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In a previous paper we presented a way to measure the rheological properties of complex fluids on
a microfluidic chip [1]. The principle of our method is to use parallel flows between two immiscible
fluids as a pressure sensor. In fact, in a such flow, both fluids flow side by side and the size occupied
by each fluid stream depends only on both flow rates and on both viscosities. We use this property
to measure the viscosity of one fluid knowing the viscosity of the other one, both flow rates and
the relative size of both streams in a cross section. We showed that using a less viscous fluid as a
reference fluid allows to define a mean shear rate with a low standart deviation in the other fluid.
This method allows us to measure the flow curve of a fluid with less than 250 µL of fluid. In
this paper we implement this principle in a fully automated set up which controls the flow rate,
analyzes the picture and calculates the mean shear rate and the viscosity of the studied fluid. We
present results obtained for Newtonian fluids and complex fluids using this set up and we compare
our data with cone and plate rheometer measurements. By adding a mixing stage in the fluidic
network we show how this set up can be used to characterize in a continuous way the evolution
of the rheological properties as a function of the formulation composition. We illustrate this by
measuring the rheological curve of four formulations of polyethylene oxide solution with only 1.3
mL of concentrated polyethylene oxide solution. This method could be very useful in screening
processes where the viscosity range and the behavior of the fluid to an applied stress must be
evaluated.
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INTRODUCTION

Combinatorial chemistry has opened new paths for
synthesizing large libraries of novel materials and for-
mulations. High throughput characterization techniques
become essential in order to benefit from these new syn-
thesis methods. In fact, a systematic investigation of the
relevant properties is required to select the convenient
formulation or material. In this paper, we present a set
up which allows to perform continuous rheological mea-
surements on a microfluidic chip. Rheology is the study
of the deformation and flow of a material in response to
an applied stress. For simple liquids, the shear stress is
linearly related to the shear rate via the viscosity coef-
ficient. This is not always the case. In complex fluids,
the existence of a mesoscopic length scale ranging be-
tween the molecular size and the whole sample [2] may
induce coupling between the structure of the fluid and
the flow leading to a non-Newtonian behavior. Char-
acterizing the response of a sample under flow requires
thus the establishment of a rheological curve giving the
evolution of the viscosity as a function of the applied
shear rate. Rheological characteristics of fluids are es-
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sential properties in many fields. For example in paint
industries, the viscosity of the paint must be low enough
under high shear rates in order to coat the surface well,
but must be high enough under low shear conditions to
stay on the brush. High viscosity in formulations is often
used to stabilize an emulsion or a suspension in the food
and personal care industries. Adjusting the viscosity of
a formulation to the required range involves a long se-
ries of trials and tests. Microfluidics, which deals with
methods and materials to control and handle liquid flows
on length scales ranging from tens to hundreds of mi-
crometers, offers numerous prospects along these lines to
formulate and characterize products [3]. This is the lab
on a chip concept. In fact, adding a mixing step before
a characterization one at the submillimetric length scale
allows to use very small volumes of fluid to screen differ-
ent formulations in a continuous way. The easiest type of
rheometer to miniaturize, allowing for a continuous ap-
proach, are capillary rheometers. In such a rheometer,
the principle is to establish the relationship between the
pressure drop and the flow rate of a fluid flowing through
a capillary that has a constant cross-section.

On-line capillary rheometers have been used for over
30 years in polymer and food engineering [4–9]. Devices
with features on the sub-millimeter length scale appeared
in the last 10 years. Using pressure-driven flows, Weng
et al. have developed a viscosimeter with a thermostat
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[10]. They measured the pressure drop and the flow rate
of a liquid passing through a microtube of 20 microns of
diameter. Using 60 microliters of sample, they achieved
accurate viscosity measurements with a precision of less
than 5% at different temperatures. However, in their ap-
proach they only measured low viscosity (less than 10−2

Pa·s) of Newtonian fluids without calculating the shear
rate. Kang and coworkers [11] measured the total pres-
sure drop along a microchannel for an imposed flow rate
using a pressure sensor. They measured the rheologi-
cal properties of polymer solutions at high shear rates.
The main drawback of their technique is that their sys-
tem relies on the use of an external pressure transducer,
which measures the sum of the true microchannel pres-
sure drop plus those due to entrance and exit effects. To
take these effects into account, both complex calibrations
and corrections, which required to perform experiments
in channels of various lengths and cross-sections, have to
be applied. Moreover, the use of an external transducer
may result in a delay time quite long for the response of
the rheometer when the flow rate becomes low [12].

