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Abstract

Microfluidics provides a versatile platform for handling small
volumes of fluids at small length scales. From a fluid dynamics
perspective, microfluidics gives access to a regime of very high
deformation rates y at moderate to negligible Reynolds
numbers Re. For viscoelastic fluid flows, the resulting high
Weissenberg numbers Wi = 77, where 7 is the fluid charac-
teristic time, means the flow occurs at high elasticity number
El = Wi/Re. Consequently, microfluidics supports a
burgeoning interest in the experimental study of purely elastic
flow instabilities and elastic turbulence. However, for rheolog-
ical studies, typical microfluidic fabrications by soft lithography
in poly (dimethyl siloxane) suffer from a number of limitations
arising from the low elastic modulus and poor optical proper-
ties of the material. In this review, we summarise a few recent
studies from our group in which we have experimented with
microdevice fabrications using the subtractive three-
dimensional (3D)-printing technique of selective laser-induced
etching (SLE). SLE can be used to fabricate arbitrary 3D ge-
ometries with micron precision in fused silica: a high modulus,
highly transparent material, which is robust and resistant to
organic solvents. Apart from high elasticity number flows, we
have found that SLE fabricated devices can sustain very high
deformation rates without device failure, providing new access
to little-explored inertio-elastic regimes in extremely dilute
polymer solutions. Furthermore, it is possible to visualize flows
from multiple planes of observation, allowing the quantitative
study of 3D flow instabilities and vortex dynamics in both
Newtonian and non-Newtonian fluids. SLE fabrication offers
many new opportunities to those involved in fluid dynamics
and rheology research at the microscale, and we highlight
what we perceive as potentially fruitful ideas for future studies
using this technique.
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Introduction

Microfluidics is the study of flows in geometries with a
characteristic length scale 2<1000um [1—4]. Over
recent decades, microfluidics has become a central pillar
in research on rheology and non-Newtonian fluid dy-
namics, with nearly all related international conferences
now offering dedicated microfluidic sessions in the
programme. For the rheologist, the basic interest of
microfluidics stems from the fact that a given average
flow velocity U leads to high deformation rates ¥~ U /4.
For viscoelastic fluids such as polymer or micellar solu-
tions, with a dissolved microstructure that relaxes on a
timescale 7, high Weissenberg numbers W7 = 7v can,
thus, be attained, enhancing the importance of elastic
effects in the flow [5]. On the other hand, the strength
of inertial effects in the flow, described by the Reynolds
number Re = pUR/n (where p is the density and 7 is
the viscosity of the fluid), can be kept moderate or
negligible. Through microfluidics, the rheologist can,
thus, study the effects of fluid elasticity without being
concerned by complications arising from inertia. These
flows are typically described by high elasticity numbers
El = Wi/Re=1n/p%. The enhancement of elastic ef-
fects at the microscale leads to applications in rheometry
with even low viscosity fluids with short relaxation times.
Such fluids would have low £/ at the macroscale and
hence be difficult to characterize by standard techniques
because of inertial complications. Microfluidic devices
have been used to show how polymers and micelles
deform in response to flows [6—11] and are central to the
study of purely elastic instabilities and elastic turbulence
that can arise even in inertialess flows due to flow
deformation feedback [12—27].
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2 Rheology

While the potential benefits of small size scales in non-
Newtonian flow experiments have always been clear and
were exploited in a few early cases dating back to the
1980s (e.g. Refs. [28,29]), the use of microfluidic ge-
ometries in rheology research became more widespread
after the development of soft lithography techniques for
fabrication of devices [1]. Fabrication in poly (dimethyl
siloxane) (PDMS) became the norm and remains by far
the most common method for producing microfluidic
devices in laboratory settings today. PDMS fabrication
typically starts by the generation of a master (or mould)
by patterning a photoresistive material on a silicon wafer
using photolithography. Liquid resin (typically a 10:1
mixture of base PDMS and a curing agent) is then
poured over the mould and cured in an oven. Once
cured, the PDMS is rubbery and elastic. Hence, it can
simply be peeled away from the mould, which can be
reused to fabricate more devices. The cured PDMS is
bonded to a glass slide or cover slip to enclose the
channels. This is performed either by coating the slide
with another thin layer of PDMS to act as an adhesive or
by using oxygen plasma to activate the two surfaces to
be bonded. Either before or after bonding, holes are
punched through the PDMS to connect the tubing to
the inlets and outlets of the microchannel.

