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Microfluidic bypass manometry: highly parallelized
measurement of flow resistance of complex
channel geometries and trapped droplets†

Naureen S. Suteria, Mehdi Nekouei and Siva A. Vanapalli *

Current lithography methods allow facile fabrication of microfluidic conduits where not only the shape of

the bounding walls can be arbitrarily varied but also the internal conduit space can be laden with a variety

of microstructures and wetting properties. This virtually infinite design space of microfluidic geometries

brings in the challenge of how to quantify fluid resistance in a large number of microfluidic conduits, while

maintaining operational simplicity. We report a versatile experimental technique referred to as microfluidic

bypass manometry for measurement of pressure drop versus flow rate (ΔP–Q) relations in a parallelized

manner. The technique involves introducing co-flowing laminar streams into a microfluidic network that

contains a series of loops, where each loop is comprised of a test geometry and a bypass channel as a

flow-rate sensing element. We optimize the network geometry and present operational considerations for

microfluidic bypass manometry. To demonstrate the power of our technique, we used single-phase fluids

and measured ΔP–Q relations simultaneously for forty test geometries ranging from linear to contraction–

expansion to serpentine to pillar-laden microchannels. To expand the capabilities of the method, we mea-

sured ΔP–Q relations for similar-sized oil droplets trapped in microcavities where the cavity geometry spans

from prisms of 3–10 sides to circular disks. We found in all cases, the ΔP–Q relation is nonlinear and the

flow resistance of droplets is sensitive to confinement. At high flow rates, the drop resistance depends on

the cavity geometry and is higher in a triangular prism compared to a circular disk. We compared the mea-

sured flow resistance of single-phase fluids and droplets in different microfluidic geometries to that from

computational fluid dynamics simulations and found them to be in excellent agreement. Given the simplic-

ity and versatility of the microfluidic bypass manometry method, we anticipate that it may find broad appli-

cation in several areas including design of lab-on-chip devices, laminar drag reduction and mechanics of

deformable particles.

I. Introduction

Measurement of pressure drop versus flow rate (ΔP–Q) rela-
tions using manometers dates back to the pioneering work by
Poiseuille in the 19th century, who laid the foundation for
quantifying these relations in macroscale tubes using a mer-
cury U-tube manometer.1 ΔP–Q relations depend on the geo-
metrical features of the conduit, the rheological properties of
the fluid, and the wettability of the conduit walls. For the sim-
ple case of a Newtonian fluid, with a viscosity of μ, flowing in
a rigid cylindrical tube of diameter D and length L, the well-
known Hagen–Poiseuille equation gives ΔP = 128μLQ/πD.4

In recent years, with significant advances in
microfluidics,2–4 there is an increasing need for quantifying

ΔP–Q relations in microscale geometries. Due to the 4th
power dependence on the conduit diameter, pressure drops
in microfluidic geometries can be extremely large, making the
knowledge of ΔP–Q relations crucial for establishing opera-
tional limits in lab-on-a-chip applications. Moreover, ΔP–Q re-
lations are often measured in microfluidic devices for deter-
mining shear/extensional viscosity of complex fluids,5,6 flow
resistance of droplets,7–10 mechanical properties of soft parti-
cles,11,12 and drag reduction due to superhydrophobic
surfaces.13

The richness of applications that demand ΔP–Q relations,
combined with the capacity to engineer microfluidic geome-
tries of arbitrary complexity, brings in an important challenge
of how to quantify these relations in a large number of
microfluidic conduits, while maintaining operational simplic-
ity. Current experimental techniques for pressure drop mea-
surement use sensing elements that are either external7,9,14–17

or internal to the microfluidic device.18–21 However, none of
them are adequate to perform parallelized measurements of
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pressure drop, making them incommensurate with the paral-
lel capacity of lithography methods to fabricate microfluidic
geometries.

As an alternative to experimental methods, theoretical
analysis22 and computational fluid dynamics (CFD) simula-
tions23,24 can be used to determine ΔP–Q relations. For com-
plex geometries, multiple length and velocity scales of equal
importance might be present, making it difficult to pursue
theoretical analysis. In addition, determining ΔP–Q relations
for multiphase fluids in complex microfluidic geometries
using theoretical and CFD analysis can be challenging and
might depend on the choice of the constitutive equation
used. Moreover, CFD requires considerations of meshing and
numerical stability every time a new microfluidic geometry is
investigated.

In this study, we introduce a method called microfluidic
bypass manometry (MBM) for parallelized measurement of
ΔP–Q relations. The method employs coflowing laminar
streams in a microfluidic network that contains U-shaped by-
pass channels as sensing elements analogous to macroscale
U-tube manometers. By recording the fluid–fluid interface in
the bypass channels that are connected to a series of test ge-

ometries, we show the capacity to perform parallelized flow
resistance measurements. The method is validated using
single-phase fluids and trapped droplets in complex geome-
tries, with the experimental data being in excellent agreement
with CFD calculations.

II. Results
A. Basic principle of microfluidic bypass manometry

The basic principle of MBM involves introducing co-flowing
laminar streams into a network containing a series of loops,
where each loop is comprised of a bypass channel and test
geometry. Fig. 1a shows such a network with forty loops and
forty test geometries with four different channel architectures
enabling us to make parallelized measurements of flow resis-
tance. Two Newtonian fluids of identical viscosity, but one of
which is dyed, are injected into the network with known flow
rates Q1 and Q2 (Fig. 1b). These two co-flowing streams tra-
verse through each loop, with the dyed stream only passing
through the bypass channels, whereas the undyed stream
splits and flows through the bypass and test geometry as
shown in Fig. 1c.

