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Microfluidic analog of the four-roll mill
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We describe amicrofluidic trap for analysis of fluids and suspensions, that simulates the function
of a four-roll mill, a rheological tool with adjustable flow type and rate. These flow characteristics
were designed with the assistance of flow simulations and are measured here by
micro-particle-image-velocimetry. This miniature device permits microscopic manipulations and
measurementsge.g., of cells, particles, and drgpand it is capable of a range of flow types,
including simple sheafDOI: 10.1063/1.1767594

When assembling advanced materials, the type andombined in a cross channel design, comprising six chan-
strength of flow are often crucial to produce the desirednels, with dividers between channels in a chiral arrangement
structure and properties. For example, high strength fiberg=ig 1).
are drawn in highly extensional flow to create substantial Three-dimensional Stokes flow simulations demonstrate
molecular alignment.In contrast, simple shear flow is inef- that the ratio of channel height to widthiw must be greater
ficient for molecular alignment, but is frequently encoun-than unity to produce substantial rotatigiig. 2; for addi-
tered during materials processing. For electro-optic and othdional results see EPAPS Ref.)1&8/henh/w is small, the
advanced materials, flow and electric fields may be used tdlow type is nearly always purely extensional at the stagna-
gether to establish the necessary structure. tion point. Largeh/w is also beneficial for flow uniformity.

Whereas material may transit quickly through a produc-For these reasons, a device whitw=~ 2.8 was fabricated
tion process, devices with stagnation points facilitate meatFig 1).
surement of the kinetic and steady material responses. The Micro-particle-image-velocimetryuPIV) was used to
four-roll mill, pioneered by Taylof,is ideal for this purpose, map the flow field in the device as a function of the relative
because it provides adjustable flow type and rate, at the stafjow rates in the microchannels. The flow rate in channels 3
nationfoint, by regulating the speed and direction of the fouand 4 were set equal to that of channels 1 and 2, respectively
rollers®® Such tools have been used to measure flow{i.e., Q1=Q3;Q,=Q,; Fig. 1). The ratioQ;/Q, was adjusted
induced molecular alignmefit,crystallization’ and drop between —-0.2 and 1.7, where negative valueQgpfignify
deformation®®° breakuﬁg'8 and coalescenddWe now seek withdrawal of fluid away from the intersection. Figure 3
to develop an analogous device, using recent advances shows a sample image obtained in a flow condition that ap-
microfluidic technologill‘13 which suggest that fine flow proximates extensional flow at the stagnati@y/Q,=0.9).
control can be exploited for micro- and nanoassembly and/elocity vectors determined by cross correlation of sequen-
characterization of materials. For example, microfluidic toolstial images are shown overlaid on the imagadeos in
and high-resolution optics recently permitted the direct ob-EPAPS Ref. 18
servation of the molecular response to fiw® These de- CharacteristicsG and ¢ of the velocity vector field
vices, however, have only a single fixed flow type. within a radius of several interrogation points near the stag-

Generally, fluid flow may comprise different amounts of nation point were determingéig. 4) by a best fit to a linear
stretching and rotation. For example, rotation is absent ifflow field, with velocity componentai=Gy and v=Géx,
extensional flow, whereas in simple shear flow the rate ofvhere an appropriate coordinate transformation is niade
rotation and stretching are equal. Any mixture of rotation andnethod$. The vorticity is given byiw=1/2G(1-¢). By ad-
extension is possible. We classify flow fields in terms of ajusting flow rate ratios, the flow type ranges from approxi-
(frame invariant flow type ¢ and shear ratés, based on
Astarita’s criterior? In this context, for extensional, simple
shear and rotational flow, equals 1, 0, and -1, respectively.