Fabrication in PDMS is relatively cheap, easy and rapid,
and much progress has been made in understanding
microscale viscoelastic flows using PDMS devices.
However, such soft lithography does have disadvantages,
particularly for rheological studies. The softness of
PDMS means that channels deform under the pressure
of an imposed flow, thus causing variability and uncer-
tainty in channel dimensions. The deformation of the
cross-linked polymeric material also leads to birefrin-
gence, which is problematic for accurate rheo-optical
measurements designed to measure fluid stresses [30].
The material softness also results in sagging or collapse
of channels of high (or low) aspect ratio, restricting this
important parameter to a narrow usable range. The
PDMS has rather poor optical properties, so viewing
access into the channel is practically restricted to one
side, i.e. through the glass cover slide. The bonding of
the PDMS to a glass slide is often too weak to withstand
the pressure resulting from flows at high rates, leading to
delamination and leakage of fluid. Device failure is also
frequent at the inlet and/or outlet connection points.
The PDMS material is not compatible with organic
solvents, which cause it to swell; therefore, studies with
polymeric fluids are restricted to just a few types of
water-soluble polymers. It is also difficult to effectively
clean a PDMS device subsequent to an experiment.
PDMS devices are essentially disposable; frequent
device failures and inability to clean devices effectively
limits their useful lifetime. A comprehensive series of
rheological experiments may, thus, require fabrication of
a number of such devices, no two of which will be
identical (albeit fabricated from the same mould). For

obvious reasons, this is not an ideal scenario. Finally,
fabrications in PDMS by soft lithography are restricted
to planar (two-dimensional [2D]) geometries (or at best
to 2.5D, by a complicated multilayer process), although
we note recent developments in three-dimensional
(3D) PDMS fabrications by means of soluble moulds
that can be 3D-printed or formed from sucrose [31,32].

Some of the disadvantages of PDMS-based devices can
be avoided by using other fabrication techniques such as
laser cutting [33], wire electrical discharge machining
(wire-EDM) [34], micromilling [35], reactive ion
etching [36], or chemical etching in silicon or glass [36].
However, none of these approaches provide a complete
solution because none is amenable to 3D fabrication;
most are restricted to rather low aspect ratio devices,
and most have optical access limited to only one plane.

A potentially more holistic solution to the problems
encountered in soft lithography is offered by selective
laser-induced etching (SLE) [37]. SLE is a relatively
new subtractive 3D printing technique enabling
microfabrication in transparent substrates, typically
fused silica glass (SiO;) [37]. The technique permits
the fabrication of truly 3D structures in a high modulus
(=75 GPa), highly transparent (optical transmission
> 90% over the whole of the visible range) material with
a resolution ~O(1 um).

SLE is a two-step process involving the laser modifi-
cation and subsequent chemical etching of the sub-
strate. A femtosecond laser is used to irradiate a
selected volume of material, thereby increasing the
chemical etch rate of specific regions within the glass
substrate by up to 1000 times compared with the un-
irradiated material. To produce the SLE structures in
our laboratory, we use the commercially available
LightFab 3D printer (LightFab GmbH), which uses a
4 W, A = 1030 nm, femtosecond-pulsed laser, with a
2.6 um (x,y), 6 um () spot size [38]. As with most 3D
printing techniques, the SLE process begins with the
creation of a 3D computer-aided design model
(Figure 1a). The model is designed to represent the
portion of the substrate that will be removed during
fabrication. The 3D model is sliced to create the
programmed laser paths that the LightFab scanner will
use to modify the fused silica volume during the
printing process (Fig. 1b). The sliced model becomes a
collection of stacked xy-planar profiles separated into =
10 um layers; this slicing scheme alone would allow for
2D or even 2.5D vertical ‘cuts’ through the glass (suf-
ficient for vertical holes through z), but to achieve a
truly 3D structure, additional programmed laser paths
are needed. To create a horizontal ‘cut’, such as on the
top and bottom of an internal cavity, those slices need to
be filled with an array of parallel paths with =10 um
spacing. Great care should be taken in optimising the
slicing and filling of the volume: if the programmed
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Figure 1

Fabrication by selective laser-induced etching: (a) The inner volume of a desired microfluidic channel is created using 3D CAD software. (b) The 3D model is then sliced and filled to create a z-stack of lines
used to define individual laser paths. (c) A femtosecond laser irradiates a polished fused silica substrate following the specified slices. (d) The laser-irradiated material is preferentially etched by KOH