To avoid theses corrections and delay times, Galam-
bos and coworkers [13] have proposed to use the features
of specific microfluidics flows. After a T junction, two
miscible fluids flowing side by side in the outlet channel
are mixed by interdiffusion. Right after the T junction,
the interface between the two fluids is still sharp since,
in their experimental conditions, diffusion is slower than
convection. In the channel, the position of the interface
is fixed by the ratio of the flow rates of the two fluids and
by the ratio of their viscosities. These authors show that
by measuring the position of this interface using fluores-
cence microscopy, they manage to compute the viscosity
of one sample by knowing the flow rates and the viscosity
of the other fluid. This elegant method, which does not
require the implementation of a sensor on or outside the
microdevice, allows to measure the pressure drop of the
flow.

Using two immiscible fluids, we used this approach to
measure the pressure drop of the flow and extend it to
complex fluid. The mean shear rate and the viscosity
of the studied fluid are then defined applying classical
rheological procedures. The flow curve of the sample is
calculated by performing measurements at different flow
rates [1]. This method seems well suited to characterize
the flow properties of a sample with a few quantity of it.
This could be very helpful in screening processes where
various formulations are prepared and need to be evalu-
ated. In this paper we implement our method in a set up
engineered to perform continuously measurement in an
automated fashion. In the first part we recall the princi-
ple of the method used to determine the fluid flow curve.
We then present the routine developed to analyze the im-
age and explain the main structure of our program. We
finally show the results that we obtained with measure-
ments on a single sample and continuous measurements

of various formulations prepared on-chip.

PRINCIPLE OF THE MICRORHEOMETER

Following the works of Galambos [13] and Groisman
[14, 15], we measure the pressure drop in a microchannel
using optical microscopy. In this section we describe our
method to measure pressure drop in a parallel flow. More
details can be found elsewhere [1]. Our microdevices are
T channel (see Fig. 1) made in glass polydimethylsiloxane
(PDMS) by using soft lithography technology [16]. When
two immiscible fluids are injected, various flows such as
droplets, pearl neacklaces, disordered patterns or paral-
lel flows can be obtained after the junction [3, 17–20].
However, in a wide range of flow rates, the two immis-
cible fluids flow side by side forming a laminar parallel
flow. The range of flow rates can be greatly increased by
using a rectangular channel instead of a square one [19].
Therefore, all our experiments are performed in 200 µm
× 100 µm microchannels. In the following we recall the
mean properties of the parallel flow.

inlet
holes

outlet 
hole

PDMS

glass

FIG. 1: Sketch and picture of our microfluidic devices.

Properties of the parallel flow

The shape of the parallel flow in a glass PDMS channel
is ruled by wetting and injection conditions. The mean
features of this shape can be studied using confocal fluo-
rescence microscopy [21, 22]. To do so, a small amount of
rhodamine 6G is added in the aqueous phase which is a
mixture of water and glycerine adjusted to match the re-
fractive index with the one of the hexadecane. A typical
cross-sectional image is presented in the Fig. 2. The walls
of the 200 µm × 100 µm microchannel have been drawn
to the picture. The contact angle on the PDMS and on
the glass are different due to the differences in affinity be-
tween the oil and the two solid plates (PDMS or glass).
The free fluid-fluid interface has a curvature with a con-
stant radius. This shape implies that the pressure jump
across the interface is constant. This point is important
because to obtain an unidirectionnal flow the pressure in
a cross section has to be constant in both fluids, i .e. the
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pressure jump at the interface must be the same all along
the interface. The one radius shape is thus a signature
of an unidirectionnal flow. We can also notice that the
gravity does not affect the free fluid-fluid interface as it
is expected in these dimensions that are much lower than
the capillary length. Knowing that curvature, it is pos-
sible to determine this interface shape from transmission
picture. In fact, by adjusting the contrast of the picture,
mismatched lines appear; this reveals the characteristic
lines and fully describes the shape as shown in Fig. 2. In
fact, the mismatched lines correspond to the PDMS walls
(W), to the interface position (I) and to the contact lines
on the glass slide (Cg) or on the PDMS surface (Cp). As-
suming that the interface is circular, the knowledge of the
position of these lines allows us to calculate the radius of
the interface and the position of its center. Hereafter,
we design the fluid with a convex shape the inner fluid
whereas the other fluid is called the outer fluid.
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FIG. 2: Cross-section and transmission pictures of a paral-
lel flow between hexadecane (O) and an aqueous phase with
rhodamine (A) in a 200 µm × 100 µm microchannel. The
interface between the two fluids is circular. Mismatched lines
on transmission pictures correspond to the characteristic lines
of the shape.
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FIG. 3: Notations used.