To design a suitable microfluidic four-roll mill equiva-
lent, the means to control stretching and rotation at a stagna-
tion point are required. First, pure stretching is produced at
opposing jets, such as when channels are arranged as the four
arms of a cross. For example, if fluid enters from the top and
bottom arms and leaves to the left and right, a stagnation
point occurs at the center, where the flow is extensional.
Although viscous flow within each of the arms is non-linear,
flow is linear near the stagnation point. Second, rotation is
introduced, if the opposing arms are offset, or within a cavity

adjacent to the strea?ﬁ_These two principles have been FIG. 1. Reflected light micrograph of the device master, engraved in wax
(1200 um thick slab. The open channelg00 um wide; h/w=2.8) appear
white and are labeled numerically. The dividers between flow channels 1
3Electronic mail: steven.hudson@nist.gov and 2(and 3 and f#are ~120 um wide (aspect ratio= 9).
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FIG. 2. Flow type¢ computed as a function of the ratio of flow rates in
channel€Q,/Q,, for Stokes flow in three dimensions. The plan-view chan-

nel simulation geometry is inset at lower rigiuf. Fig. 1). The minimum -1 : t : — f : f
flow type depends significantly on the aspect ratiov. Whenh/w is small, 0.5 0.0 0.5 1.0 1.5 2.0
the flow at the stagnation point is nearly extensional for all valugd,6€.,. Q1 /Qz

Asymptotic behavior is observed: note the essential agreement of results at

h/w=0.2 and 0.5, and at 5 and 10.

FIG. 4. Flow type¢, relative flow magnitudes,, and the relative vorticity
o, as a function of dependence @q/Q,. Standard uncertaintig¢associated

. . . . with a fit to uPIV datg are indicated by the error bars. For flow type, a
mately —0.37 to 0.83. In actuality, since the vorticity varies cyre qualitatively similar to Fig. 2 is drawn to guide the e@e=|G/G,|,

continuously through zert pure extensional flowi.e., &  whereG, is the rms value of the averaggin the input and output channels,
=1.0) will be obtained when the vorticity vanishes, which and o,=w/|w,| where w,=G,/2. These results indicate that flow of type
occurs when the flow rate ratiQ;/Q,~0.7, in this device. fgl(?v\?s are relatively efficient, in comparison to predominantly rotational
Rotation is counterclockwise at smaller values of this ratio, ‘
and clockwise at larger values. The experimental reshbits

4) are qualitatively consistent with the simulation of a similar After achieving tunable and wide flow typesi we now
geometry(Fig. 2). Quantitative agreement is expected if the seek to explore transient flows. The ability to adjust flow
geometries match exactly. This device produces a wide rangsonditions quickly is essential for two reasons. First, the flow
of flow types, ranging from highly rotational to extensional. must be able to be switched on and off faster than the mate-
Both simulations and experiments demonstrate that evefal response time, to study transient behavior. Second, since
simple shear(i.e., {=0) is attainable(Figs. 2 and 4, and material at the stagnation point is unstable to fluctuations in
EPAPS Ref. 18 In contrast|£ < 0.2 is inaccessible in the position (along the outflow axis active adjustment of the
four-roll mill.*>** Although these experiments and simula- [ocation of the stagnation point, by changing the balance of
tions apply to viscous fluids, a range of flow types wouldflow rates in opposite flow channels, is desirdblde maxi-

also be possible when inertial or elastic effects are signifimum flow rate compatible with such active cont¢td main-
cant. Recently, elasticity was used to create bistable she@in objects at the stagnation paiii limited by the device
flow patterns in microfluidic device¥. response time, which can be optimized by appropriate choice
of tubing (considering hydrodynamic resistance and volu-
metric capacitangeand efficient coupling of syringes and
pumps. This response time can be on the order of the video
frame interval(e.g., 0.04 § and we have been able to hold
objects(such as liquid drops and red blood cglis these
microfluidic traps wheres is in excess of 18 for several
minutes; for experiments with red blood cells, positional
fluctuations along the outflow axis are less thang8.

Likewise, since vorticity is a continuous function of
Q1/Q, (confirmed by simulatiop tuning this ratio permits
rational control of the orientation of an object, and of the
angle of collision(e.g., head-onof a pair of drops or par-
ticles.

