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Quantifying the viscosity of a fluid is of great importance in determining its properties and can even be used to identify what

DOI: 10.1039/x0xx00000x

the fluid is. While many techniques exist for measuring the viscosity of either gases or liquids, it is very challenging to probe

both gases and liquids with a single approach because of the significant difference in their nature, and the vast difference in

the values of their viscosities. We introduce a facile approach to measuring the viscosity of a Newtonian fluid, either a gas

or a liquid, by flowing it through a deformable microchannel where the deformation depends on the pressure required to

induce the flow, which, in turn, depends on the fluid viscosity. A strain gauge embedded just above and across the

microchannel transduces the flow-induced deformation into strain. The strain is proportional to the square of the flow-

induced deformation enabling us to precisely discriminate not only gases but also liquids based on their viscosities with the

same device.

Introduction

Among the properties of a fluid that are most familiar, even on
a daily basis, is viscosity: water is a less viscous fluid, while
honey is a more viscous fluid. Gases also have viscosities, but
their values are much less than those of liquids; thus, we cannot
as easily distinguish the differences in the viscosities of different
gases. Viscosity values vary over an extremely wide range, from
10%to 10> Pa-s for gases, and from 10 to 108 Pals for liquids.»
2 As a result, many different analytical techniques are used to
quantify viscosity. For example, the viscosity of liquids can be
measured by stirring the sample using a rotational viscometer,
which operates over a wide range, typically from 10-3 to 10° Pa
Ks, and thus can measure many different liquids. By contrast, it
is more difficult to measure the viscosity of gases and many
different techniques are used, including the measurement of
the differential pressure in a capillary,3-8 the viscous drag of a
falling object,® the damping of oscillations of a disc,10-14 light
scattering,'> the change in speed of a levitated rotational disc,®
light absorption,1” and the shift in resonant frequency of a
vibrating object such as quartz crystal microbalance!® or a
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microcantilever.1® 20 There are, however, only a few approaches
that can be applied to measure the viscosities of both gases and
liquids with the same device. One example of measuring the
viscosities of both types of fluids is through the use of a
microcantilever combined with wave propagation analysis;2!
with significantly different
dimensions are required, with nanoscale thickness needed for

nevertheless microcantilevers
gas measurement and microscale thickness needed for liquid
measurement. As a result, different devices must be used for
liquids and for gases. Another example is that a glass capillary is
used to monitor the viscosity of water with different phasesX
liquid and vapor. The measurements require high pressures, in
the range of several tens of MPa, as well as wide pressure range
starting from hundreds of kPa, making use of a high pressure
pump and good pressure transducer essential. Two-phase flows
of gas and liquids, such as bubble flow, slug flow, and annular
flow?2 can be analyzed using standard techniques for viscosity
measurements, but their properties are dominated by those of
the continuous phase, making their viscosities more closely
similar to that of liquids. It is the measurement of the two
extremes of the viscosity range with a single device that is so
challenging: gases are too diffusive to be measured by existing
approaches for liquids such as rotational viscometers whereas
liquids are usually too viscous to quantify the changes in their
viscosity-dependent parameters by existing approaches for
gases without significant modification or complicated design of
the setup. A single device that can measure the viscosities of
both gases and liquids must be able to probe the vast range of
viscosities, from the very low viscosities of gases to the much
higher viscosities of liquids. Such a device would enable
measurement of any fluid, including gases, liquids, and even
their mixtures, without changing the setup, making it possible
to realize viscosity-based identification of fluids.
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Fig. 1 (a) Optical microscope image of a strain gauge. (b) Photo of the PDMS microfluidic device. An enlarged image shows the strain gauge embedded in the device. (c) 3D

schematic of the microfluidic device shown in (b). (d, e) Cross-sectional schematic of the strain gauge embedded just above and across the microchannel. The schematics in (e)

depict the microchannel without and with flow.