Fig. 1 Basic principle of microfluidic bypass manometry. (a) The multi-bypass network with 40 test geometries (linear, serpentine, contraction–ex-
pansion and pillar-laden channels) imaged using an automated x–y translational stage produces pressure drop verses flow rate measurements for
test channels with a single inlet flow rate. (b) Schematic of a bypass network labeled with the inlet flow rates of the dyed phase, Q1, and undyed
phase, Q2. The undyed phase splits between the bypass channel, Q2B, and the test channel, Q2T. The widths w of the inlet, bypass and test chan-
nels are all the same, and the width of the dyed phase in the bypass is w1. The cross-sectional view of the bypass channels shows the coflowing
streams and the interface location, Y. (c) Experimental image of a single bypass loop with a serpentine test geometry. The average intensity profile
over the boxed region of interest is shown and the calculated interface position is marked.
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The pressure drop, ΔP, across the test geometry is deter-
mined by recognizing that it is the same as the pressure drop
across the bypass since they are connected in a parallel cir-
cuit (Fig. 1c). We approximate the U-shaped bypass as a lin-
ear channel and therefore we have,

ΔP = (Q1 + Q2B)RB (1)

where Q1 is known from the imposed flow rate of the dyed
stream and RB is the hydraulic resistance of the bypass that
can be calculated from the analytical result for flow through
a duct.22 The flow rate of the undyed stream in the bypass
Q2B is calculated from the established analytical solution for
two co-flowing laminar streams in a straight channel25

(Fig. 1b), which can be written in functional form as,

where α is the channel aspect ratio, η is the viscosity ratio of
the two fluids and Y is the interface location between the two
fluids. In our case, α = 0.25, η = 1 and Y = ½ − w1/w, where w1/
w is the fraction of the bypass channel width occupied by the
dyed stream (see Fig. 1b inset). Note that because of our fi-
nite aspect ratio, rather than using the 2D approximation, we
evaluated eqn (2) using the full infinite series solution.25 As
shown in Fig. 1c, Y is experimentally determined by applying
a sigmoid fit to the pixel intensity across the bypass channel.
Thus, the ΔP across the test geometry can be obtained from
eqn (1) and (2). Next, we determine the flow rate in the test
geometry, Q2T, from mass conservation since Q2 = Q2B + Q2T,
where Q2 and Q2B are known. Therefore, the flow resistance
of the test geometry can be calculated as RT = ΔP/Q2T.

In practice, we employ a network design where several dif-
ferent test geometries are not only connected in series but
also bypass channels of different lengths are individually
connected to identical test geometries (see Fig. 1a). This fea-
ture allows the flow distribution between the test and the by-
pass channels to be modulated for fixed injection flow rates
(Q1 and Q2) to yield additional data on flow resistance. Exper-
imentally, we place the microfluidic device containing the
designed network on a microscope stage (Fig. 1a) that can be
automatically moved to prescribed locations, and the co-
flowing streams in each of the bypass channels are imaged
as the injection flow rates are incrementally varied. Thus, the
microfluidic bypass manometry approach is capable of highly
parallelized measurements of flow resistance.

B. Geometric optimization of the network design

As discussed in the previous section, the principle of MBM
involves flowing fluid streams that bifurcate and reconnect at
the loop junctions. As a result, the bypass and the test geom-
etries need to be optimized to avoid flow instabilities and en-
sure that the entrance lengths are small enough for the flow
to be fully developed. All the channels in the microfluidic

network were kept at a uniform height of 50 μm. This leaves
two geometrical parameters that need to be considered for
the loop design: the ratio of the (i) width of the entry channel
(prior to bifurcation) to the bypass channels and (ii) width of
the test channels to the bypass channels. We kept the width
of the bypass channels to be the same as the width of the en-
try channel, w = 200 μm, so that the flow of the two streams
transitions smoothly at the bifurcation. The width ratio of
the test channels to the bypass channels required optimiza-
tion since it was unclear how the junction impacted the en-
trance length needed for the velocity profile to be fully devel-
oped in the test channel.

To optimize the width ratio of the test channels to the by-
pass channels, wT/w, we conducted three-dimensional (3D)
CFD simulations on a network geometry which contained se-
rially connected linear test channels of varying width ratios,
0.1 ≤ wT/w ≤ 2, as shown in Fig. 2a. Due to the bifurcating
flow at the junction, we took the entire area occupied by the
bypass junctions, marked by the gray boxes in Fig. 2b, calcu-
lated the mean pressure in this region, and then used their
difference as ΔP. We also calculated the ΔP using the local
pressure at the intersection point of the mid-streamlines, the
green and blue line in Fig. 2b. The ΔP using both approaches
provided the same results (within 1%). We used the mean
pressure to calculate ΔP from simulations.

We sought to identify the width ratio at which the pres-
sure drop calculated from the CFD simulations matched that
of the analytical result for a straight channel, within an ac-
ceptable error limit. We show in Fig. 2a that the error is min-
imum (<3%) when wT/w = 1, for Re = 0.01, 0.1 and 1, and it
does not depend strongly on the Reynolds number. The rea-
son that the error is minimum when wT/w = 1 is because the
flow after bifurcating at the junction becomes unidirectional
(see Fig. 2b) right from the entrance of the test channel, and
thus agrees better with the ΔP of a linear channel. In con-
trast, for wT/w = 2, there is an entrance delay before the flow
becomes unidirectional, which is apparent in the velocity pro-
files shown in Fig. 2b. We therefore designed the MBM net-
work to have wT/w = 1.

