevents particles from diffusing out of
the image plane in the z-direction. Planar extensional flow
lacks this additional compressional flow axis orthogonal to
the image plane, which necessitates active focusing during
a trapping experiment due to particle diffusion in the
z-direction. For trapping particles using 2D flows, particle
diffusion inevitably results in particle motion in the
z-direction and eventual approach to a confining boundary,
which could affect the local strain rate in the 2D flow plane.
Moreover, viscoelastic solutions with appreciable normal
stress differences between the axis of extension and the
neutral axis of planar extensional flow (e.g., 7,,—7.;) results
in particle migration away from the center of the channel
toward regions of lower strain rate [39,48,49]. Therefore,
3D flow fields greatly enhance long-time trap performance
and stability compared to 2D flow traps due to passive par-
ticle confinement along the orthogonal z-direction, which is
a major advantage of the 3D hydrodynamic trap that will be
useful in achieving long-time observations of freely
suspended active particles or objects in viscoelastic solu-
tions [48,50].

L £/8/£6900081}/L.8/

D. Particle trapping in biaxial extensional flow

We next trapped single colloidal particles in biaxial 3
extensional flow using the single-mode imaging setup. A g
movie showing particle trapping in biaxial extensional flow S
is provided in supplementary material (Movie 7 [61]). Here, =
we utilized a similar feedback control scheme for uniaxial
extension, but biaxial extensional flow has two extensional
axes, which necessitates the use of two separate feedback
controllers for the unstable x- and y-axes [Figs. 4(a)
and 4(b)]. The use of two simultaneous controllers to
manipulate Ap, =p,, —p_, and Ap, = p,, — p_, accord-
ing to Ax and Ay offsets relies on the orthogonality or inde-
pendence of setpoint changes between these two axes.
Indeed, we observed that changes in Ap, did not affect the
stagnation point position in the y-direction and vice versa
near the center of the cross-slot.

Figures 4(c) and 4(e) show long-time traces (>10 min) of
particle position along the two extensional axes of biaxial
extensional flow. In these experiments, a 3.4um diameter
bead was confined in biaxial extensional flow at a strain rate
£, = 1.457!. The probabilities of particle positions along the
x- and y-directions (extensional direction) during the 10-min
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position (filled circle) and the setpoint position (open circle), Ax and Ay, respectively. (c) Time trace of the x-position of the trapped bead. Inset schematic &
shows a trapped particle in biaxial extensional flow. The red arrows depict the x axis. (d) Probability distribution of x-position from data shown in (c). The red %
line is a Gaussian fit. (¢) Time trace of y-position of the trapped bead. The inset schematic shows a trapped particle in the same biaxial extensional flow for theg
data shown in (c). The red arrows depict the y axis. (f) Probability distribution of y-position from data shown in (e). The red line is a Gaussian fit. (g) and (h) 2
Power spectral densities of x- and y-position from (c) and (e) for the trapped particle. Red lines correspond to Lorentzian fits to Eq. (4). For these experiments, S

the biaxial strain rate &, = 1.38s™!, and particles are trapped in low viscosity aqueous solutions (1.0 mPas). Figure is shown in color in online version.

trapping experiment are plotted in Figs. 4(d) and 4(f).
Similar to the case of uniaxial extensional flow, the trapped
particle exhibits submicrometer standard deviation displace-
ments in both the x and y-directions (o, =0.57 and
oy, = 0.50 um), indicating robust trapping in two unstable
axes over a period of 10 min. We further determined the PSD
of particle position fluctuations in the x and y-directions and
found that they are well-described by a Lorentzian given by
Eq. (4) [Figs. 4(g) and 4(h)]. The experimentally determined
trap stiffnesses of 1.0 x 10~ and 1.9 x 10~* pN/nm for the
x- and y-axes are consistent with the trap stiffness determined
from uniaxial extensional flow. To our knowledge, this work
presents the first demonstration of particle trapping in biaxial
extensional flows.

E. Particle manipulation in 3D

We next demonstrate 2D and 3D center-of-mass manipu-
lation of particles using active flow control. In these experi-
ments, the setpoint position is manipulated by independently
modulating the pressure regulator pairs along the x, y, or z
direction. We first demonstrate 2D particle manipulation
in 3D flow fields using the single-mode imaging setup.