In this paper, we describe a single microfluidic device that
measures viscosity over a wide dynamic range, sufficient to
measure both gases and liquids, and even that at the boundary
between two phases, using the same device. We accomplish
this by using a deformable microchannel, where the
deformation is proportional to the pressure driving the flow,
which is, in turn, dependent on the viscosity of the fluid. The
microchannel is made of polydimethylsiloxane (PDMS) and has
an embedded strain gauge located just above and across the
microchannel, efficiently measuring the flow-induced strain as
the microchannel is deformed. We demonstrate this approach
by correlating the induced strain with the viscosities of gases,
including carbon dioxide (CO3), nitrogen (N3), air, helium (He),
and argon (Ar) and the viscosities of liquid, including methanol
(MeOH), water, isopropyl alcohol (IPA), and MeOH aqueous
solution with four different concentrations whose viscosities
are at least two orders of magnitude larger than those of the
gases.

Concept

A standard method of determining fluid viscosity is to measure
the pressure drop, p, required to flow the fluid through a
channel of known geometry; then the fluid viscosity, g, is
proportional to p. This is also applicable to deformable
channels, although the relationship becomes non-linear p <
u™, with n = 0.25 or less,?32> reducing the sensitivity. Here, we
adapt a different approach: we use a deformable channel, but
we measure the deformation itself. We use a rectangular
channel made of polydimethylsiloxane (PDMS) and measure the
flow-induced deformation of the channel, Ah, using a strain
gauge embedded just above and across the channel, with a thin
layer of PDMS separating the gauge from the fluid, as shown in
Fig. 1. The strain, &, is proportional to Ah2, and Ahis proportional
to p, regardless of flow rate. This results in a robust device

2| J. Name., 2012, 00, 1-3

capable of measuring x with high precision over a wide range,
even extending from gases to liquids.

Results and Discussion
Measurement of gases

We start by determining the behavior for a set of five gases,
CO,, N3, air, He, and Ar, using a flow rate of 10 mL/min. The
output voltage of the strain gauge depends on the flow and on
the gas, as shown by the time dependence in Fig. 2(a). The
output for each gas is characterized by the peak voltage, which
is proportional to the strain,

egK,
€out = B4s'5 (D

where eg is the bridge voltage (2.5 V), and K; is the gauge factor
(2.11). The measured strain is dependent on £, as shown in Fig.
2(b). The data are well described by a power-law function,
€out X U™ , where m = 0.859. Thus, this deformable
microchannel provides a sensitive measurement of the viscosity
of a gas.

To understand the origin of the response, we perform a
finite element analysis (FEA) simulation of the microfluidic
device shown in Fig. 1. This approach enables us to investigate
how the flow affects the deformation of the strain gauge in
detail. We set the flow rate of the gas to 10 mL/min, vary the
viscosity and determine the deformation of the microchannel
and the resultant Ah. In addition to the five gases used in the
actual measurements, we add the viscosities for five other
common gases, propane (CsHs), ethane (C;Heg), hydrogen (H,),
methane (CHj4), and sulfur dioxide (SO,); these cover a wide
range of viscosities that reflect the most common gases. The
FEA simulation shows that the degree of deformation of the
microchannel depends on the viscosity of the gas, as seen in Fig.
3(a); thus, by measuring Ah, we can determine the viscosity of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Output voltages as a function of (a) time and (b) viscosity for five gases, CO,, Ny, Air, He, and Ar at a flow rate of 10 mL/min. (b) is also a plot of corresponding strain as a
function of viscosity. The data points in (b) are fit with a power-law function (dashed line).
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Fig. 3 FEA results: (a) Cross-sectional profile of the strain gauge under the flow of 10 gases with different viscosities, C3Hg, Hy, C;Hg, CHg, SO,, CO,, N,, Air, He, and Ar at a flow
rate of 10 mL/min. The deformation is plotted as a function of position along the width of the microchannel. The position between 2.8 and 4.3 (highlighted in pale blue) is
where the microchannel is present 1 um below the strain gauge. (b) Deformation as a function of viscosity. The data points in (b) are fit with a power-law (dashed line).

the gas. The dependence is well described by a power-law, viscosity values, with the only discrepancy being in the reported
Ah o yu™, with n = 0.434, as shown in Fig. 3(b). values; this confirms the reliability of our technique.
To compare the FEA results to the measurements, we
determine the output voltage obtained by a strain gauge
subjected to the simulated deformation of the microchannel.