We also curved the corners of the bypass, entry and exit
channels to avoid secondary flows.26,27 The width-to-
curvature radius ratio, k = w/2R, where R (= 300 μm) is the ra-
dius of curvature of the centerline of the curved bend, was
designed to be 0.33 for the bypass, entry and exit channels.
The maximum value of Re used for the microfluidic manom-
etry was 0.1, indicating that the maximum Dean number
Dn = Re × k2 is 0.01, which is much lower than the onset
Dean number required to generate secondary flows.27

C. Operational considerations

In addition to optimizing the network geometry, we also consid-
ered optimizing the flow conditions that enable precise mea-
surement of flow resistance. In this section, we discuss these op-
erational considerations, which include (i) the working regime
of flow rates and (ii) determining the precise location of the

(2)
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interface. These operational considerations serve as guidelines
for generating ΔP–Q relations with different test geometries.

(i) Working regime of flow rates. A necessary criterion for
the MBM approach to work is to ensure that a fluid–fluid inter-
face between the dyed and undyed stream exists in the bypass
channel. The mathematical condition required to satisfy this
criterion can be obtained by considering the ΔP across the loop,

ΔP = (Q1 + δQ2)RB = (1 − δ)Q2RT (3)

where δ = 1 − w1/w is the fraction of the undyed fluid in the
bypass channel. Eqn (3) can be manipulated to show that,

To maintain an interface in the bypass channel implies
that δ must be greater than 0. Therefore from eqn (4), the
necessary criterion for the interface to be present in the by-
pass channel is given by Q1/Q2 < RT/RB. This condition is
shown in Fig. 3a as the grey region, with the line correspond-
ing to the limiting case of δ → 0. To test this condition, we
used a series of bypass loops with known resistances and var-
ied the inlet flow rate ratio. The data points in Fig. 3a corre-
spond to when the interface was observed in the bypass and
they indeed lie in the grey region supporting the condition
derived from eqn (4). Thus, the flow rate ratio is an impor-
tant parameter and the working regime shown in Fig. 3a is
applicable to any test geometry, since it solely depends on
the resistance ratio.

In addition to flow rate ratio, the absolute flow rates can
also be important, since it will set the upper limit of operabil-
ity in terms of the maximum ΔP that can be reliably mea-
sured. To assess this limit quantitatively, we conducted exper-
iments in a device with 5 serially connected loops containing
identical linear test channels but with increasing bypass
channel lengths (similar to that shown in Fig. 1a). The flow
rates were varied and the measured ΔP for the linear chan-
nels were compared with the analytical result to evaluate the
level of error. Fig. 3b shows that the measured ΔP–Q data
matches that of the analytical result, up to Re ≤ 0.1, where
the maximum error is 5% (see inset of Fig. 3b). For Re > 0.1,
the error increases, reaching as high as 34% for loop 1 and
15% for loop 5 at Re = 1. We therefore operated at flow rates
such that Re ≤ 0.1 in our experiments.

Next, we explored the cause for large error at Re > 0.1. We
considered whether inertial instabilities could play a role. We
used CFD simulations and found that for Re = 0.2, the stream-
lines at the junction began to deviate from the laminar case,
suggesting the onset of inertial instability (Fig. 3c). Further-
more, when Re was increased to 1, we observed the develop-
ment of a recirculating zone immediately downstream from
the junction. The occurrence of a flow instability at high Re
suggests that the measured pressure drop should be higher
than that predicted from the analytical result for laminar flow.
However, the ΔP–Q data in Fig. 3b shows that the measured
pressure drops are lower indicating that inertial instabilities
may not be the dominant factor causing the large error.

Since our devices were made in polyĲdimethyl)siloxane
(PDMS), we also considered the deformation of channels at
high pressure drops as a contributing factor. The elastic de-
formation of a PDMS channel has been previously stud-
ied.14,28 Using the scaling analysis proposed by Gervais
et al.,14 we estimate that in our experiments, when Re = 1
there is an 18% decrease in ΔP, which is comparable to the
error we observe. Thus, an elastic deformation of the chan-
nels is the major contributing factor to the deviation of the
ΔP–Q data. This is further supported by the fact that we

Fig. 2 Geometric optimization of the network design. (a) Percent
error of the pressure drop through straight test channels of width
ratios varying from 0.1 to 2 at 3 different Re of 0.01 (blue squares), 0.1
(red circles) and 1 (green triangles). (b) Projected streamline images
from the CFD simulations for width ratios of 1 and 2. The green and
blue lines show the centerline path of fluid flow through the bypass
and test channel, respectively and the shaded box represents the
overlap area of the junctions. Both the intersecting centerline points
and overlapping areas were used to calculated the ΔP in simulations
and they provided identical results. The velocity profile in the test
channel is shown immediately after the junction (purple) and 300 μm
downstream (orange) at Re = 0.01.

(4)
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observe in Fig. 3b, sets of 5 data points that show discontinu-
ous behavior. These sets were measured at the same inlet
flow rate, where the pressure drop was greatest for the first
loop and decreased downstream. Therefore, this first loop ex-
perienced the greatest amount of elastic deformation, and
thus has the largest error in measurement. The following
loops have decreasing deformations, and therefore their cor-
responding ΔP–Q data deviates less from the analytical curve.

