
Lab on a Chip

PAPER

Cite this: Lab Chip, 2023, 23, 2577

Received 4th February 2023,
Accepted 17th April 2023

DOI: 10.1039/d3lc00101f

rsc.li/loc

Microfluidic viscometer by acoustic streaming
transducers†

Ruoyu Jiang, ‡a Paul Yoo, ‡a Abhinand M. Sudarshana, a

Emma Pelegri-O'Day,c Sandeep Chhabra,c Marissa Mockc and Abraham P. Lee *ab

Measurement of fluid viscosity represents a huge need for many biomedical and materials processing

applications. Sample fluids containing DNA, antibodies, protein-based drugs, and even cells have become

important therapeutic options. The physical properties, including viscosity, of these biologics are critical

factors in the optimization of the biomanufacturing processes and delivery of therapeutics to patients. Here

we demonstrate an acoustic microstreaming platform termed as microfluidic viscometer by acoustic

streaming transducers (μVAST) that induces fluid transport from second-order microstreaming to measure

viscosity. Validation of our platform is achieved with different glycerol content mixtures to reflect different

viscosities and shows that viscosity can be estimated based on the maximum speed of the second-order

acoustic microstreaming. The μVAST platform requires only a small volume of fluid sample (∼1.2 μL), which

is 16–30 times smaller than that of commercial viscometers. In addition, μVAST can be scaled up for ultra-

high throughput measurements of viscosity. Here we demonstrate 16 samples within 3 seconds, which is

an attractive feature for automating the process flows in drug development and materials manufacturing

and production.

Introduction

Precise measurement of viscosity is critical to characterize
and determine fluidic behavior. In many biomedical
applications, viscosities of therapeutic proteins or monoclonal
antibody (mAb) solutions are routinely monitored to ensure
drug developability.1 Viscous mAb solutions are not suitable
for subcutaneous injection and are also difficult to produce
and process during manufacturing.2,3 Since often highly
concentrated monoclonal antibody drugs are needed to
maximize therapeutic efficacy, viscosity becomes a limiting
factor when designing the dosing concentrations for patient
injection. In a clinical setting, blood viscosity increases blood
coagulation and continuous monitoring of blood viscosity is
crucial for routine clinical tests such as the activated clotting
time (ACT), the thrombin clotting time (TCT) and
thromboelastography (TEG).4,5 Traditional viscometers, such
as cone and plate, falling ball, and capillary sensing, are

generally used to measure fluid viscosities.6,7 However, most
of the conventional viscometers are extremely bulky, and
require precise balance such as perfectly leveled flatbed to
avoid error in the results.8,9 These techniques typically require
large sample volumes on the order of milliliters and time-
consuming data acquisition and sample handling steps. In
the event of early drug screening, such as engineered mAb
drug solutions during optimization, producing large
quantities of drug candidates is not feasible. Furthermore,
most conventional approaches to viscosity measurement are
limited to measuring one sample at a time, further reducing
throughput. Therefore, it is desirable to develop high
throughput viscometers that consume minimal sample
volumes while measuring multiple samples within one
system.

With the help of the recent development of microfluidic
technologies, various approaches have been introduced to
measure fluid viscosity at the micro-scale and can be
categorized as whether a given pressure is applied or a given
flow rate is applied externally to induce fluid transport to
correlate with viscosity. Viscometers based on capillary-
pressure-driven principle have been used as a pressure driven
method to measure the traveling speed of the liquid head
within a polydimethylsiloxane (PDMS) or paper-based
channel to correlate with liquid viscosity.10–12 Although this
method requires a very small amount of liquid, the meniscus
is sensitive to the channel wetting condition, and the
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resulting measurement is prone to distortion. Another
pressure-driven approach is to use a microcantilever and
analyze the responses of the cantilever under resonance
vibrations.13–15 Viscosities can be extracted by tracking the
vibrational particle/liquid movements via droplet vibration.
However, like previously mentioned capillary viscometers,
these methods require complex calculations/derivation and
are limited by wetting conditions of the surface. A droplet-
based microfluidic system is a common type of flow rate
driven approach that can be used to continuously measure
fluid viscosity.16 The velocity of the droplets when entering
the constriction channel can be correlated with fluid viscosity
and volume ratio of oil to droplets can also be used to
measure viscosity ranges.17–21 These methods require
complicated calibration and have limitations in viscosity
ranges and types of fluids such as non-Newtonian fluids. Li
et al. developed another system to measure viscosity by