The gauge extends over roughly half of the width, w, of the o7 ' ' ' '
microchannel as shown schematically in Fig. 1. When the 5 006F He /ﬁj-r/—
deformation is small compared to the channel width, Ah << w, % oos | N, éif""/ ]
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data, with both exhibiting a power-law dependence on viscosity 00 0% 10 18 20
with an exponent of m = 0.859, as shown in Fig. 4. Viscosity (10° Pa-s)

We also compare the experimental data to those obtained Fig. 4 FEA-based output voltages as a function of viscosity for 10 gases, C3Hg, Ha,
at the same temperature (20 °C) reported in previous CHes, CHa, SO, CO,, Ny, Air, He, and Ar at a flow rate of 10 mL/min (open squares).
literatures?. & 15’ as shown in Fig. 5. The viscosity values These data points are fit with a power-law (dashed line). The experimental data
predicted by the present technique agree well with the known are also plotted (closed squares).
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To investigate the behavior for different flow conditions, we
perform FEA simulations where the flow rate is varied. In all
cases, we observe a power-law relationship between the
deformation and the viscosity, as shown in Fig. S2. Interestingly,
however, the exponent varies with the flow rate, with n ~ 1 at
the lowest flow rates, and decreasing monotonically to n ~ 0.25
as the flow rate increases above 60 mL/min, as shown in Fig. 6.
At very low flow rates, the microchannel should be only slightly
deformed which results in n ~ 1. The asymptotic value at high
flow rates is n ~ 0.25, which is almost equivalent to that
calculated analytically for flow in a PDMS microchannel bonded
to a rigid glass substrate where only the top surface deforms
under the flow.23-26 For our geometry, the FEA simulation
predicts that the flow-induced deformation occurs mainly at the
top surface even though the entire device is made of PDMS
since the bottom of the microchannel is much deeper, as shown
in Fig. $3. In all cases, the strain is proportional to the square of
the deformation and hence the output voltage will also exhibit
a power-law dependence of viscosity, with an exponent of 2n.

To compare the behavior predicted by the FEA results with
experiment, we measure the output voltage as we vary the flow
rates for the five gases between 6 and 10 mL/min (Figs. 2 and
S4), where the exponent is strongly dependent on flow rate. In
this regime, even changes in flow rate as small as 1 mL/min
result in a different dependence of the output voltage on
viscosity, as shown in Fig. 7. Nevertheless, the results for each

] of the gases are clearly distinguished. In each case, the data are
04t r . 1 well described by a power-law dependence; moreover, the
" . measured exponent is consistent with twice that predicted by
o2f T T T T [ o the FEA simulations, as shown in Fig. 7. The responses obtained
at 6 mL/min reach the maximum values within several seconds

00 L L L L

I I I
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power-law fit to the Ah-u plot shown in Fig. S2.

0.07

160
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after injecting sample gases, and they do not change over time
as opposed to the data obtained at 10 mL/min. The
measurements are reproducible as confirmed with multiple
devices and sufficiently precise to discriminate nitrogen from
air, where the difference in viscosity is only 0.05*10° Pa -s.
Since the noise level of the measurements is less than 1 pV, we
should be able to even differentiate, for example, structural
isomers such as n-butane and isobutane whose difference in
viscosities is only 0.01*10 PalXs. However, because n varies as
a function of flow rate, the device must be calibrated prior to