(ii) Determining the precise location of the interface. Ac-
curate determination of the interface location Y is a prerequi-
site for high quality ΔP–Q curves. The pixel intensity across
the interface (see Fig. 1c) needs to be sharp to obtain Y reli-
ably. Due to the multi-loop network needed for parallelized
measurements, there is significant contact length L (≈ 400
mm for the network shown in Fig. 1a) between the dyed and
undyed fluid streams, necessitating strategies to mitigate dif-
fusional broadening of the interface. The broadening of the
interface position due to diffusion can be estimated as29,30

where U is the typical velocity of the fluid stream and D is
the diffusion coefficient calculated using the Stokes–Einstein
equation, D = kBT/(6πμr). Here kB is the Boltzmann's constant,

T is the absolute temperature, and r is the particle radius. To
minimize diffusional smearing of the interface, it is preferred
to have a larger particle size and viscosity. Rather than food
dyes, we used beads of radius 0.5 μm to reduce smearing of
the interface. To evaluate the optimal viscosity, in Fig. 3d, we
use eqn (5) and plot ΔY as a function of L for 4 different vis-
cosities. When μ = 1 mPa s, the cross-stream diffusional dis-
tance can be as high as 10 μm. This significant diffusional
broadening was also observed experimentally as shown in
Fig. 3e, where immediately downstream from the inlet junc-
tion, the interface was already smearing. When μ ≥ 10 mPa
s, there is less than 1 μm broadening (Fig. 3d), which was
also experimentally observed (Fig. 3e). Therefore, a fluid vis-
cosity of at least 10 mPa s was adopted in the entire study.
Note that for the beads and flow conditions used in this
study, bead migration due to inertia is negligible since parti-
cle Reynolds number31 is much less than unity.

Another important consideration for the precise determi-
nation of Y is the actual location of the interface with respect
to the walls in the bypass channels. Since the location of Y
can be adjusted using the inlet flow rate ratio, Q1/Q2, posi-
tioning the interface too close to the wall might exacerbate
the effects of diffusion due to lower fluid velocities in the vi-
cinity of the wall. To identify the optimal range for position-
ing the interface, we conducted experiments in a device with

Fig. 3 Operational considerations for microfluidic bypass manometry. (a) Operating window of the microfluidic bypass manometer is shaded in
gray and the case where δ = 0 in eqn (5) is marked by the black line. The symbols show the tested experimental conditions. (b) The pressure drop
through a linear test channel is shown as a function of the flow rate and Re. The symbols are experimental data and the red line was derived from
the analytical solution. Inset shows the percent error in ΔP as a function of Re. The yellow region highlights the effect of elastic deformation in
PDMS channel. (c) Projected streamline images from CFD simulations at Re = 0.2 and 1; secondary flow is apparent at Re = 0.2. (d) Diffusional
broadening (ΔY) experienced by the seeded particle as a function of the downstream distance (L) for 4 different viscosities: 1 (blue), 10 (green), 20
(red) and 45 mPa s (purple). (e) Experimental images showing inlet Y-junction of the device with coflowing streams, where the top fluid contains
0.5 wt% 1 μm beads and the viscosity of both streams are 1 (top image) and 10 mPa s (bottom image). The width of the main channel is 200 μm. (f)
The percent error in flow resistance is plotted as a function of the interface location, Y, at a microscope magnification of 20 and 32×.

(5)

Lab on a Chip Paper



348 | Lab Chip, 2018, 18, 343–355 This journal is © The Royal Society of Chemistry 2018

linear test channels, and varied Q1/Q2. The measured Y was
then correlated with the percentage of error in determining
the flow resistance of the linear test channel. As shown in
Fig. 3f, for −0.3 < Y < 0.3, the error is less than 10% and in-
dependent of the positional location of Y. We verified that
the measurement error is also independent of the micro-
scope objective magnification used to perform imaging.
Thus, positioning the interface location 20% away from the
bypass channel walls provides sufficient accuracy for deter-
mining Y.

D. Flow resistance of complex channel geometries

Given that we have optimized the network geometry and
identified the flow conditions to operate, we focused on the
capacity of the MBM approach to characterize the flow resis-
tance of complex microchannel geometries. As shown in
Fig. 1a, we designed a microfluidic device with forty loops

containing four different classes of geometries including lin-
ear, serpentine, contraction–expansion and pillar-laden chan-
nels. In this design, we also incorporated five incrementally
increasing bypass lengths to each of the test geometries to
obtain additional ΔP–Q data for a fixed inlet flow rate ratio.
The device was tested with three Newtonian fluids of viscosi-
ties, μ = 10, 20 and 42 mPa s, using four different inlet flow
rates for each fluid. Since the operating conditions (Re < 0.1)
were in the creeping flow regime, as expected, the pressure
drop was found to scale as ΔP = μg × Q2T in all the tested ge-
ometries, where g has units of m−3 and is a function depen-
dent on the geometrical dimensions of the conduit (see
Fig. 4). The results of these experiments are further discussed
below.