(assisted by ultrasonication at 85°), and the inner volume of the microfluidic channel is removed. (e) The finished monolithic glass microfluidic device. 3D, three-dimensional; CAD, computer-aided design.
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laser paths are too dense, overlap frequently or form too
many sharp corners, it is easy to induce cracking of the
substrate during the subsequent laser modification or
wet etching steps. Creating the laser paths for an SLE
structure is a compromise between achieving the most
accurate representation of a desired 3D model and
fabricating a structure without failure. A densely sliced
and filled structure will more accurately reproduce the
desired geometry and etch faster but presents a higher
risk of failure. A less densely sliced and filled structure
has a lower chance of developing cracks but will etch
more slowly and may result in reduced fidelity to the
specified design.

Owing to the compromise between densely and mini-
mally filled SLE structures, an appropriate slicing and
filling scheme needs to be chosen. Often an internal
cubing scheme is chosen (Figure 1b) to break up the
internal volume of material into smaller volumes that
can be easily removed via the narrow inlet and/or outlet
regions during the subsequent ultrasonic wet etching
step. Once the programmed laser path file and a
polished fused silica substrate are loaded into the
LightFab, laser modification can begin (Figure 1c). The
LightFab uses the combination of a galvanometer scan-
ner to laser modify a whole xy-tile (700 x 700 um with a
20x objective lens). The objective lens is mounted on a
200 um high-speed piezo z-stage to stack the tiles
vertically and a motorized xyz-stage to stitch the 700 x
700 x 200 ipm tile stacks together. The stitching of
these tiled regions allows for the precise laser modifi-
cation of the entire structure in a fraction of the time
when compared with direct line by line laser modifica-
tion. The laser-modified fused silica substrate is then
placed in an 85°C KOH ultrasonic bath to perform the
chemical etching (Figure 1d). The laser-modified re-
gions of the fused silica etch at a rate of between 50 and
100 pum hr™! (compared with =0.1 um hr™! for the
unmodified regions), allowing the removal of specified
regions within the material. After etching is complete,
the device is rinsed with deionized water and is ready for
use (Figure le).

In this review article, we highlight recent and ongoing
work from our laboratory, in which we have used SLE to
fabricate novel flow geometries. Even though we are
new users of this technology and our designs, so far,
remain relatively simple, SLE has enabled experimental
measurements that would be extremely difficult (even
impossible) to carry out in channels made by other
currently available methods. We believe there is great
potential for SLE to make a major impact in the
microfluidics, fluid dynamics, and non-Newtonian flow
communities by opening the door to imaginitive new
experimental geometries and the possibility to visualize
3D microscopic flows. We conclude our review with a
short perspective outlining our vision for the future
potential of SLE within these fields.
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4 Rheology

Flow around low blockage ratio microfluidic
cylinders

The classical problem of the flow around a cylinder is
considered a benchmark in non-Newtonian fluid dy-
namics, being relevant to understanding a wide range of
practical flows, including particle sedimentation and
flow through porous media. Study of viscoelastic flows
around cylinders has a rich history at the macroscale and
has recently been attracting significant efforts at the
microscale. However, attempts to fabricate microfluidic
cylinder devices from PDMS are restricted in two re-
spects: (1) to avoid a large deformation of the cylinder
under the flow, its radius 7 is made large compared with
its height A and (2) to accommodate the cylinder, the
channel width /" must also be large compared with the
height H. The result is a channel with a low aspect ratio
(typically « = H/W<1) that is largely blocked by the
cylinder (blockage ratio 8 = 2r/W > 0.5) [25,39]. In
viscoelastic flows, the resulting narrow gaps between the
cylinder and the channel side walls dominate the rheo-
logical response, driving recirculations upstream of the
cylinder and masking other aspects of the flow field such
as the important regions of the elongational flow near
the leading and trailing stagnation points.