Ar use.
0.06 |- [ B
airw Y
S st N, /.'ﬁ:,/‘,y/ ] Measurement of liquids
E o, .~ 4¥ ¥ A
g oof } XY AT e The viscosity of gases varies over the range of 10 to 10-> PalXs;
& Ak - . - 3
S > by contrast, the viscosities of liquids ranges from around 10-3 Pa
9 003f - B
> - . N
= mL/min Xs to much higher values in many cases. Nevertheless, our
g ooy 10 1 device responds in a similar fashion to flow of a liquid through
o -
001 | J the microchannel, and hence can also be used to measure the
viscosities of liquids. To demonstrate this, we measure several
0.00 . . . . . . .
. . . liquids, including MeOH, water, and IPA. Their viscosities at 20
00 05 10 15 20

°C are 0.60*103 Pals, 1.0*¥103 Pals, and 2.4*103 PalXs,
respectively.?’. 28 We set the flow rate for each measurement to
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be 0.25 mL/min. We measure distinct time-dependent output
voltages for each liquid as the flow is turned on and off, as
shown in Fig. S5. Moreover, there is a clear correlation between

Fig. 7 Output voltages as a function of viscosity for five gases, CO,, N,, Air, He, and
Ar at flow rates of 6, 7, 8, 9, and 10 mL/min. The data points obtained at a flow
rate of 10 mL/min are from those shown in Fig. 2b.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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the signal outputs and the viscosities. The data are in good
agreement with a power-law function with m (= 2n) = 0.820, as
shown in Fig. 8(a). To further extend the values of the
viscosities, we also measure several MeOH-aqueous solutions
whose MeOH concentration is set at 20, 40, 60, and 80 vol%.
The viscosity of an alcohol-water binary system does not exhibit
a simple linear
monotonically with the ratio.2” Hydrogen bonding between

dependence but instead varies non-
alcohol molecules and water molecules plays a critical role in
determining the viscosity of the mixture, and its effect is largest
at a specific ratio, leading to the maximum in the viscosity.??
Nevertheless, all the results fall directly on the power-law fit to
the data, as shown in Fig. 8(a). Furthermore, by plotting eyu:X/™
as a function of MeOH volume fraction, we see a non-
monotonic trend that is in good agreement with the reported
viscosity values, as shown in Fig. 8(b). The viscosities of the
liquids are about 50 times greater than those of the gases
whereas the flow rates used are about 40 times less, putting the
measurements in the same regime of the product of the
viscosity and flow rate; however, the value of m obtained for
the liquids cannot be compared directly to that predicted from
the FEA simulations for gases. Thus, the device must be
liquids prior to use.
Nevertheless, this device can be used to determine the

separately calibrated for gases and

viscosities of any fluid including both gases and liquids.

Conclusions

We fabricate a PDMS-based microfluidic device to measure the
viscosity of a Newtonian fluid by flowing it through a
deformable microchannel where the deformation depends on
the pressure required to induce the flow, which, in turn,
depends on the fluid viscosity. For this purpose, we embed a
strain gauge in the device and fix its position just above and
across the microchannel. This arrangement allows us to
efficiently measure
transduce it into strain, which is proportional to the square of

the flow-induced deformation and

the deformation. The same device can be used to measure the

viscosity of either a gas or a liquid. We achieve sufficient
resolution to precisely discriminate several gases based solely

This journal is © The Royal Society of Chemistry 20xx

on their viscosities, which range from 1.47 to 2.22*10 Pa-s.
Using the same device, we also measure the viscosity of several
liquids, including MeOH, water, IPA, and aqueous solutions of
MeOH with four different concentrations; the viscosities of
these liquids range between 0.60*103 and 2.4*103 Pals,
approximately two orders of magnitude higher than those of
point-of-
wearable”, and “on-site” devices,3° this type of

» ou
’

the gases. With the increasing demand for “mobile
care testing”, “
device, with its wide dynamic range, simplicity of construction,
and high precision, will be useful for many applications where
viscosity can be used to discriminate differences between
analytes.