In a steady state, the flow field for incompressible New-
tonian fluids is obtained by solving the Stokes equation
for both fluids:

ηi∆~vi = ~gradPi (1)

where ~vi, ηi and Pi are the velocity vector, the viscosity

and the pressure inside the fluid i. In our notations, i
equals 1 for the outer fluid and i equals 2 for the inner
one. In a parallel flow the flow is unidirectionnal. With
the notations of the Fig. 3, the velocity vector has only
one component in the x direction. This implies that the
pressure in each fluid is only a function of x. The pres-
sures in both fluid are linked by the Laplace law through:

P2(x) − P1(x) =
γ

R(x)
(2)

where γ is the surface tension and R(x) is the radius of
the interface. As R(x) is constant all along the channel
the pressure gradient in both fluids are equal:

∂P1

∂x
=

∂P2

∂x
(3)

This set of equations is closed by defining the bound-
ary conditions, namely: the velocity and the tangential
components of the stress tensor are continuous at the
interface and there is no slip at the walls for both fluids
[23, 24]. Note that the viscosity surface term is neglected
in the shear stress tensor [1].

The resolution of the equation 1 for given flow condi-
tions (channel dimension, interface shape, pressure gradi-
ent and viscosities) allows to calculate the flow field. The
flow rate Q1 and Q2 of both fluids are then calculated by
integrating the flow field according to:

Qi =

∫ w

0

∫ h

0

ui(y, z)dydz (4)

where w is the width of the channel and h is the height.
The mean shear rate in each fluid γ̇i and its standart
deviation can be estimated by:

γ̇i =
1

Σi

∫ w

0

∫ h

0

√

(

∂ui

∂y

)2

+

(

∂ui

∂z

)2

dydz (5)

∆γ̇i =
1

Σi

∫ w

0

∫ h

0

√

(

∂ui

∂y

)2

+

(

∂ui

∂z

)2

− γ̇2

i dydz (6)

where Σi is the cross-sectional surface filled with the sam-
ple i.

A dimensional analysis of this set of equations points
out that the relative space occupied by each fluids in a
cross section of the channel is directly related to their
viscosity and flow rate ratios. This is well illustrated
by Fig. 4 and Fig. 5. Increasing the aqueous flow rate
by keeping the oil flow rate constant leads to the en-
largement of the aqueous stream width (see Fig. 4). As
shown in Fig. 5, the position of the interface between two
Newtonian fluids (i .e. with constant viscosity ratio) does
not move when the flow rates are changed while the ratio
between them is kept constant.

Therefore, measuring the geometrical features of the
flow, knowing both flow rates and one of the two viscosi-
ties allows us to obtain the other viscosity. The pressure
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FIG. 4: Optical pictures of the parallel flow taken for various
flow rate ratios in a 200 µm × 100 µm microchannel. The
oil phase is hexadecane. The aqueous phase is a solution of
Sodium dodecyl sulfate (SDS) in water at the critical micellar
concentration (cmc) and is located in the upper part of the
figure. The flow rates of water and hexadecane are specified
on the picture. Note that the interface between the two fluids
moves towards the lower part when the water flow rate is
increased.

300 µL/hr 600 µL/hr 1200 µL/hr 2400 µL/hr

100 µL/hr 200 µL/hr 400 µL/hr 800 µL/hr

50 µm

aqueous
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FIG. 5: Optical pictures of the parallel flow taken for a fixed
ratio between the flow rates in a 200 µm × 100 µm microchan-
nel. The oil phase is hexadecane. The aqueous phase is a
solution of water with SDS at the cmc and is located in the
upper part of the figure. The flow rates of water and hexade-
cane are specified on the figure. The interface between the
two fluids does not move for the different flow rates.

drop in the channel can be then deduced from the ab-
solute value of the flow rate. However, due to the shape
of the interface there is no analytical solutions of the flow
field and numerical procedures are required to perform
the calculation.