Figures 5(a) and 5(b) show 2D center-of-mass particle trajec-,
tories in the x, y planes of uniaxial extension and biaxial
extensional flow, respectively. In these experiments, a parti-
cle is passively localized along the compressional flow axes
(i.e., y and z for uniaxial and z for biaxial extensional flow),
and active feedback control is used to confine particles along
the extensional axes, as previously described. To translate a
particle along a user-defined trajectory in the x—y plane, a
target setpoint position is specified, and the feedback control-
ler successively localizes the particles along the x and y
directions to follow the setpoint. In this way, particles are
manipulated along user-defined trajectories by successively
specifying new trap setpoints along a trajectory in small
increments [11]. We also demonstrate particle manipulation
in the absence of an externally applied flow field [Fig. 5(c)].
By modulating Ap, or Ap, using the feedback controller, par-
ticles can be effectively manipulated even under conditions
of zero-net imposed flow. Movies of particle manipulation in
2D using 3D flows are provided in supplementary material
(Movies 1-3) [61].

We further show full 3D positional control of particles
using active flow control (Fig. 6). Here, we performed two
different methods for localizing and manipulating particles in
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FIG. 5. Particle manipulation in 2D using 3D flow fields. Particle center-of-mass position is shown for manipulation in 3D flow fields. Closed particle trajecto-
ries were traced in 60 s along the clockwise direction. (a) Trajectory of the manipulated particle using uniaxial extensional flow at &, = 2.27s~'. (b) Trajectory
of manipulated particle using biaxial extensional flow at &, = 1.38s7!. (c) Trajectory of manipulated particle using zero-net imposed external flow. Scale bars

denote 50 um. Figure is shown in color in online version.

3D. The particle z-position can be determined using the
single-imaging mode coupled with an autofocusing scheme
or by direct observation of the z-position using the dual-
imaging configuration (Materials and methods section). For
particle manipulation using the single-imaging mode, an
autofocusing scheme is used to localize particles in the
z-direction (supplementary material, Fig. 4 [61]) [39]. The
average intensity / of a detected particle is compared against
z-positions, and the direction of v, is determined from a com-
puted gradient dI/dz such that the intensity of the particle is
maximized to maintain focus. In brief, particle manipulation
in the z-direction is achieved using an open-loop controller
along the z-axis by applying a steady Ap, offset after calibrat-
ing particle z locations with applied Ap;. In the case of uniax-
ial extensional flow, this approach results in passive particle
trapping in the z-direction. Supplementary material, Fig. 7
[61] shows particle trajectories following two different user-
defined paths [supplementary material, Eq. (1) [61]] in the
3D space achieved by utilizing the single-mode autofocusing
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scheme in uniaxial extensional flow. In both cases, particle 3
localization is generally more precise in the image plane (x, y §
plane) compared to the z-direction due to the open-loop auto- §“
focusing method employed for determining particle focus 1n =
z. Particle localization along the y-compressional axis is<
expected to be comparable to the particle localization in the 2
z-compressional axis in uniaxial extensional flow [Fig. 3(f)], 3
where the particle experiences submicrometer standard-
dev1at10n of position fluctuations under a steady pressure set-
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for the trajectories arise due to limited accuracy in determin-
ing the particle position using the fluorescence intensity-
based autofocusing algorithm. Supplementary material,
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our results show that the autofocusing method resulted in a'e
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FIG. 6. Particle manipulation in 3D using biaxial extensional flow at &, = 0.59 57!, respectively. (a) 3D particle trajectory during 3D manipulation using the
orthogonal dual-imaging setup. Here, the particle moves along the z-direction when x and y are fixed to follow a prescribed trajectory. (b) 3D particle trajectory
during center-of-mass manipulation in 3D using the dual-imaging mode. Here, x, y, and z are simultaneously changing during the particle translation experi-
ment. Color bars denote the trajectory timepoints (units of seconds). Red traces indicate prescribed trajectories whereas colored traces denote observed particle

coordinates. Figure is shown in color in online version.
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Movies of particle manipulation in 3D using the single-
imaging mode are provided in supplementary material
(Movies 8 and 9)[61].