Methods
PDMS device fabrication

We describe the fabrication procedure of the PDMS device used
in this study. Negative photoresist SU-8 3035 is spun onto a
clean 3-inch single-side-polished silicon wafer using a spin
coating procedure (3,000 rpm for 30 sec) to form a 25-um-thick
layer. After baking at 95 °C for 15 min, the photoresist layer is
covered with a printed photomask and exposed to UV light.
Subsequently, the mask is removed from the wafer, and the
wafer is baked again at 65 °C for 1 min and then 95 °C for 5 min.
The master mold with the microchannel structures is obtained
by washing the uncured resist with propylene glycol methyl
ether acetate (PGMEA) for 8 min.

A micro-molding procedure is adopted to replicate the
microchannel from the master mold. The liquid PDMS mixture,
consisting of base and curing agent (weight ratio of 10:1, Sylgard
182), is poured on the SU-8 master mold, followed by degassing.
After curing at 65 °C for several hours, the PDMS is peeled off
the master mold. A biopsy punch is used to make through-holes
for the inlet and outlet. The PDMS block is irreversibly bonded
to another PDMS thin layer with a thickness of 1 mm where a
strain gauge is embedded. To form the stable bond, we perform
a plasma treatment at 70 W for 20 sec. The PDMS microfluidic
device fabrication is completed by enhancing the bonding
strength through heating at 95 °C for several tens of minutes. A
photo of the PDMS device is shown in Fig. 1(b).

J. Name., 2013, 00, 1-3 | 5
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Gas/liquid flow measurement in PDMS device

We use the PDMS microfluidic device to measure the strain
induced by the flow of various gases and liquids. For all
measurements, we use a strain gauge (Gauge pattern: FLKB-1-
11, length: 4.3 mm, width: 1.4 mm, thickness: 30 mm, gauge
factor: 2.11, gauge resistance: 120 W) which is purchased from
Tokyo Measuring instruments Laboratory Co., Ltd. An optical
microscope image showing the exact dimensions of the strain
gauge is shown in Fig. 1(a). All the output voltages from the
strain gauge are measured with an NI 9237 simultaneous bridge
module (National Instruments Corporation) by applying a
bridge voltage of 2.5 V, and recorded with a sampling rate of 20
Hz. The data collection program is designed using LabVIEW
(National Instruments Corporation). Gas flow is regulated with
a mass flow controller (MFC; SEC-N112MGM, Horiba Ltd.). The
flow is injected through the inlet at 10 mL/min for 20 sec,
followed by a 20 sec interval without gas flow. The same gas-
flow cycle is also performed at 6, 7, 8, and 9 mL/min. The flow
rates are measured with a volumetric flow meter (ProFLOW
6000 Electronic Flowmeter, Restek Corporation) at the outlet to
confirm that there is no leakage. Experiments are performed
using COy, Ny, air, He, and Ar.

For the liquid flow measurements, the flow is set at 0.25
mL/min using a syringe pump (PHD 2000 Dual Syringe Pump,
Harvard Apparatus). Methanol, water, IPA, and aqueous
solutions of MeOH with four different concentrations are used.
For the aqueous solutions of MeOH, the concentrations are set
at 20, 40, 60, and 80 vol%, and the samples are denoted as
M2H8, M4H6, M6H4, and MB8H2. All experiments are
performed at room temperature.

FEA simulation

We use COMSOL Multiphysics 5.6 equipped with Structural
Mechanics Module for the FEA simulation. We model the PDMS
in Fig. 1(c). All the
parameters used for the simulation are summarized in Table S1.
The whole structure is meshed with approximately 60,000
elements. In addition to CO,, N», air, He, and Ar that are used
for the experiments, five more gases, including CsHs, H,, CoHs,
CHg, and SO,, are also simulated to draw each fitting curve as
precise as possible.

device with the dimensions shown
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