droplet length.22 Under constant pressure, the viscosity of
both Newtonian and non-Newtonian fluids can be measured
under such system and the measurement needs as low as 1
μL volume. Nevertheless, the system lacks in sensitivity and
can only distinguish samples that possess large range of
viscosity differences rather than samples that share close
viscosities (e.g. 4 and 5 cP). Additionally, diffusion
microfluidic viscometers have also been developed to
measure the diffusive motion of tracer particles to quantify
fluid viscosity using Stokes–Einstein–Sutherland relation.
They require low sample volume and offer high sensitivity in
measurement.23–25 However, the choice of the probe sizes
and unwanted interaction between probes and liquid
material need to be considered.26

Acoustic-based microfluidics offers high particle
controllability and low sample volume requirement to
address the challenges above and has been reported for

Fig. 1 Device design and operation. a. Schematic diagram of the microfluidic viscometers in a 4 × 4 array. The direction of the arrow indicates the
direction of the bead movement within the acoustic microstreaming. b. Time lapse showing beads traveling under different viscosity fluids (0%
glycerol mixture vs. 50% glycerol mixture). The red circles show the tracking location of the same bead. Scale bar: 50 μm.
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precise spatial and temporal particle manipulation such as
translation, rotation, mixing, trapping, and sorting.27,28

Specifically, localized acoustic microstreaming generated
from oscillating bubbles has been used to achieve
multimodal control over the object orientations and the
magnitude of the object moving velocity and its position can
be controlled by the acoustic voltage and frequency.29–31 In
this work, we present a microfluidic platform termed
microfluidic viscometer by acoustic microstreaming
transducers (μVASTs) consisting of 16 independent wells,
with each well capable of measuring the viscosity of different
fluids using volumes as low as 1.2 μL, and each well
containing 8 lateral cavity acoustic transducers (LCATs).
LCATs are dead-end side channels that produce
microstreaming patterns at the air–liquid interface powered
by an activated piezoelectric transducer (PZTs). To minimize
the fluid volume while maximizing the number of measured
samples, a well-shaped design is incorporated (Fig. 1a).
Using this design, we show that micrometer beads can be
trapped within the microstreaming vortices with traveling
velocities near the air–liquid interface precisely that
correlate with a wide range of viscosities (1–50 cP). At low
Reynolds number and Stokes flow regime we demonstrate
that the bead velocity is in inverse relationship with the
fluid viscosity (Fig. 1b).26,32,33

When beads are traveling within the microstreaming
vortices, the μVASTs can continuously record bead velocity
over 3 seconds and a regression model is constructed (R2 =
0.96) correlating fluid viscosity to bead velocities. By
measuring the bead velocities, it is practical to estimate
viscosities of other types of fluids based on a regression
model. We further demonstrate the device's accuracy in
sample fluids such as bovine serum albumin (BSA) and
dextran under different concentrations, and our estimated
viscosities match well with those from cone-and-plate
viscometers. Overall, this work demonstrates a high-
throughput, highly precise, and portable microfluidic
viscometer platform for the measurement of a wide range of
viscosities that has broad applications toward point-of-care
testing, blood tests, and antibody/protein therapy.

Materials and methods
Microfluidic chip fabrication

In this study, devices were fabricated using the standard soft
lithography process on a 4 inch silicon wafer. Channel layer
was spin coated with SU-8 2075 (MicroChem, USA) at 500
rpm for 10 s, followed by 2150 rpm for 30 s to obtain 100 μm
height. SU-8 molds were soft baked at 65 °C for 5 min and 95
°C for 15 min and cooled for 3 min. They were exposed and
patterned by ultraviolet light at 23 s with a chrome mask
(Front Range, USA). The wafer was then post exposure baked
at 65 °C for 5 min and 95 °C for 10 min. While the wafer is
submerged in the developer solution, a sonicator was used
for 40 s to remove unexposed photoresist. The molds were
then cure baked at 150 °C for 10 min. μVAST devices were

fabricated with the polymer polydimethylsiloxane (PDMS)
and Sylgard 184 silicone elastomer curing agent and base
(Dow Corning, USA) at 1 : 11.5 ratio and poured on the mold.
After setting at room temperature overnight, the PDMS
channel was peeled off and bonded to the glass by oxygen
plasma treatment. The bonded devices were placed on a
hotplate at 90 °C overnight.