(i) Micropillar geometries. We considered the measure-
ment of ΔP–Q data of microchannels containing pillars,
which are widely used in applications ranging from cell

Fig. 4 Pressure drop verses flow rate relations for microchannels with varying complexity. Schematics of the complex channel geometries for
(a)–(d) pillar-laden channels, (f) and (g) serpentine channels and (i) and (j) expansion/contraction channels. The pressure drop verses flow rate
(scaled by fluid viscosity) for (e) pillar-laden channels, where the squares, triangles, circles and diamonds represent a porosity of 1, 0.96, 0.94 and
0.88, respectively, (h) serpentine channels, where the squares and circles represent a non-dimensional radius of curvature of 0.66 and 0.40, re-
spectively, and (k) expansion/contraction channels, where the squares and circles represent the minimum and maximum curvature of the expan-
sion chambers, respectively. In (e), (h) and (k), the blue, red and green symbols represent data from fluids with viscosity of 11, 20 and 42 mPa s,
respectively.
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separations32,33 to modeling porous media.34 As shown in
Fig. 4a–d, for pillar-laden channels, we designed one channel
with no pillars and three with different pillar diameters, Dp =
50 and 100 μm and pillar center-to-center spacing, S = 100
and 200 μm. As a result, the porosity, defined as the ratio of
void space to total volume, varied from 0.88 to 1. Fig. 4e
shows the ΔP–Q curves for the pillar-laden channels. We ob-
served a linear decrease in the channel resistance as porosity
was increased, with the flow resistance nearly doubling when
the porosity changed from 1 to 0.88 (see Table 1). Therefore,
the flow resistance is strongly dependent on the porosity of
the channel.

This strong dependence of porosity on ΔP in porous
microchannels was previously quantified by Gunda et al.34

They fabricated 9 different microfluidic devices containing
micropillars of varying pillar size, spacing and arrangement
with the porosity ranging from 0.5–0.9. Similar to our result,
they also observed that the ΔP increased when the porosity
was decreased. However, for each pillar configuration, they
needed to independently fabricate a device and take several
ΔP–Q measurements using an external pressure sensor. Thus,
their methodology is far more time-consuming than the
MBM approach proposed in this study.

(ii) Serpentine geometries. In the forty-loop device, we
also included microfluidic serpentine channels that are
used for inducing mixing35 and measuring polymer relaxa-
tion times.36 The main design parameter for the serpentine
channels is the width-to-curvature radius ratio, k. Here, we
incorporated serpentine channels of same path length but
with k = 0.4 and 0.66 (Fig. 4f and g). In Fig. 4h, we show
that the ΔP–Q curves for both the serpentine channels are
linear. In addition, we find that a 65% increase in the cur-
vature increases the serpentine channel resistance by
≈11%. If the flow resistance of serpentine channels were to
be estimated by stretching out the serpentine into straight
channels (∼40% longer than the coiled serpentine), then
the deviation from the actual measured values (shown in
Table 1) was found to be within 5% and 1% for channels
with curvatures of 0.4 and 0.66, respectively. Thus, for Re
≪ 1 and Dn ≪ 1, the flow resistance of serpentine chan-
nels can be obtained with sufficient accuracy using a linear-
channel approximation.

(iii) Contraction–expansion (CE) geometries. Contraction–
expansion geometries were also included in the forty-loop de-
vice since they have been used for particle/cell separa-

tion,37,38 droplet trapping39 and generating emulsions.40 Our
designs included two geometries – one with a series of abrupt
CE sections and another with a series of sinuous CE sections
(Fig. 4i and j). Between the two geometries, the nominal size
of the CE chambers and the throat has been kept the same,
while the width-to-curvature radius ratios for the sinuous, and
abrupt CE chambers were maintained at k = 1 and ∞, respec-
tively. We find that the abrupt CE geometry has 24% higher
resistance compared to the sinuous geometry (Fig. 4k) due to
less streamwise flow resulting from its tighter curvature.

The experimental results for the above geometries were
also compared with CFD simulations. Similar to the experi-
ments, in the CFD simulations, we found the linear scaling,
ΔP = μg × Q2T. In Table 1, we report the g values for the
microchannel geometries obtained from experiments and
simulations. The agreement is excellent with maximum per-
cent deviation of 2% for each of the test geometries. Thus,
the MBM technique can be used to determine flow resis-
tances of many geometries in a single device using equip-
ment found in a typical microfluidic laboratory.

E. Flow resistance of trapped oil droplets

In the previous section, we showed that MBM was successful
in measuring the ΔP–Q data of single phase flow; now we will
apply the same principles to two-phase systems, specifically
oil droplets surrounded by an aqueous phase and trapped in
microfluidic constrictions. The hydrodynamic resistance of
moving droplets in microfluidic channels has been previously
studied,7–10 however, the flow resistance due to droplets
trapped at microfluidic constrictions has not been investi-
gated extensively.41 Here, we first recorded the ΔP–Q data for
oil droplets trapped in circular-disk shaped microcavities and
compared the results with 3D volume-of-fluid (VOF) simula-
tions42,43 (Fig. 5). Then we expanded the study to determine
the influence of cavity shape on the flow resistance of
trapped droplets. The results from these studies are impor-
tant for trapping droplets efficiently in microfluidic devices
for applications in biological studies44–46 as well as under-
standing mechanisms of oil recovery from porous media.47,48

Flow resistance of oil droplets in circular traps. The layout
of the network is shown in Fig. 5a. Similar to the single-
phase flow devices, it consists of a multi-bypass network with
the key difference being the incorporation of a circular disk-
shaped microcavity along with a constriction as the test

Table 1 Flow resistance of microchannel geometries measured using microfluidic bypass manometry and computational fluid dynamics simulations

Fig. # Microchannel geometry Porosity Width-to-curvature radius ratio (k) g (simulation) nL−1 g (experiment) nL−1