We exploited various features of SLE fabrication in fused
silica (high resolution, high material modulus and good
optical properties) to produce novel microfluidic cylinder
geometries with a high aspect ratio (¢« = 5) and a low
blockage ratio (8 = 0.1), see Figure 2a—d [40]. The
channel width and height and the cylinder radius are
W = 400 um, H = 2000 um, and » = 20 um, respec-
tively. A dilute (700-wppm) viscoelastic solution of a
nearly monodisperse 6.9 MDa poly (styrene) in an
organic solvent was tested in the device (possible
because of the inert glass construction). The solution
viscosity was 7 = 71 mPa s, and the relaxation time was
7 = 13 ms. The small characteristic length 7 gave access
to high Wi for negligible Re. As is evident from
Figure Z2b—d, the cylinder can be viewed from both the
side and the end-on perspectives, which allows the flow
field to be characterised in detail by micro-particle image
velocimetry (u-PIV) [41]. Although the cylinder is very
slender (H/2r = 50), the high elastic modulus means it
can be considered effectively rigid, with deformation on
the order of the surface roughness (i.e. ~ 1 um) even at
the highest flow rates examined [40].

In stark contrast to typical PDMS microscale cylinder
geometries with high values of §, our SLE fabricated
device with = 0.1 clearly reveals the strongly
deforming nature of the leading and trailing stagnation
points (Figure 2e—h). While at low W7 <1, the flow ap-
pears Newtonian like (Figure 2e), at progressively
higher Wi, the flow field around the cylinder becomes
significantly modified, particularly in an increasingly
extended downstream wake (Figure 2f and g). The

relatively large channel height (hence, approximately
2D flow profile), together with the high transparency
and low birefringence of the fused silica device, allow
meaningful flow-induced birefringence measurements
to be made, revealing the local regions of high polymer
orientation and tensile stress in the flowing fluid
(Figure 2h) [30]. This allows the flow modification
around the cylinder to be understood in terms of local-
ised increases in the extensional viscosity of the fluid
due to macromolecular orientation in the strong
streamwise velocity gradients near the stagnation
points. We have also looked at the flow around a second
cylinder located within the flow-modified wake region,
revealing insights into the nature of the interactions
between bubbles, drops, and particles in viscoelastic
fluid flows [40,42].

Flows through intersecting geometries
Vortex formation in cross-slot flow

The cross-slot flow geometry consists of two bisecting
rectangular channels of width » and depth & (aspect
ratio « = d/w). Under creeping flow conditions,
injecting fluid into two opposing inlets and withdrawing
fluid from the remaining two outlets (all at equal volu-
metric rates) results in the symmetric division of
streamlines around a central hyperbolic point located at
x = y = 0 and the generation of a planar elongational
flow field with a stretching component along the outlet
direction (x), see Figure 3a. This canonical flow
configuration is widely used in the microfluidics and
rheology communities for, for example, hydrodynamic
trapping, studying macromolecular dynamics and
performing extensional rheometry [43]. However, the
cross-slot flow can become unstable at surprisingly low
values of a critical Reynolds number (Re, =40 fora = 1
and taking w as the characteristic length). For Re > Re,, a
symmetry-breaking bifurcation leads to the formation of
a steady streamwise stretched vortex (reminiscent of a
Burgers vortex [44,45]) that propagates downstream
along the outlet channels [46].

Traditional fabrication processes yield cross-slots with
good optical access to the stagnation point region in xy
planes only, so visualization of the spiral vortex structure
in the orthogonal yz plane was only possible by imaging
of dye advection patterns using scanning confocal mi-
croscopy, see Figure 3a [46,47]. Such imaging can pro-
vide a good qualitative impression of the resulting
structures in steady flows and can be used to quantify
the mixing efficiency. However, dynamic studies are not
possible, and performing detailed quasistatic sweeps
through a range of Re is extremely difficult due to the
long scanning times. Furthermore, imaging of dye
advection provides no quantitative information of the
flow field, which is both highly desirable and necessary
to allow a proper comparison with numerical simulations
[46,48,49].
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Flow around microfluidic cylinders: (a) Schematic representation of the flow configuration and micrographs of the cylinder taken from (b) top and (c) side views; (d) shows the complete device after
assembly: scale bar represents 5 mm. (e—g) Flow velocity fields around the cylinder as the Weissenberg number is progressively increased. (h) Flow-induced birefringence in the cylinder wake measured