In conclusion, we demonstrate unprecedented flow con-
trol with a simple microfluidic tool: achieving the complete
range of planar flow type, including simple shear, and ac-
tively trapping particles at the stagnation point. These ac-
complishments open new avenues for advanced materials as-
sembly and interrogation in microfluidics.

FIG. 3. Phase contrast optical micrograph atfélV vector overlay when The Navier-Stokes equation, subject to an incompress-

Q,=4 uL/min andQ,=5 xL/min. Additional data and videos are available [Pility condition, was solved by finite element methdéex-

in EPAPS Ref. 18. PDE, PDE Solutions, In?:l.):
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pu-Vu=-Vp+yVa, or farther, respectively, from the objective lens. Particles out-
(1) side the depth of field=+10 um) are indistinguishable
Vp=-V -V -(puu) + BV -u, from the uniform grey background. The focal plane was ad-

) o ) ) . justed halfway between the upper and lower channel sur-
wherep (=0, i.e., Stokes limitis the fluid density; (=1) is  faces. Channels labeled 1<Big. 1) were connected to in-
its viscosity,p [O(1)] is pressure, ang is a large constant dependent syringe pumps. Channels 5 an@ri§. 1) were
(=1000 that ensures tha -u is negligible. The flow type is  connected through a T connection to a common waste line.
defined: 1 M pixel images(Fig. 3) were recorded using an exposure

D+ W time of 0.01 s and a frequency of 20 Hz. Cross correlation

== , (2) was computed of 6% 64 pixel subunits of sequential images
+2\(D: ‘W) (with a low pass Gaussian filter appliedhese super-pixel
interrogation areas were overlapped by 50%. As noted

n terms of the tensor.|a| rateg, of stretchlggaqd rotationW above, these flow maps were fitted with a generalized linear
(relative to the material rotation of the principal axesdf ¢4\ field:

(Additional parameters would be required if the axis of rota- o o B
tion did not coincide with one of the principal axes of the [ ] :G{cosw sin ‘/’M siny cosy MX XO]
v

3
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o 1<
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=
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stretching tensolﬁ) Note that the quantityV: W is negative. sinyg cosy [[&cosy Esing || XY,
Assuming incompressible flowi.e., traceless tensgrswe (4)
can rewrite this expression in terms of the principal eigen-
values of these tensors: X0, Yo are the coordinates of the stagnation poift,7/4 is
) the orientation of the principal stretching axis with respect to
DI-We _D;-W, the x axis.

)

Device control, image acquisition, and active feedback

) ) ) were accomplished using a LabVIEW Program that was de-
Accordingly, the shear rate i&=D+W;. At the stagnation veloped for this purpose.

point, these quantities are equivalent to the nonobjective pa-
rameters used by others. D. C. Prevorsek, irHandbook of Fiber Science and Technology, Vol. 3,

The geometry of the channels inandy dimensions is Part D: High Technology Fibersedited by M. Lewin and J. Preston
sketched in the inset of Fig. 2. The width of the chanmels Z(AMirCfl D_ekker.sN_eW \gz);la 1919?2(1983
is unity, and their length is 10, representative of th vice. /- J- Lovinger, scienc :
'I§hlé frgwa:‘ie(jltzit vSas iogiputsedof,orespe\?esrealt\?;lueeg 0:‘ t(:le? (e:hgr?-je' I. Taylor, Proc. R. Soc. London, Ser. A146, 501(1934.

. B. J. Bentley and L. G. Leal, J. Fluid Mech67, 219(1986.

nel heighth:0.2,0.5,1,2,5, and 10. 53.J. L. Higdon, Phys. Fluids /&, 274 (1993.