4a Pillar-laden channel 1 — 1378 ± 0 1360 ± 14
4b Pillar-laden channel 0.96 — 1996 ± 3 1964 ± 22
4c Pillar-laden channel 0.94 — 2336 ± 3 2356 ± 27
4d Pillar-laden channel 0.88 — 3241 ± 2 3270 ± 28
4f Serpentine channel — 0.66 1922 ± 1 1887 ± 17
4g Serpentine channel — 0.40 2057 ± 12 2097 ± 31
4i Contraction–expansion — 1.0 1848 ± 0 1822 ± 19
4j Contraction–expansion — ∞ 2229 ± 1 2257 ± 23
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geometry, which enables parking of drops, as discussed previ-
ously.49,50 To obtain as many measurements as possible from
one single input flow rate, 20 loops were designed with incre-
mentally increasing bypass lengths, Fig. 5a. The resistance ra-
tio between the bypass and constriction channel (40 μm wide
and 750 μm long) was kept less than 1 so that the oil droplets
could be trapped efficiently.51–53

To trap droplets, we injected a long mineral oil plug into
the undyed channel, which fragmented at the loop junctions
leaving remnants in the cavities as trapped droplets.50,51 The
trapping of drops with this approach is effective, however,
the level of confinement C, defined as the ratio of drop to

trap volume, could not be kept constant due to the different
bypass resistances. The accessible range of C is 0.8 to 1.1
(Fig. 5b). To generate ΔP–Q data, we incrementally increased
inlet flow rates until all the drops had squeezed out of the
traps. Using this approach, we were able to generate ΔP–Q
data in the range of Ca = 6 × 10−4–7 × 10−3, where Ca = μV/σ,
where μ (= 10 mPa s) is the viscosity of the continuous phase,
V is the combined fluid velocity of the continuous phase and
σ (= 35 mN m−1) is the interfacial tension between the droplet
and continuous phase.

Even though the trapped drop volumes were slightly dif-
ferent from each other in the network, we binned the drop
volumes to generate ΔP–Q data for values of C = 0.83, 0.91,
and 1.03. In all cases, we observe that the ΔP–Q relationship
is nonlinear with the data obeying a best fit of the form: ΔP =
AQm

2T (Fig. 5d). We find that for a given flow rate, the pressure
drop is higher for larger drop confinement due to greater oc-
clusion of cavity by bigger drops. To verify that our measure-
ments are accurate, we conducted 3D VOF simulations at the
three nominal drop confinements. Fig. 5c shows the simu-
lated geometry along with the pressure distribution. We find
that there is an excellent agreement between the data from
MBM and CFD method (Fig. 5d), validating the bypass ma-
nometry approach for measurement of flow resistance of
trapped drops.

Rapid scanning of the effect of cavity shape. In the previ-
ous section, we showed that the bypass manometer could ac-
curately generate ΔP–Q data for droplets trapped in circular
disk-shaped cavities. Given the capacity of lithography to eas-
ily produce varied cavity shapes, we explored if drops trapped
in cavities of certain geometric shape offered more resistance
than others. We speculated that since the trapped drops
bounded by planar walls inevitably possess corner flows or
gutters through which the continuous phase can flow, alter-
ing the cavity shape might modify the extent of gutter regions
and therefore flow resistance.

To conduct a screen with different cavity geometries, we
fabricated a single microfluidic network device (see ESI†) that
had 60 cavity chambers designed into it: 4 cavity shapes × 5
cavity aspect ratios × 3 cavity volumes. The cavity shapes in-
cluded prisms of 3 sides (triangular, Fig. 6a), 4 sides (rectan-
gular, Fig. 6b), polygonal (5–10 sides, Fig. 6c) and disk-
shaped cavities (Fig. 6d). Five different aspect ratios: 0.25,
0.5, 1, 2 and 4 were chosen (see the legends in Fig. 6). For
each cavity shape and aspect ratio, the cavity volume was also
varied to be 10, 15, and 20 nL.

The oil droplets were trapped in the same way as the pre-
vious section yielding confinements ranging from 0.8 to 1.1.
Unlike Fig. 5, where the cavity chambers are identical, here
each chamber is unique precluding us from binning data to
get trends of ΔP vs. Q for the same drop confinement. There-
fore in Fig. 6, we pool all the ΔP–Q data corresponding to a
given class of cavity shape and we observe scatter in the data
due to inclusion of drops with slightly different confinement
in the cavities. To evaluate whether a cavity geometry of a
specific shape offers higher drop resistance than others, we

Fig. 5 Flow resistance of oil droplets trapped in circular disk-shaped
cavities. (a) Schematic of the device used for oil drop trapping with an
inlet Y-junction (not shown) and 20 circular traps with increasing
lengths of the bypass channels. (b) Experimental images of trapped
droplets with the coflowing streams in the bypass channel for confine-
ments of 1.05, 0.92 and 0.80. White lines were added to show the
channel walls and the scale bar is 200 μm. (c) Image from CFD simula-
tion showing the trapped drop (green) and the pressure drop distribu-
tion in the midplane of the channel. (d) Pressure drop verses flow rate
results from CFD simulations and experiments. Solid and open symbols
denote data from VOF simulations and experiments, respectively. The
lines are power-law fits ΔP = AQm

2T to the pooled CFD and experimen-
tal data. For C = 0.8, A = 101 ± 18, m = 0.85 ± 0.05; C = 0.9, A = 198 ±

19, m = 0.75 ± 0.04; C = 1, A = 455 ± 44, m = 0.56 ± 0.04.
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applied a best fit curve of the form ΔP = AQm
2T (similar to

Fig. 5d) to the pooled data and compared them in Fig. 7. As
shown in the inset of Fig. 7, for all cavity shapes two regimes
exist. At low flow rates Q2T < 10 μL h−1, the ΔP increases
slightly with Q, however, at Q2T > 10 μL h−1 there is a much
sharper increase in ΔP. This nonlinear behavior could be due
to negligible drop deformation at low flow rates and signifi-
cant deformation at high flow rates.41 At low flow rates, since
the drop is not deformed much, there is negligible impedi-
ment for the continuous phase to flow through the gutters,
making the ΔP increase marginally with Q2T. In contrast, at
high flow rates, the drop deforms strongly in the cavity,
restricting the available wetted area in the gutters and con-
striction for the continuous phase to flow.