at high Weissenberg number, Wi = 54.2. Parts (a) and (e—h) reproduced from Ref. [40], with permission from Elsevier.
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Vortex formation in a cross-slot geometry: (a) Schematic diagram of a cross-slot device where w is the width and dis the depth of the channel. Inflow and outflow are along the y and x directions indicated
by red and blue arrows, respectively. Beyond a critical Reynolds number, a streamwise vortex forms at the centre of the geometry and propagates downstream. (b) Schematic representation of vertical
mounting of a microfluidic cross-slot device, enabling a direct observation of an outlet channel cross-section. (¢) Photograph of the actual experimental set-up, with a cross-slot (w = d = 420 um,a = 1)
mounted on an inverted microscope. (d) The order parameter y as a function of Re for PEO dissolved in water. Closed and open symbols indicate data obtained with quasistatic increases and decreases in
Re, respectively. The solid lines are fits using the Landau model. (e) Flood-filled u-PIV images of the dimensionless vorticity over the x = 0 plane for water (top) and a ¢ = 0.001 wt% PEO solution at the
same ¢ = 0.15. (f) Stability diagram in Wigs, Re dimensionless space. Inserts are snapshots of fluorescent dye patterns indicating the nature of the flow within the three broad regimes. PEO, poly(ethylene
oxide); u-PIV, micro-particle image velocimetry. Adapted from Ref. [48].
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In a recent article, we have shown how SLE can be used
to construct a cross-slot geometry with good optical
access to both the xy and yz planes, see Figure 3b and ¢
[48]. This configuration allows quantitative full-field,
time-resolved w-PIV and computation of the axial
component of the vorticity w, to be performed in the
cross-section of an outlet channel; using a long working
distance lens, measurements are even possible at the
x = 0 plane (Figure 3d and e). Performing quasistatic
experiments with small increments in Re and also dy-
namic flow studies are rendered relatively trivial using
this modified setup. We applied this novel microfluidic
device to measure the effects of dilute polymeric addi-
tives (at drag-reducing concentrations [50,51]) on the
formation and development of the vortex over a wide
range of the Reynolds number.

Aqueous solutions of a commercial high—molecular-
weight poly (ethylene oxide) (PEO, M, = 4 MDa)
were used to study the effect of polymer additives on
vortex formation in the cross-slot device. The polymer
concentration was varied in the range of 0 < ¢ < 0.1 wt%,
thus modifying both the zero-shear viscosity ny and the
relaxation time 7 of the fluid. For some of the fluids, we
also enhanced the solvent viscosity 7, by the addition of
a low—molecular-weight poly (ethylene glycol). The
resulting variation in rheological properties provided
fluids with a wide range of elasticity numbers 0 < E/ <
10.4. Here, we define E/ = Wiy /Re, where the
‘effective Weissenberg number’ Wi,y = Wi(1— §), and
B8 = m,/ng is the solvent-to-total viscosity ratio. This
definition accounts for the stress carried by the solvent,
which becomes an important consideration at low
polymer concentrations.

Figure 3d shows the nondimensionalised centre—point
axial vorticity ¢ = (@/U)wy|,_,_,_( measured as a
function of Re for a series of PEO solutions in pure water.
We observe that as the polymer concentration and hence
E/ are progressively increased, the vorticity begins to
grow when Re exceeds a progressively lower critical
value. Furthermore, the growth of the vorticity is
significantly suppressed by the polymer additive, even
at the lowest concentrations tested. Indeed, for the
sample with ¢ = 0.1 wt% PEO (£/ = 0.66), no in-
crease of the vorticity is observed before a contrasting
instability is encountered consistent with the widely
reported purely elastic mode [15,54]. The data in
Figure 3d are well described using a sixth-order Landau-
type model e = (Re— Re,)/Re, = My* + gy — hy~ 1.
Figure 3e shows vorticity fields for a Newtonian fluid
(E/ =0) and a weakly elastic PEO solution
(E/ = 0.00018) at the same value of ¢ = 0.15, graph-
ically demonstrating the vorticity suppression by the
polymer additive.

Figure 3f summarises the experimental findings in the
form of a phase diagram in Wiy versus Re state space.

Microfluidics with SLE Burshtein etal. 7

Remarkably, the critical conditions for flow instability in
all our tested polymeric fluid samples collapse onto a
single line. We identify three regions in the diagram; left
of the stability boundary, that is, for low Re and low Wi,
the flow remains stable and symmetric. For weakly
elastic fluids (low Wi but relatively high Re), steady
streamwise vortices are generated to the right of the
boundary. Following the boundary back to lower Re and
higher Wi, the purely elastic instability mode arises for
E/=1. In between is a transitional region characterized
by formation of weak and spatiotemporally fluctuating
vortical structures [48].