To improve the localization accuracy for trapped particles
in the z-direction, we implemented a dual-mode
orthogonal-imaging setup to directly read out the particle
z-position (Materials and methods section). Here, two orthog-
onal planes (x—y and y—z planes) are imaged simultaneously
to localize the particle center-of-mass in 3D (Fig. 6). In this
configuration, the device position is fixed, and the x—y and
y—z image plane objectives are continually translated to main-
tain the particle in focus in both x—y and y—z planes as the
particle translates in 3D [supplementary material, Figs. 5 and
1(d) [61]]. Figure 6 shows two different center-of-mass tra-
jectories of a particle along a user-defined path [supplemen-
tary material, Eq. (2) [61]] in the 3D space using biaxial
extensional flow and the orthogonal dual-imaging setup. In
the dual-imaging mode, the particle position in the
z-direction is directly determined from center-of-mass locali-
zation of images in the y—z plane, which leads to significant
improvement in the accuracy of centroid localization of
z-positions compared to the fluorescence intensity-based
autofocusing scheme. In particular, trapped particles
observed using the dual-imaging mode exhibit
~ | um standard deviation displacements from the setpoint
position in the z-direction [supplementary material, Figs. 9(c)
and 9(f)] [61]. Compared to the single-imaging mode [sup-
plementary material, Figs. 8(c) and 8(f)] [61], the z-direction
localization is significantly improved using the dual-imaging
mode. Movies of particle manipulation in 3D using the dual-
imaging mode are provided in supplementary material
(Movies 10 and 11) [61].

F. Droplet deformation in 3D flows

As an initial demonstration of the new capabilities
enabled by automated 3D flow control, we trapped and
deformed liquid droplets in both uniaxial and biaxial exten-
sional flows (Fig. 7). Water-in-oil droplets stabilized with
surfactant were prepared off-device and introduced into the
3D cross-slot through the +z channel (Materials and methods
section). In these experiments, the same droplet was
deformed under both uniaxial and biaxial extensional flow.
Strain rates were determined using the flow calibration data
shown in supplementary material, Figs. 1 and 2 [61] while
accounting for changes in solvent viscosity (7,; = 30 mPas).
Figures 7(a) and 7(b) show snapshots of a liquid droplet
trapped in uniaxial extension at low (£, = 7s~!) and high
(€, = 34s7") strain rates, respectively. The droplet visibly
stretches along the x-axis and deforms into a prolate spheroi-
dal shape upon increasing the strain rate. Figures 7(c) and
7(d) show snapshots of the same droplet trapped in biaxial
extensional flow at low (&, = 7s~!) and high (¢, = 43s7")
strain rates. In biaxial extension, the radius of the trapped
droplet increases in the xy plane increases as the droplet flat-
tens along the z-axis and deforms into an oblate spheroid. In
both uniaxial extension and biaxial extension, the droplet
visibly deforms at higher strain rates, albeit with qualitatively
different behavior.
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FIG. 7. Droplet deformation in uniaxial and biaxial extensional flows.
(a) and (b) Images of a water-in-oil liquid droplet trapped in uniaxial exten-
sional flow at £, = 35! and at &, = 345~ respectively. (c) and (d) Images
of a water-in-oil liquid droplet trapped in biaxial extensional flow at &, = &
557! and at &, = 435!, respectively. (¢) Deformation parameter D of the §
droplet with increasing strain rates. The gray line denotes the linear fit of D
in uniaxial flow, and the black line indicates the linear fit of D in biaxial'g
flow. Error bars correspond to standard deviations.
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The droplet deformation parameter D was used to quantify
the droplet shape in both uniaxial and biaxial extensional
flows as follows [51]:

L—-B
" L+B’ ©)
where L and B are the lengths of the major and minor axes of
the ellipsoid, respectively. Although both L and B were
directly measured from brightfield images in uniaxial exten-
sional flow, only L could be measured from images in
biaxial extension. Thus, the radius of the spherical droplet
under zero flow conditions was estimated (supplementary
material, Fig. 10 [61]), and volume conservation was used to
calculate B, assuming that the droplet deformed into oblate
spheroidal shape (V oc L2B). The deformation parameters for
a liquid droplet with radius Ry = 84.0 um at different uniax-
ial and biaxial strain rates are shown in Fig. 7(e). In all cases,
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D is observed to increase linearly with the strain rate in both
flow regimes.

The extent of drop deformation is related to the magnitude
of viscous drag forces relative to the surface tension forces,
which is quantified by the capillary number Ca. For exten-
sional flow, Ca is defined as

_ NoitRo€
V4

Ca (6)

Prior work based on numerical simulations has shown that in
the limit of small Ca, droplets exhibit equivalent deformation
D in uniaxial and biaxial extensional flows such that D is
related to Ca through the relation [52,53]