Interestingly, we observe that the ΔP–Q curves for the cir-
cular and polygonal cavities are nearly the same, while those
for triangular and rectangular cavities lie above them (Fig. 7).
This suggests that the flow resistance offered by the trapped
drop in rectangular and triangular cavities is higher than that
offered by drops sitting in the circular and polygonal traps.
This could arise due to the deformed drop interface in trian-
gular/rectangular cavities reducing the gutter, thin film and

constriction regions. Thus, our MBM method enabled rapid
scanning of different cavity geometries to identify those that
are of particular interest for further investigation, for exam-
ple, by detailed CFD analysis.

III. Discussion

Early approaches for determining pressure drop in micro-
channels involved attaching external pressure
transducers.7,9,14–17 These external elements were usually
bulky, less sensitive to small pressure differentials and do
not provide localized pressure measurements. Considering
these limitations, on-chip approaches have been developed.
Microfluidic comparators based on co-flowing laminar
streams have been used to measure differential pres-
sure.8,18,30,54,55 Dead-end chambers containing air–liquid in-
terfaces have also been used to measure local pressure by
connecting them sideways to test geometries.19 More re-
cently, Laplace sensors20,56 that rely on measurement of cur-
vature of an oil–water interface have been introduced for re-
cording local pressure in microfluidic devices.

Fig. 6 Scanning the effect of cavity shape on flow resistance of trapped drops. Pressure drop verses flow rate data for trapped oil drops in (a)
triangular, (b) rectangular, (c) polygonal and (d) circular traps with different aspect ratios, a/b, or number of sides, s. The lines are power-law fits to
the data. The schematics for each of the trap designs are shown above their respective plot where all the bypass channel widths are 200 μm. The
inset shows a representative cavity shape with a trapped droplet.
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In general, these on-chip methods are image-based and
powerful as they allow localized ΔP measurements at the scale
of microns with temporal resolution of milliseconds. Several
applications have been advanced using these in situ tech-
niques. Microfluidic comparators have been used to measure
ΔP due to individual red blood cells18 and cancer cells flowing
through microchannels.57,58 Dead-end chambers and compara-
tors have been used to characterize the rheology of complex
fluids.19,29,59 Laplace sensors and comparators have been used
to measure the dynamics of droplet generation20 and hydrody-
namic resistance of confined droplets8 respectively.

Despite these advances, no reports exist on parallelized
measurements of pressure drop, commensurate with the par-
allel capacity of lithography to fabricate diverse microfluidic
geometries. Here we integrate the coflowing laminar stream
approach into a microfluidic bypass network and demon-
strate the ability to measure ΔP–Q relations in parallel. We
demonstrate the ability to measure fluid resistance in 40 test
geometries and 60 stationary droplets simultaneously. The
MBM method has the flexibility to not only incorporate a
large number of test geometries (∼O(100)), but also be sensi-
tive enough to detect small changes in ΔP. For external pres-
sure gauges, usually the range and the accuracy across the
full scale is reported. From our results (Fig. 4), we find that
ΔP we measured ranges from 100–10 000 Pa. The accuracy of
the method depends on the measurement of the interface lo-
cation, Y, which is measured to within sub-pixel accuracy.
Considering a 1 pixel error in the Y-location, we estimate a
3% error in the calculation of Q2B, and thus a 3% error in the
ΔP measurement.

The limiting factor in scaling up the approach is the diffu-
sional broadening of interface. The diffusion can be mini-
mized even further by increasing the particle size or viscosity.
Alternatively, the continuous phase can be seeded with a very
low concentration of particles and particle tracking
velocimetry can be used to determine the flow rate through
the bypass channel.

Contrasting with prior approaches, the MBM method is
best suited for recording steady state ΔP measurements in
parallel. Tracking time-dependent changes in ΔP are possible
with MBM, but will crucially depend on the timescale of the
dynamical events. Additionally, in this study ΔP–Q relations
were explored on systems involving Newtonian fluids.
Expanding these capabilities to non-Newtonian fluids re-
mains to be ascertained since there is a concern of occur-
rence of viscoelastic instabilities in the multi-bypass network
due to curved streamlines at the bends and at stagnation
points in the junctions.60

It is also useful to discuss the throughput of the MBM
method to determine ΔP–Q relations. In Fig. 4, we used the
40-loop device and ran single-phase experiments with 3 dif-
ferent fluid viscosities and 4 flow rate conditions, generating
a total of 480 data points from a single device. The total time
required to achieve this is about 40 hours, the majority of
which is the time it takes to draw the design and receive the
printed mask from an external company (CAD/Art Services,
Inc.). It usually takes 24 h to get a new mask, 4 h to fabricate
the mold and the device, 6 h for experimentation and 6 h for
image analysis. Similarly, the MBM technique took ∼8 min
to generate one data point in Fig. 5d for stationary droplets.
Thus, the MBM method is a relatively fast technique for scan-
ning a wide range of test conditions.