Vortex breakdown in dividing T-channel flow
Researchers have also explored how low-density parti-
cles interact with the 3D vortical flow field in the outlets
of a dividing T-channel, where one inflow splits into two
opposite outflows, see Figure 4. Vigolo et al. [55] first
reported the unexpected trapping of air bubbles in the
two outlet channels, when the inlet Reynolds number
Rej, is above a critical value Re,=350. By numerical
simulation, they also derived a critical density ratio
pp/pz().7 (where p, and p are the densities of the
particles and the fluid, respectively), below which par-
ticle trapping occurs. Chen et al. [52] then demon-
strated numerically that four flow recirculation zones
exist within the two outlets on a critical Re;=320. By
the rather good agreement between Re, and Re;, they
inferred that the bubble trapping was caused by the
recirculation zones. Subsequently, Ault et al. [56] sys-
tematically studied how the recirculation zones are
affected by the junction angle. By analyzing the flow
fields from their simulation, they argued that such flow
recirculation was caused by the bubble-type vortex
breakdown, the sudden development of internal stag-
nation points in a swirling flow when Re is increased.
Recently, Oettinger et al. [53] showed that the inter-
action between the suspended particles and the vortex
breakdown regions was more complicated than previ-
ously thought. Their study demonstrated the existence
of an ‘invisible anchor’, whose size is much larger than
the recirculation zones, inside which the particles will
flow towards the recirculation zones and become
trapped.

The studies summarised previously paved the way for
understanding how low-density particles interact with a
dividing T-channel flow at moderate Re. We took a step
further using T-channels fabricated by SLE [57]. As
shown in Figure 4a—d, a similar geometrical reconfigu-
ration to that used with the cross-slot enabled us to
visualise the flow in the T-channel from multiple per-
spectives and hence to characterise the flow in the
outlet channels in detail experimentally. The channels
had dimensions H = L = 4204+ 10 um. Reynolds
numbers Re;,, Rey and Re, were imposed at the inlet and
the two respective outlets, where Re; + Re; = Rej, and
L is the characteristic length. By seeding fluorescent
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Particle trapping in a dividing T-junction flow: (a) Schematic diagram of the experimental setup. The inlet Reynolds number is Rej,, while the respective outlet Reynolds numbers are Re; and Re,. (b)—(d)
u-PIV on the x — y plane showing vortex formation in outlet 1 as Rej, is increased. (e) Phase diagram of particle trapping in a T-junction flow. Here, an imbalance factor is defined as | = (Re; — Re>)/Rej,.
Flow visualization images (1)—(7) show how the shape of the particle-trapping regions changes with Rej, and /. Image (8) shows a single particle trajectory, which resembles the numerically predicted
vortex breakdown. u-PIV, micro-particle image velocimetry. Adapted from Ref. [57].
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polystyrene particles into 0.2 M sodium metatungstate
solution (p,/p=0.7), we were able to visualise clearly
the complete particle trajectory inside the flow recir-
culation zones, see Figure 4e, providing the first un-
ambiguous experimental confirmation of the flow
recirculation bubbles reported by simulations [57]. The
highly precise and nondeformable channel dimensions
also permitted a meaningful study of the effect of
outflow imbalances, by setting Req # Re;. An imbalance
factor was defined as / = (Rey — Rez)/Rej,. The effect
of imposing an outflow imbalance is to generate a
pressure difference across the outlets and hence to vary
the rate of vorticity decay in each outlet for a fixed level
of swirl (which is set by Re;,). As a result, by manipu-
lating Re;, and 7, it was possible to trap particles in either
one or both of the outlets and to vary the relative sizes of
the trapping regions. As shown in the phase diagram and
associated visualisations in Figure 4e, outflow imbal-
ances of only a few percent can significantly affect the
structures of the trapping regions. Apart from having
potential applications for hydrodynamic manipulation of
bubbles, cells and particles in microfluidics, it is
important to be aware of the effects of such small im-
balances, which could easily occur inadvertantly because
of inaccurate device fabrication or inadequate flow
control.