316 + 192)
=577 15, G4 (7
2(16 + 164)

where A is the ratio of the viscosity of the droplet to that of
the surrounding liquid (4 = 74pier/M0u)- Because the same
droplet was used for both uniaxial and biaxial extensional
flow experiments, D is expected to change nearly identically
with increasing strain rate in both flow types. Indeed, depen-
dence of D on £ is nearly identical for both uniaxial and
biaxial extensional flows, as shown in Fig. 7(e). Although
we did not have a priori knowledge of the surface tension of
the droplet y under the surfactant concentrations used,
Egs. (6) and (7) can be rearranged to show that
dD/dé oc 1/y. Experimental determination of dD/dé
[Fig. 7(e)] for the same droplet in uniaxial and biaxial exten-
sional flows resulted in similar values of ¥ (y = 1.08 + 0.03
and 1.17 4+ 0.02 mN/m for the uniaxial and biaxial exten-
sional flows, respectively). We note that Eqs. (6) and (7)
assume Newtonian droplets with constant and uniform surface
tension. However, in our case, the presence of surfactant is
expected to cause some nonuniformity of surfactant concentra-
tions along the droplet shape, where surfactants migrate
toward the extensional axis [54]. Thus, the reported surface
tension is an effective surface tension of a Newtonian droplet
with uniform surfactant concentration. Utilizing these values
of y, we were able to determine the dimensionless flow
strength Ca. For the droplet deformation experiments shown
here, Ca < 0.1, indicating that the droplet was subjected to
small deformations. At higher Ca, droplets are expected to
exhibit unique deformation dynamics in the two different flow
fields, with interesting droplet breakup behavior including the
possibility for equatorial tip streaming at large Ca in biaxial
extensional flow [52,55]. We anticipate that the 3D hydrody-
namic trap will enable such studies in future work.

G. Vesicle deformation in 3D flows

We further extended the technique to study viscoelastic
materials by trapping and deforming lipid vesicles (GUVs)
near the stagnation point of both uniaxial and biaxial exten-
sional flows (Fig. 8). Vesicles were prepared off-device and
introduced into the 3D cross-slot through the +z channel
(Materials and methods section). Vesicle contours were
extrapolated and revolved along the x-axis in uniaxial
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FIG. 8. Vesicle deformation in uniaxial and biaxial extensional flows.
(a) and (b) Images of nearly spherical DOPC vesicles in uniaxial extensional
flow at &, = 1.13s7! and at &, = 4.17s™", respectively. (c) and (d) Images
of DOPC vesicles trapped in biaxial extensional flow at &, = 1.34s~! and at
£, = 2.24s7!, respectively. (e) and (f) Steady-state deformation parameter
D of two different vesicles as a function of capillary number Ca in uniaxial
extensional flow and biaxial extensional flow, respectively. The black lines
denote linear fits of D. Error bars correspond to standard deviations in deter-
mining D.

extensional flow to estimate the revolved volume and conse-
quentially the reduced volume of the vesicles. For reduced
volume estimation of the vesicles in biaxial extensional flow,
the estimated length of the minor axis in the z-direction was
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considered before revolving the contours around the x-axis.
(See the supplementary material [61].) Reduced volume v is
a measure of vesicle deflation and refers to the ratio of a vesi-
cle’s volume V to the volume of an equivalent sphere with
the same surface area A such that [44]

£1%
T ®
where R = \/A/4r is the vesicle’s equivalent radius based
on the total surface area. Using the method described above,
the reduced volumes of the vesicles in uniaxial extensional
flow and biaxial extensional flow (Fig. 8) were estimated to
be v =0.98 + 0.06 and v = 0.97 + 0.06, respectively.

For vesicle dynamics in extensional flow, a stability boun-
dary was predicted [56] and experimentally verified [44]
based on the relationship between reduced volume v, viscos-
ity contrast A, and capillary number Ca, defined as [56]

.R3
Ca = ”f(—b ©)