IV. Conclusions

In this study, we presented a new technique for determining
ΔP–Q relations in a parallelized fashion. We showed that it
can determine the flow resistance of single phase fluids
through complex channel geometries, as well as the resis-
tance induced by trapped oil droplets in numerous cavity
shapes. We validated our technique by showing good agree-
ment between the experimental data and CFD simulations.
We envision that microfluidic bypass manometry may find
application in several areas including the design of lab-on-a-
chip device, laminar drag reduction, rheology of complex
fluids and mechanics of deformable particles.

V. Materials and methods
Device design and fabrication

In this study, we designed three different microfluidic ma-
nometer devices, each with an inlet Y-junction and a serially
connected bifurcating loops. Standard soft lithography tech-
niques were used to fabricate the devices in PDMS using SU-
8 molds.61 Fluidic ports were made in the PDMS replicas
using 1 mm biopsy punchers (Miltex) before they were

Fig. 7 Best-fit curves depicting flow resistance of trapped oil drops in
cavities of different shape. The lines denote the power-law fits ΔP =
AQm

2T to the experimental data in Fig. 6. The inset shows the same data
on a semi-log plot, where the overlap of the curves for Q2T < 10 μL
h−1 is evident. The power-law fit parameters are: A = 179 ± 28, m =
0.47 ± 0.06 (circular); A = 122 ± 17, m = 0.58 ± 0.05 (polygonal); A =
127 ± 16, m = 0.67 ± 0.06 (rectangular); and A = 84 ± 17, m = 0.83 ±

0.08 (triangular).
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plasma bonded (Harrick Plasma Cleaner) to a glass slide. The
heights of the 40-loop device (Fig. 1a), circular-shaped cavi-
ties (Fig. 5a) and different shaped traps (Fig. 6) were 54.5 ±
0.5, 52.3 ± 0.5 and 50.7 ± 0.5 μm, respectively.

Experimental protocol

All the experiments were run using syringe pumps (PHD
2000, Harvard Apparatus). 100, 250 and 500 μL gastight syrin-
ges (Hamilton) were connected to the microfluidic device
with 0.02″ ID Tygon tubing (Cole Parmer) and 20-gauge stain-
less steel couplers (Instech). Glycerol (Sigma Aldrich) solu-
tions of viscosities 10, 20 and 42 mPa s were used as undyed
and dyed fluids. The dyed fluids contained 0.5 wt% of 1 μm
polystyrene beads (Bang Laboratories) to visualize the fluid–
fluid interface.

For the experiments with trapped drops, the long plug
method50,51 was used to trap the drops by first introducing a
plug of mineral oil (μo = 30 mPa s, Sigma Aldrich) into the
device, long enough to fill all the traps. Then the continuous
phase, 60 wt% glycerol, was introduced slowly (Ca = 6 × 10−4)
so that any excess oil protruding into the bypass channel was
pinched off and washed out of the device.

The devices were imaged using an inverted microscope
(Olympus IX81) with an automated translational stage
(ThorLabs) and a CCD camera (Hamamatsu ImagEM X2 EM-
CCD). The stage was programmed with the locations of the
center of the bypass channel (marked in Fig. 1c) and the cen-
ters of the cavities (when oil droplets were present). The by-
pass channels were imaged at 20×, while the trapped droplets
were imaged at 4× at a resolution of 512 × 512 pixels. The
stage was made to move automatically and acquire 10 images
at each location, with an exposure time of 10 ms and a frame
rate of 10 fps.

Image processing and data analysis

A time-average stack was created from the 10 images taken at
each location for post-processing. All images were analyzed
using a custom written Matlab algorithm to determine the
interface location and the drop confinement. The intensity
profile across the interface was fitted to a sigmoid error func-
tion25 using the curve fitting toolbox. Y is the midpoint be-
tween the highest and lowest value of the fitted curve,
allowing us to obtain a sub-pixel value for the interface loca-
tion, Fig. 1c. For the images with the trapped drops, the im-
ages were thresholded, resulting in a white image with only
the boundary of the droplet in black. The pixels inside the
boundary were filled in black (using the fill holes function)
and the confinement was calculated as the area of the droplet
divided by the designed trap area. We assumed that the drop-
let had the same height as the trap cavity.

CFD simulations

ΔP–Q relations due to single phase flow in all test geometries
was determined using 3D simulations in Comsol Multiphysics
(v. 4.2) and ANSYS Fluent (v. 17.1). For the two-phase systems,

we used 3D volume of fluid (VOF) simulations to calculate pres-
sure drop. VOF is categorized as a Eulerian method of
multiphase flow simulations where fluid properties, such as
viscosity and density are smoothed and the surface tension
force is distributed over a thin layer near the interface as a body
force. This method was implemented in interFoam solver in the
open source software, OpenFOAM.62 The use of this solver for
the transport of droplets and bubbles in the microchannel has
also been reported in several studies.42,43,63,64

In our simulation, we have used the same geometry as the
experiment, which is shown in Fig. 5c (the first loop). The ge-
ometry is meshed using ANSYS Gambit. Constant velocity is
imposed at the inlet and atmospheric pressure is applied at
the outlet as the boundary conditions. At walls of the chan-
nels, the no-slip boundary condition is applied. Since the
continuous phase is completely wetting the walls, the static
contact angle is set to be 180° at the walls. In our simula-
tions, droplet is located at the center of the trap initially and
then we start the flow at the inlet. In these simulations, we
increased the inlet flow rate by small increments and subse-
quently measured the pressure drop across the trapped drop.
Additional details on our implementation of VOF for two-
phase flows are provided in our recent works.41,42 For the
VOF simulations, we employed 60 cores, 30 nodes, where
each node contained two Westmere 2.8 GHz 6-core
processers with 24 GB main memory.
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