Spanwise vorticity in wavy channel flow

Flows over wavy surfaces (shown schematically for the
channel flow in Figure 5a) induce spanwise vorticity per-
turbations in the fluid [58—61]. For laminar Newtonian
flows, the perturbation vorticity is maximal at the wavy
surface and decays with distance into the channel over a
penetration depth 2. Predictions of linear theory (in 2D)
reveal three regimes of flow, depending on two dimen-
sionless parameters: (1) the normalised channel depth
o = kd, where # = 2m/A, and A is the undulation
wavelength and (2) the normalised viscous length § =
(néz/pq'/w)l/3z(a2/Re)l/3, where ¥, is the wall shear
rate. A‘shallow viscous’ regime occurs fora <1 and 6 > «,
in which the perturbation completely fills the flow domain
(# = ). A‘deep viscous’ regime is found for > 1 and
0 > 1:inthis case, the perturbation decays within the flow
domain over approximately one wavelength (#=1).
Finally, an ‘inviscid’ regime is found for o > ¢ and 6 < 1:
here, the perturbation decays within the flow domain
within one viscous length from the surface (22~ 6) [58].

Using SLE, we achieved fabrication of microchannels
with sufficiently high aspect ratio and with accurately
defined sinusoidal wavy surfaces with sufficiently small
amplitude 4 to match the conditions prescribed by the
2D linear theory [60]. Five channels were made with
different surface wavelengths spanning the shallow
(e < 1) and deep (a>1) regimes. Examples of a
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shallow channel at 5x magnification and a deep channel
at 10x magnifications are shown in Figure 5b and c,
respectively. Spatially resolved u-PIV was used to mea-
sure wall-normal velocity perturbations ¢ for Newtonian
flow in the five devices over a wide range of f, from
which the three predicted flow regimes were clearly
apparent for the first time experimentally (Figure 5d).

Recent linear theory for viscoelastic wavy flows have
made intriguing predictions of the amplification of
perturbations in a ‘critical layer’, a dimensionless dis-
tance EX=wav/2F/ away from the surface undulation
[59,61]. A counter-intuitive implication of the predic-
tion is that the critical layer is only found within the flow
domain for relatively low values of £/<0.5: for £/ > 0.5,
3 > «, so the critical layer has no effect on the flow!
Using a deep wavy channel (¢ = 3.2w=10) and two
contrasting PEO solutions with F£/=0.01 (termed
‘weak’) and E/=10 (termed ‘strong’), we tested this
prediction experimentally [61]. Figure 5e shows
normalised wall-normal velocity perturbation fields for
Newtonian flow (top) and for the ‘weak’ polymeric so-
lution (bottom) as the viscous length is progressively
decreased from left to right. For Newtonian flow, the
perturbations decay more closely to the wavy wall as 0 is
decreased below unity, as expected when transitioning
between the deep viscous and the inviscid regimes. At
high 0 (low W), perturbations observed in the ‘weak’
polymer solution appear Newtonian like. However, as 0
is decreased and W7 increases, the perturbations pene-
trate more deeply into the channel (opposite from
Newtonian-like behaviour) and are also clearly tilted
forward by the shear. Figure 5f shows the penetration
depth of the perturbations measured for Newtonian
fluid and also the ‘weak’ and ‘strong’ polymer solutions.
Consistent with the predictions of the linear theory
[59], for the ‘strong’ fluid, we were unable to measure
any significant deviation from Newtonian behaviour.
However, the ‘weak’ fluid displays a sudden and dra-
matic departure from Newtonian-like behaviour as f is
decreased below a critical value 6,=1. In the insert in
Figure 5f, we plot a quantity % = Lot — P Newr a5 A
function of Wi, where Py, and %, are the penetra-
tion depth of the Newtonian fluid and the weak polymer
solution, respectively. We observe that the non-
Newtonian increase in %’ occurs beyond a critical
value of the Weissenberg number W7, =15 and tends
towards a plateau value as 7 becomes high. The plateau
value of .#' =3 indicates the location of the critical layer
in the asymptotic limit of high %7 and low 6.

Very recently, using all five of our wavy channels and a
range of polymer solutions with elasticity spanning 0.001
< E/ < 43.6, we have experimentally constructed the
full phase diagram for viscoelastic wavy channel flow,
providing a full confirmation of the prior theory [59,62].
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Poiseudille flow through wavy microchannels: (a) Schematic representation of the flow configuration and micrographs of (b) a shallow and (c) a deep wavy-walled channel fabricated by SLE. Both devices
have a channel half-depth d = 0.2 mm, width in the spanwise (z) direction of w = 2 mm (aspect ratio « = w/2d = 5), and wave amplitude A = 10 um. (d) Experimental phase diagram for Newtonian
wavy channel flow, showing v’ perturbation velocity fields measured in each of the three theoretically predicted flow regimes. (e) v/ perturbation velocity fields measured in a deep wavy channel as § is
decreased: Top: Newtonian fluid, Bottom: weakly elastic polymer solution. (f) Penetration depth of v/ perturbations as a function of  for a strongly elastic and a weakly elastic fluid in a deep wavy channel,
compared with the Newtonian response. Insert shows how the penetration depth of the weakly elastic polymer solution increases over the Newtonian value beyond a critical Weissenberg number Wi, =15
and apparently approaches a plateau value as Wi becomes higher, indicating the asymptotic location of the critical layer (dashed line is guide to the eye). SLE, selective laser-induced etching. Parts (a), (e)
and (f) adapted from Ref. [61].
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Our experiments verify the existence of critical layers
and shows that they have measureable effects on real
viscoelastic flows. The consequences are potentially
profound and may lend insights into the mechanisms
underlying the vorticity dynamics in a range of iner-
tioelastic flows with streamline undulation, such as
elastoinertial turbulence [61,63].