Definition of the viscosity and shear rate for

complex fluids

The details of the procedure use in the numerical simu-
lations are described in [1]. A finite volume discretization
of the equations that ensures the continuity of the fluxes
at the interface [25] is used on a cartesian mesh. We are
able to compute the flow rate of both fluids assuming

them to be Newtonian. However, in our experiments, we
impose the two flow rates, we measure the position and
the shape of the interface, and we only know the viscosity
of one of the two fluids. Therefore, we need to solve the
inverse problem to find the viscosity ratio leading to the
measured interface shape for the imposed flow rate ratio.
To do so, we calculate the flow rate ratio Q1/Q2 obtained
for an arbitrary viscosity ratio η1/η2 and compare it to
the experimental one. We converge towards the exper-
imental flow rate ratio by adjusting the viscosity ratio
through numerical methods. We use the fact that, for a
given position of the interface and a given flow rate ra-
tio, there exists only one viscosity ratio that solves the
Stokes equation (see Fig. 6). The mean shear rate γ̇ sus-
tained by the fluid is then calculated by differentiating
the velocity field using equation 5.
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FIG. 6: Flow rate ratio Q1/Q2 as a function of the viscosity
ratio η1/η2 for a given position of the interface. The channel
dimensions are 200 µm × 100 µm. The knowledge of the flow
rate ratio allows to determine the viscosity ratio.

These definitions are only true for Newtonian fluids.
To define the viscosity and the shear rate of a complex
fluid we use a procedure widely used in rheology. We
associate to the non-Newtonian fluid the viscosity and
the mean shear rate that a Newtonian fluid would have
under the same experimental conditions (same flow rates
and same viscosity of the standard fluid). This approxi-
mation can be used when the shear stress in the sample
is the most homogeneous possible. The Fig. 7 represents
the homogeneity of the fluid 2 shear rate for three vis-
cosity ratios. It appears that the shear rate of the fluid
2 is defined with less than 15% of error when the fluid 1
is ten times less viscous and for a flow rate ratio Q1/Q2

between 10 and 100. In this case the flow profile of the
unknown fluid looks like a shear flow as depicted in Fig. 8.
In our experience we will thus use a reference fluid less
viscous. To calculate the error bars we take into account
the standard deviation of the shear rate value and we
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FIG. 7: Standard deviation of the mean shear rate of
fluid 2 divided by the mean shear rate as a function
of (Q1/Q2)(η1/η2). Microchannel dimension is 200 µm
× 100 µm. This deviation is calculated for different viscosity
ratios η1/η2. (×) corresponds to a ratio of 0.1, (◦) to a ratio
of 1 and (�) to a ratio of 10.

calculate the error made on the viscosity ratio assuming
an error of ± 5 µm on the detection of the position lines
(see details in [1]).
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FIG. 8: Flow profile in a 200 µm × 100 µm channel as a
function of the viscosity ratio η1/η2. The mean shear rate γ̇
is well defined when the reference fluid used to form a parallel
flow is less viscous.

AUTOMATION AND ANALYSIS

The purpose of this paper is to implement our method
and our analysis in an automated set up. Therefore, each
operation accomplished by an operator during an exper-
iment must be automated. When an experiment is per-
formed we need to execute the following tasks: changing

the flow rates, analyzing the picture, extracting the cor-
rect lines and calculating the viscosity and the shear rate.
The syringe pumps control is straight forward and can be
easily done via the RS232 by using the code given by the
supplier [26] and the Matlab software. The numerical
calculation of the viscosity and shear rate are also done
with Matlab and has already been developed [1]. For
each flow rate it is necessary to take a picture of the flow
and analyze it. To take the picture at a given frame rate
we use a CCD camera connected to an acquisition card
controlled by the LabView software. The main difficulty
remains in finding a way to robustly analyze the picture
in order to extract the characteristic lines introduced in
the Fig. 2. In the following we described the way that
we use to perform this analysis.

The first issue is that, to identify all the lines on a
picture, it is necessary to finely adjust the focus and the
contrast of the microscope. When manual experiments
are performed these settings are often readjusted to ob-
tain pictures which contain all the lines (Cp, Cg and I).
Without operator, it is not possible to change the setting
during the experiment. Since sometimes all the lines do
not appear on the same picture, it is necessary to define
a rule which can be applied on every pictures. The most
difficult lines to distinguish are Cp or Cg because they
are quite close and less contrasted than the other ones.
However, due to the fact that they are close, it is tempt-
ing to make the approximation that they are confounded.
Doing this, we limit our detection to four characteristic
lines. Before going further, it is important to quantify
the error made doing this approximation on the deter-
mination of the shape. To estimate the maximum error
we calculate the viscosity ratio (η1/η2)Cp

when the de-
tected line is Cp and (η1/η2)Cg

when Cg is detected. The
difference between the viscosity ratio found with the ap-
proximate shape and the one found with the true shape
allows to estimate the mean error made with this approx-
imation through:

∆R(η1/η2) =
η1/η2 − (η1/η2)Cp

2η1/η2

+
η1/η2 − (η1/η2)Cg

2η1/η2

(7)

This leads to a small error in determining the viscosity
ratio as shown in Fig. 9 where ∆R(η1/η2) is plotted as a
function of Q1/Q2. The shape considered is put in insert.
This a 200 µm radius circle centered at y=-100 µm and
at z=30 µm with the notation of Fig. 3 and an origin in
the right bottom corner. Note that this flow geometry
is realistic and corresponds to a case with an high as-
symetry of the wetting angle on the PDMS and on the
glass surfaces. The error on viscosity ratio made with
the approximation on the shape is lower than the one
due to experimental uncertainties (10-20 %) discussed in
[1]. Therefore we will not take this error into account in
the calculation of the error bars.

The identification of the lines on the images are
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FIG. 9: Error on the viscosity ratio due to the approximation
of the shape. ∆R(η1/η2) is the relative error between the
viscosity ratio found with the real shape and the one with the
approximate shape.

processed using a Matlab routine. The lines are detected
using Hough Transform (HT), a method first proposed
by P. Hough in 1962 [27, 28]. The HT can only be ap-
plied on black and white pictures. Thus, the use of the
HT requires that we transform our initial picture into a
black and white picture where the lines clearly appear.
Using an edge detection step allows us to identify and
keep the strong intensity gradient regions which natu-
rally include the lines. The picture obtained after this
step is not yet black and white and it is thus necessary
to threshold it before applying the HT. By trying various
filters, it appears that the critical step of this method is
the edge detection. It is very important to obtain a low
noise picture keeping mainly the lines. The Sobel filter
gives the best and more robust edge detection results,
but only detects the gradient in the vertical and hori-
zontal directions. This constrains us to rotate the initial
picture in order to obtain horizontal or vertical walls. We
arbitrally chose the horizontal orientation. The analysis
of the picture can be thus decomposed in two stages, a
rotation step following by a detection step.

To rotate the picture in order to orient the walls along
the horizontal direction we follow the procedure shown in
Fig. 10. The initial image (see Fig. 10-a)) is filtered using
the Canny filter and is transformed into a black and white
picture (see Fig. 10-b)) to apply a first HT. Canny filter
has the advantage that it does not prefer any direction in
space and is a good compromise between edge detection
and noise. The HT is then applied to this picture. In this
step we do not search all of the characteristic lines but
we look at the longest lines to find the orientation of the
walls with respect to the horizontal line. Detected lines
are added to the initial picture (see Fig. 10-c)). The
image is then rotated by the measured angle value so
that it appears horizontal. To identify fluids by their
position (upper or lower side), we perform a function
checkby asking to the operator at the beginning of the
routine if the upper phase in the figure corresponds to the
inner fluid. With this information, we obtain a horizontal

picture where the inner phase is on the upper side of the
picture (see Fig. 10-d)).

(a) (b)

(c) (d)

FIG. 10: Rotation process of the picture. a) initial picture b)
black and white picture obtained after tresholding the Canny
filtered image c) the longest detected lines through the Hough
transform are added to the picture d) rotated picture.

The rotated picture is then used to perform the com-
plete analysis of the lines as depicted in Fig. 11. The
image is filtered with a Sobel filter (see Fig. 11-b)). This
allows a very good precision in the edge detection but
generates a poorly contrasted image. The contrast is en-
hanced by increasing the value of each pixel in the picture
by a power of 3 (see Fig. 11-c)). After the contrast im-
provement, the image is thresholded to obtain a black
and white picture (see Fig. 11-d)). The HT is then ap-
plied to this black and white image. We only focus on
the horizontal lines since we know that all the lines of
interest are horizontal.

(a) (b)

(c) (d)

FIG. 11: Detection of the lines. a) rotated picture b) Sobel
filtered picture c) amplification of the contrast d) black and
white picture in which the Hough transform is applied.