where 7 is the viscosity of the fluid surrounding the vesicle
and x, is the membrane’s bending modulus. The viscosity
contrast A is the ratio of the fluid viscosities between the inte-
rior and the exterior regions of a vesicle (A = n;,/7,,)- In
this study, we observed the nonequilibrium dynamics of vesi-
cles in both uniaxial and biaxial extensional flows over a
range of capillary number Ca for a viscosity contrast A = 1.
The scope of the current study was to demonstrate the 3D
manipulation and deformation of lipid vesicles in 3D flows.
Here, we focused on nondeflated, nearly spherical vesicles
(v = 1) that generally show significantly less deformation in
2D planar extensional flow compared to deflated vesicles
(v £ 0.75) [44]. For the bending modulus, x;, was taken from
previously determined values for DOPC lipid vesicles with
0.12mol. % DOPE-Rh and 100mM sucrose at T = 24°C
(xp = 9.17 x 10720]) [44]. Although the DOPC vesicles in
this work are labeled with Cy5 dye instead of rhodamine dye,
prior work has shown that the small amount of DOPE-Cy5
labeled lipid does not significantly alter the bending modulus
of the membrane compared to pure DOPC vesicles [57].
Nearly spherical vesicles were trapped in uniaxial and
biaxial extensional flows, and the deformation was quantified
as a function of Ca. Here, the deformation parameter D
[Eq. (5)] was used to quantify vesicle deformation in both
uniaxial and biaxial extensional flows. Figures 8(a) and 8(b)
show snapshots of a vesicle trapped in uniaxial extension at
£,=1.13s"" and &, = 4.17s7!, respectively. As the strain
rate increases, the vesicle visibly elongates along the x-axis
and undergoes deformation into a prolate spheroidal shape.
Figures 8(c) and 8(d) show snapshots of another vesicle
trapped in biaxial extension at &, = 1.34s7! and
£, = 2.24s7!, respectively. Movies of vesicles stretching in
uniaxial and biaxial extensional flows are provided in supple-
mentary material (Movies 14 and 15) [61]. The radius of
each vesicle was determined from the images using volume
conservation assuming that the vesicles deformed into a

prolate spheroidal shape and an oblate spheroidal shape in
the uniaxial and biaxial extensional flow, respectively
(V oc L2B). The steady-state deformation parameters for two
nearly spherical vesicles with R, = 15.3 and R, = 24.6um
as a function of Ca are shown in Figs. 8(e) and 8(f). In all
cases, D was observed to increase linearly with capillary
number in both flow regimes.

IV. CONCLUSIONS

In this work, we demonstrate trapping and 2D and 3D
manipulation of small colloidal particles in 3D uniaxial and
biaxial extensional flows. We characterized the 3D flow
fields under the steady pressure-driven flow generated in a
6-arm cross-slot geometry. Quantitative analysis of the parti-
cle velocities in the x and y axes show that the flow fields
match the expected velocity profiles for uniaxial and biaxial
extensional flows. Active feedback control is used to confine
and manipulate particles along the unstable (extensional)
flow axes in uniaxial and biaxial extensional flows, and g
stable particle trapping is demonstrated for micrometer-sized§
particles for long trapping durations (>10 min). In all cases,%
characterization of the trap stiffnesses shows that the trapping §“
performance of the 3D flow device is comparable to prior 2D =
flow trapping devices. For the first time, we demonstrate suc- 3
cessful  flow-based manipulation of the paﬂicleg
center-of-mass position in 2D and 3D by moving particles T
along user-defined trajectories coupled with active feedback‘g
control. We further demonstrate an application of paﬂicle?
trapping in 3D flow fields by deforming liquid droplets and 2
GUVs in both uniaxial and biaxial extensional flows andg
find nearly identical linear deformation behavior for a given
microdroplet under both flow fields.

Overall, the results presented in this work extend the capa-
bilities of flow-based trapping to manipulate particles in§
three dimensions. The 3D hydrodynamic trap presented here &
can be further improved with more advanced numerical 3
models and control mechanisms to study the dynamics of's
soft matter in 3D flows [58]. The studies of vesicle and 8
droplet deformation show initial examples of how 3D cross-
slot flow devices will enable new studies of soft materials in &
nonequilibrium flow, including deformation dynamics that
cannot be observed in conventional 2D microfluidic devices
[55]. Moreover, our results demonstrate that using this tech-
nique, we can successfully trap and manipulate GUVs in
both uniaxial and biaxial extensional flows. This represents
important implications for the future study of biological
membranes and other viscoelastic materials in nonequilib-
rium flow. In addition, the 3D printing technique used here
enables facile construction of 3D geometries consisting of an
arbitrary number of channels, which will enable control over
more state variables in addition to the center-of-mass position
of one particle as shown in this work (e.g., multiplexed parti-
cle manipulation in 3D) [9]. To our knowledge, this is the
first reported method for trapping single particles in biaxial
extensional flow, which is rarely studied in microfluidic
systems. We anticipate that the 3D hydrodynamic trap will
open new avenues in studying viscoelastic materials that may
respond to more than one extensional axis, such as ring
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polymers which are expected to open along the extensional
plane of biaxial extension due to their unique closed topol-
ogy [59,60]. Future work will enable detailed investigations
of the dynamics of soft materials in full 3D flow fields that

more closely resemble common industrial processing
conditions.
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