Figure 6
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Summary and outlook

In recent works, we have been examining the potential
of SLE for microfluidic device fabrication with specific
applications in fluid dynamical and rheological prob-
lems. Fabrication in rigid, highly transparent and
chemically inert material by this high-precision sub-
tractive 3D printing technique offers significant

~
oy
~

free end deflection, Ax [um]
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Ongoing works featuring selective laser-induced etching fabrication: (a) Side view of a free-standing post of radius r = 20 um contained within a
microchannel, fabricated from a single piece of glass using SLE. (b) Deflection of the free end of the post as a function of time as the flow rate is
incremented at 3-s intervals; the flow rate in mL min~" is indicated by the number above each step. The top left insert shows proportionality between the
deflection and the imposed Reynolds number. The bottom right insert shows a photograph of the free end of the post. (¢) Axisymmetric SLE-fabricated
geometries designed to model spray nozzles, with integrated pressure tappings entering the channels orthogonally. (d) ‘Microfluidic’ beer mug containing
20 uL of fluid and balanced on a regular pencil to indicate the scale. SLE, selective laser-induced etching.
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advantages over microfabrication by other current
methods and presents new opportunities for examining
microscale flows in interesting and novel ways. The
example studies that we have summarised in this review
use relatively simple planar geometries that largely
present new perspectives on well-known fluid me-
chanical problems (i.e., flow around cylinders and
through junctions) by extending the geometrical
parameter range into new regimes and/or by permitting
optical access, hence measurements, to be made in
previously inaccessible planes of view. Although our
work is already providing significant new insights into a
range of topical problems, we feel we are scratching the
surface of what is possible using SLE.

Some future directions that we are currently pursuing
include the fabrication of structures that can deform in
response to the flow field, for example, slender posts
pinned at only one end (see Figure 6a and b) or thin
sheets of material fixed at one edge. This will enable the
study of wviscoelastic fluid—structure interactions
[64,65] at the high elasticity numbers associated with
the microscale, potentially lending insights into biolog-
ical motions of, for example, cilia and flagella in visco-
clastic media such as mucus and semen. One particular
challenge that we would like to address is the integra-
tion of pressure sensors into the SLE-fabricated chan-
nels. Pressure measurement is an essential component
for performing rheometry in channels at a controlled
shear rate and is a highly desirable metric in all flow
studies. At present, we can easily create simple pressure
tappings in the channel walls that can be connected by
tubes to external transducers (see e.g. Figure 6¢), but
sensors flush with the channel walls would be far more
ideal. A possible (but challenging) approach that we are
experimenting with is the incorporation of locally
deformable ‘diaphragm’ sections in the channel walls by
thinning of the same fused silica substrate material
during the SLE fabrication. The pressure measurement
would involve optical detection of the diaphragm
displacement under flow.

However, the most obvious and probably fruitful future
perspective for SLE lies in the opportunity to fabricate
truly 3D flow geometries (e.g. channels with arbitrary
shapes of cross-section, offset inlets/outlets and
axisymmetric geometries, see Figure 6¢ and d and
Ref. [38]), which promises a huge variety of new
research directions for microscale fluid dynamical
studies. Apart from fundamental studies, it is possible to
conceive of extremely complex 3D geometries designed
to model ‘real’ flows, for example, through intersecting
blood vessels or around the bodies of microorganisms.
This is also an extremely timely opportunity coinciding
with the current emergence of sophisticated commer-
cially available stereoscopic microparticle velocimetry

techniques, which enable microscale 3D flows to be
studied in detail [66].
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