The HT gives the mean length of all horizontal lines as
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a function of the vertical position. This histogram allows
us to choose different lines (see Fig. 12). In this figure
we can clearly identify groups of lines. Line positions are
chosen at an average position for each group of lines. In
order to not detect the same line two times, a minimum
distance between each line is set. These minimum dis-
tances have been chosen through our own experience. We
do not take into account flows where one of the fluids oc-
cupies most of the channel volume. We also avoid having
contact lines that are too close to the interface because
we never saw straight interfaces for parallel flows in our
geometry. Thus, C and I must be separated of 5 % of the
channel width (10 µm) and should not be place closer
than 13 % of the channel width (15 µm) from the walls.
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FIG. 12: Line lengths as a function of the vertical position.
This histogram gives the position of the contact line, the in-
terface and the walls.

The lines detected through this procedure are added to
the rotated picture (see Fig. 13) and the picture is saved
with the detected lines on it. This can be useful to check
for outlier points at the end of an experiment.

initial picture treated picture

FIG. 13: Picture taken from an experiment and picture after
performing the image analysis. Detected lines are added to
the final picture.

METHODS AND SET UP

Set up

Our microfluidic devices are fabricated using soft litho-
graphy [16]. A mold is obtained by patterning photoresist
(Su-8 series, Microchem) on a silicon wafer by standard
photolithography. PDMS (Sylgard 184, Dow Corning) is
cast on the mold and cured at 65oC for one hour. The
channels are sealed to a glass plate after an oxidation
step in an UV cleaner (Jelight). Thus, the microchan-
nels have three walls made from PDMS and one that
is glass. Channel dimensions are measured with a pro-
filometer (Dektak 6M, Veeco). The microdevices used in
our experiments have two inlet arms which meet at a T
junction with a funnel design. The use of a funnel allows
us to reduce the droplet formation domain.

syringe pump
mixing unit

2nd mixer

stirring bar computer

camera

tubing
chip

microscope

FIG. 14: Set up used in our experiments. This set up allows
continuous measurements on the chip. Syringe pumps are
controlled by the computer. Two syringe pumps inject the two
fluids which are mixed before the microfluidic chip. A third
pump injects the reference fluid to form a parallel flow in the
channel. Observations are done with an optical microscope
and pictures are recorded with a CCD camera at a given frame
rate.

The inlet channels are connected via tubing to syringes
loaded with the fluids. Syringe pumps (PHD 2000, Har-
vard apparatus) allow us to control the flow rates of the
liquids between 1 µL/hr and 60 mL/hr (see Fig. 14).
The syringe pumps are controlled with a Matlab rou-
tine via the RS232 interface [26]. Images are taken with
a CCD camera (FK-7512-IQ Cohu, Pieper GmbH) that
is connected to an acquisition card (PCI 1407, National
Instruments). A home made image acquisition program
allows us to take pictures at a given frame rate. When
three fluids are used, a mixing device (SIMM-V2, IMM)
is added before the chip to increase the efficiency of the
mixing [29]. This device divides the two fluid streams
into multiple streams and recombines them in order to
increase the contact surface between the two fluids. As
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mixing in a microchannel is only a diffusive process, the
mixing time is greatly reduced by increasing the interface
between the two fluids. This device is placed as close as
possible to the microfluidic chip in order to reduce the
dead volume. Between samples, we flush the previous
sample by increasing the flow rates during two equilib-
rium times. This ensures that the fluid passes through
the dead volume. When this set up is not efficient enough
to obtain a good mixing of the fluids, a mixing chamber
is added between the IMM mixer and the microfluidic
chip similar to the one proposed by Wu and coworkers
[30]. This chamber consists in a 1.5 mm high cylinder
with a radius of 4 mm in which a stirring bar is included
before sealing. Inlet and outlet channels are lower than
the height of the stirring bar. The device is made from
PDMS and glass. Note that the dead volume is increased
in comparaison with the previous mixing network. More
liquid is therefore able to flush the system between two
different compositions.

To compare our measurements with classical ones, we
performed rheological measurements on our solutions in
a cone and plate rheometer (AR-G2, TA instruments)
with a 4 cm diameter and 2◦ angle cone cell.

Procedure

To carry out an experiment, we first fill our fluidic net-
work to obtain a steady flow on the microfluidic chip. At
the beginning of the experiment a checkby function ask
where is the reference fluid and the value of its viscos-
ity. A file with all the flow rate is then loaded by the
program and the experiment starts. The image acquisi-
tion software records picture at a given frame rate in an
acquisition folder. The Matlab routine controls syringe
pumps and analyzes the picture. As soon as a picture is
recorded the flow rate are changed, the picture is ana-
lyzed and the viscosity and the shear rate are calculated.
It does it until it reaches the end of the flow rate file.
At the end of the experiment we obtained a file which
contains the viscosity, the shear rate and the other ex-
perimental parameters. When formulations are prepared
on the microfluidic network the flow rates of the misci-
ble fluids are chosen to obtain the targeted compositions.
All these values are reported in the file which is loaded at
the beginning of the experiment. Between two different
compositions, the fluidic network is flushed by injecting
twice the dead volume of the new composition.