To rapidly fabricate channels with sufficiently high as- °D. P. Pope and A. Keller, Colloid Polym. Sc255, 633(1977.
pect ratio, a master was carved from jewelers engraving wagg- jog:ﬁtfé Pg:‘ydmL- Séi-,L EgllyT'FTiﬁSM%?ﬁg? (214917?.986
(Fig. 1). Various mlcr_omach|r_ung ar_ld lithographic processes % T Hu ané’A. Lips, Phys. Rev. Leto 044561(20%)3.
are feasible alternatives. This positive master was then repsy vang ¢ c. park, Y. T. Hu, and L. G. Leal, Phys. Fluids, 1087
licated in two steps, using polydimethylsiloxatBDMS) (2009).
elastomer, to produce the microchannel device. Sylguard 184cC. L. Colyer, T. Tang, N. Chiem, and D. J. Harrison, Electrophordsis
silicone (Dow Corning resin and curing agent were mixed, ,,1733.(1999. o
10:1 by mass fraction, and cured at 75°C for 1 h. The first gé;(sgggs' D. lossifidis, P. A. Auroux, and A. Manz, Anal. Cherd,
replication step produced a solid negative form, which wass; knignt, NaturqLondon 418 474 (2002.
treated in an UV-ozone cleaner for 10 min and then at 75°C%) s. Hur, E. S. G. Shagfeh, H. P. Babcock, and S. Chu, Phys. Ré6, E
for several hours. This negative master was replicated agailrg011915(2002- _
in like manner. The resulting PDMS device was treated C. M. Schroeder, H. P. Babcock, E. S. G. Shaqgfeh, and S. Chu, Science
briefly (1.5 min with UV ozone befgre irreversibly bonding 1Gé?ksltirliia(,2?.036n-Newtonian Fluid Mecl, 69 (1979,
onto a clean glass substrdtesated in an UV-0zone cleaner 7j p, shelby, D. S. W. Lim, J. S. Kuo, and D. T. Chiu, Natdrendon)
for 1 h). Stainless steel connectors were inserted in the de- 425 38(2003.
vice through holes made using a Sharpened tubular bore, aﬁgdsee EPAPS Document No. E-APPLAB-84-047426 for flow visualization

the entire assembly was heat treated o8 h to promote videos and additional simulation results. A direct link to this document
bonding of the PDMS and glass may be found in the online article’s HTML reference section. The docu-

. . ment may also be reached via the EPAPS homeattje://www.aip.org/
The “particles” for uPIV were emulsion drops of 2.0%  pubservs/epaps htinbr from ftp.aip.org in the directory /epaps/. See the

mass fraction polidimethylsiloxane-kethyleneglycol-co-  EPAPS homepage for more information.

propyleneglycol] in poly(propyleneglycol, the viscosity of *Although simple shear may also be obtained using rofierthe small gap

the latter at 25°C is 5.2 Pa s. The mixture forms a stable limit between two roII_ers, or between paral_lel belt drn(E_&ef. 3], simple _
shear cannot be obtained in the four-roll mill, because its square geometric

emulsion, and was prepared by magnetically stirring for ;irangement does not correspond to the small gap limit.
~3 h at 25°C. Velocimetry experiments were performed afA. Groisman, M. Enzelberger, and S. R. Quake, ScieB@@ 955 (2003.
G~1 s so that the drops remain nearly spherical in the?!http:/mww.pdesolutions.com. Certain commercial materials and equip-
flow. This emulsion was viewed by phase contrast micros- ment "’I‘re ider&“ﬁed in this papf‘j”” °rderr]t.‘(’j adi.qua.te'y.s"‘fc”y the eXpeJi'
. S . . mental procedure. In no case does such identification imply recommenda-
copy(OIympus using a 1 obj_ectlve l_en_s havmg a numer- tion orp endorsement by the National Institute of pSxt/andards and
cal aperture NA=0.30. Drops in proximity of the focal plane  technology, nor does it imply that these are necessarily the best available
appear bright or dark, depending on whether they are closerfor the purpose.

- (D;+Wy)2 Dy+W,’
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