Materials

In this work various simple and complex fluids have
been used. The Newtonian fluids are silicone oils of differ-
ent viscosities, glycerine and dilute solutions of Sodium
Dodecyl Sulfate (SDS) above the critical micellar concen-

tration (cmc) in water (cmc =0.24 wt %). Various non-
Newtonian solutions have been studied; these are dilute
solutions of polymers and surfactants in water. Dilute so-
lutions of polymers are PolyEthyleneOxide (PEO) with a
molecular weight of 4,000,000 (4M) at 2 wt % and 4 wt %
in water. The first surfactant solution is a mixture made
of CetylTrimethylAmmonium Bromide (CTAB) diluted
at 0.05 mol/L in a solution of sodium salicylate (NaSal)
at 0.02 mol/L in water. The second one is as a mixture
made of CetylPyridinium Chloride (CpCl) and NaSal di-
luted at 6 wt % in a solution of NaCl at 0.5 mol/L in
water. This system is known to form wormlike micelles
[31, 32].

RESULTS

In this section we present our results obtained on New-
tonian and non-Newtonian fluids with our automated mi-
crofluidic set up. Error bars on viscosity and on shear
rate are calculated as previously discussed and are plot-
ted with a cross which relative size depends on the cal-
culated error for the two values. Results are compared
with classical measurements.

Simple measurement

10
1

10
2

10
3

10
−2

10
−1

10
0

γ (s−1)

η 
(P

a.
s)

.

FIG. 15: Viscosity as a function of shear rate for four different
silicone oils. Viscosity is constant with the shear rate. O, ◦,
� and � are results obtained with our microrheometer for the
20 mPa·s, 100 mPa·s, 300 mPa·s and 1000 mPa·s oils, lines
are the data given by the supplier. Crosses behind symbols
correspond to the calculated error bars on the shear rate and
the viscosity.

Figure 15 presents the viscosity measurements with er-
ror bars obtained on different silicone oils of 20, 100, 300
and 1000 mPa·s. The measurements are performed at
22◦C. The viscosities found for the different oils are in
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quite good agreement with the values given by the sup-
plier. Figure 16 presents the rheological curve obtained
on PEO at 2 wt % in water. Results and error bars ob-
tained with our set up are in good agreement with results
obtained on a classical rheometer. During this experi-
ment we used less than 350 µL of PEO solution in the
microfluidic chip.
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FIG. 16: Viscosity as a function of shear rate for a solution of
PEO at 2 wt % in water. + are results and error bars obtained
with our microrheometer and line is the one obtained with a
cone and plate rheometer.
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FIG. 17: Viscosity as a function of shear rate for the CTAB
solution. + are results and error bars obtained with our mi-
crorheometer and line is the one obtained with a cone plate
rheometer.

Figure 17 presents the flow curve obtained for the
CTAB solution. The measurements are performed at
22◦C. The values found with the microrheometer (see +)
are in good agreement with the measurements performed
on a classical cone plate rheometer (see line). There is
a little deviation at high shear rates, where the CTAB

solution exhibits a shear thickening behavior. This thick-
ening does not appear in our data. This may be due to
the fact that the flow in our microchannel is not a pure
shear flow as in a rheometer. During this experiment less
than 300 µL of fluid was injected into the system.

These data points out that we are able to identify the
rheological nature of the fluid as well as its viscosity range
at different shear rates with less than 350 µL of sample
in an automated fashion.

Continuous formulation measurements

To benefit from the microfluidic approach and the low
quantity of sample required to measure a flow curve, the
formulations are prepared directly within the fluidic net-
work. The concentration of the formulation is adjusted
by defining appropriate flow rate ratio between the two
miscible fluids in the initial flow rate file loaded at the
beginning of the experiment. Figure 18 shows the results
and error bars obtained for four mixtures of hexadecane
and silicone oil at 100 mPa·s. The four mixtures are
Newtonian fluids and the viscosity clearly increases when
the fraction of silicone oil increases. The viscosity of the
same mixtures prepared in vials are measured on a cone
and plate rheometer (see lines on Fig. 18). Results are
in quite good agreement. During this experiment only 1
mL of silicone oil and 1.2 mL of hexadecane was used.
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FIG. 18: Viscosity as a function of shear rate for four mix-
tures of hexadecane and silicone oil at 100 mPa·s. O is a
mixture obtained with a flow rate ratio between hexadecane
and silicone oil (Qhd/Qsi) of 10, ◦ with Qhd/Qsi=4, � with
Qhd/Qsi=1 and � with Qhd/Qsi=0.1. Lines are results ob-
tained with a cone plate rheometer. Crosses behind symbols
correspond to the calculated error bars on the shear rate and
the viscosity.

Figure 19 presents the measurements performed for
four formulations prepared in our set up by mixing a so-
lution of PEO at 4 wt % with water prior injection into
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our microrheometer. The lines on Fig. 19 were rheologi-
cal measurements made on the same solutions prepared
in a vial. Only 1.3 mL of PEO at 4 wt % was injected to
obtain the four flow curves with our set up. They are in
good agreement with the measurements of the cone and
plate rheometer.
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FIG. 19: Viscosity as a function of shear rate for four formula-
tions of PEO in water. Lines are results obtained with a cone
plate rheometer and symbols are results of the microrheome-
ter. � correspond to a solution S1 at 1 wt % of PEO, ◦ to a
solution S2 at 2 wt % of PEO , O to a solution S3 at 3 wt %
of PEO and � to a solution S4 at 4 wt % of PEO. Crosses
behind symbols correspond to the calculated error bars on the
shear rate and the viscosity. During this experiment 1.3 mL
of PEO at 4 wt % was injected.

Wormlike micelles solutions are not so easy to prepare
in the fluidic network and the use of the IMM mixer is
not efficient enough to obtain a homogenous solution at
the outlet of the mixing device. This prevents the use
of the IMM mixer as the only mixing stage on our net-
work. To enhance mixing, a mixing chamber between
the IMM mixer and the microfluidic chip has been added
as discussed previously. Results obtained after these two
mixing stages are presented in Fig. 20. The lines are re-
sults obtained with a cone and plate rheometer and the
symbols are our results. The results and error bars ob-
tained are in quite good agreement with cone and plate
measurements and allow to see the increase of the viscos-
ity when the surfactant concentration is increased.

1.1 mL of CpCl-NaSal at 6 wt % in brine water was
used to get the three flow curves of the Fig. 20. This case
illustrates that a larger amount of liquid is required when
the mixture is pre-formulating in two mixers instead of
a single one. This is obviously due to an increase of the
dead volume between the mixing stage and the charac-
terization chip. Note that the cone and plate rheometer
data are not plotted after 200 s−1 because a large amount

of solution is ejected from the rheometer cell for higher
shear rates.
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FIG. 20: Viscosity as a function of shear rate for three for-
mulations of CpCl-NaSal at 6 wt % in brine water and water
with 0.5 mol/L of NaCl. Lines are results obtained with a cone
plate rheometer and symbols are results of the microrheome-
ter. � correspond to a solution S1 at 2 wt % of CpCl-NaSal,
◦ to a solution S2 at 4 wt % of CpCl-NaSal and O to a so-
lution S3 at 6 wt % of CpCl-NaSal. Crosses behind symbols
correspond to the calculated error bars on the shear rate and
the viscosity. During this experiment 1.1 mL of CpCl-NaSal
at 6 wt % in brine water was injected.

Conclusions

In this work we described a method to perform auto-
mated rheological measurements on a microfluidic chip.
We showed how to optically measure the rheological
properties of complex fluids without the use of a trans-
ducer. Our method, which requires very few amount of
sample, allows to get results that agree with classical
macroscopic measurements with 10-20 % of error. By
coupling this microrheometer with a mixing stage we en-
gineered a fully automated set up which controls the sam-
ple concentration and the flow rates, analyzes the picture
and calculates the mean shear rate and the viscosity to
finally determine the flow curve. This is a first step to-
wards obtaining a complete phase diagrams to select an
appropriate formulation and make further studies on it.
Mixing is clearly a key step for the screening of various
formulations. This can limit our set up when a prepara-
tion requires very long time of equilibrium before being
homogenous. But, in this case, no continuous measure-
ment techniques are able to solve this problem. Never-
theless, our set up gives the behavior of the fluid under an
applied stress and allows to estimate quite well its viscos-
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ity range. Therefore it could be very useful in screening
processes where the goal is to evaluate the flow curves of
liquids and formulations in a continuous and fully auto-
mated way.
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