Liquid sample preparation

Liquid samples with different viscosities ranging from ∼1 to
50 cPs were prepared from glycerol–PBS (without Ca2+ and
Na+) (STEMCELL, Canada) mixtures of different mixing ratios
according to manufacture protocol. Polystyrene (Spherotech,
USA) beads with diameters of 5 μm were mixed with glycerol
as the final solution for the microfluidic viscometer device.
Bovine serum albumin (Sigma, A1900) was weighed and
dissolved completely in 1 mL water before each experiment.
The dextrans (MW 70 000) were obtained from Sigma Co. (St.
Louis, MO) (produced by Leuconostoc mesenteroides) and
dissolved in water as wt/wt percentage. Viscosity results for
BSA and dextran using cone and plate rheometer were
collected from literature.34,35

Experimental setup

This setup was placed onto an upright microscope for
analysis. A high-speed camera (Phantom v310, Vision
Research Inc., USA) was used to record videos of the motion
of polystyrene beads (Degradex, USA) in the viscometer. The
videos were recorded at a frame rate of 1000 frames per
second to study bead motion in high temporal resolutions.
This was particularly important in capturing the velocity
changes at the air–liquid interface of LCATs in the device.
For the experiments studying air–liquid interface oscillation
amplitude and periodicity, the video frame rate was
increased to 100 000 fps due to the rapid oscillation of the
interface. To generate the acoustic energy field, a square
wave signal of 50.2 kHz was delivered to the PZT using a
function generator (Agilent Technologies, USA). The
function generator was coupled with a power amplifier
(Micromechatronics, Inc., USA) to read out the specific
voltages used in the experiments. Acoustic streaming
velocity distribution of particles was analyzed using the
PIVLab toolbox in Matlab.36

Image processing

Fiji37 was used to visualize the particle movement and to
perform most of the image processing and analyses. Particle
traveling distance was measured using Fiji and velocity is

calculated as:
Distance that beads travelled

the time spent
. The frame rate

used for calculating maximum streaming speed is 1000
frames per second.
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Results

We have previously established acoustic microstreaming
platform used for rapid bead/cell trapping, separation,
mixing and pumping applications.38–41 Operations of the
LCATs rely on oscillation of trapped microbubbles in lateral
slanted dead-end side channels to generate a first order
oscillatory flow at the air–liquid interface.41–44 The first order
oscillatory flow induces a second order streaming flow that
consists of an open microstreaming flow and a closed loop
microstreaming vortex. The dead-end side channels were
designed to have a 15° slanted angle so that the
microstreaming generates the maximum flow speed that
traps particles.42,45 The velocity of the acoustic
microstreaming (u) is generated due to the first order
oscillation flow from the oscillating air–liquid interface given
by:32,46

us ¼ ra4

d5
ωε2 (1)

The acoustic microstreaming generates Stokes' drag force on
the:

Fdrag = 6πμrbub (2)

where ra, d, ω, ε from eqn (1) are the radius of the air–liquid
interface, distance between the interface and bead center,
interface oscillation angular frequency, and interface
oscillation amplitude, respectively; rb, μ, ub from eqn (2) are
bead radius, dynamic viscosity of the fluid, and
microstreaming velocity of the microbead in respect to the
fluid, respectively.

Eqn (1) and (2) suggests positive correlation between the
oscillation of the air–liquid interface and the
microstreaming velocity: larger oscillation amplitude of the
air–liquid interface leads to higher microstreaming velocity
and lower amplitude leads to lower microstreaming velocity.
We selected beads size (∼5 μm) and low bead
concentrations (3–10 beads per vortex) to minimize bead-to-
bead interference so that velocity of the microbead
approaches the velocity of the acoustic microstreaming
under low Reynolds number (us ≈ up).

32 Hence, at low
Reynolds number and Stokes flow regime, each position of
a given acoustic microstreaming pattern produces a drag
force that dictates the bead velocity is in inverse
relationship with the fluid viscosity. That is, higher viscosity
leads to lower microbead speed and lower viscosity leads to
higher particle speed (Fig. 1a).

Fig. 2 Characterization of first order oscillation flow. a. Experimental image of acoustic microstreaming and first order oscillation at the air–liquid
interface. i. Beads were trapped within acoustic microstreaming. Scale bar: 50 μm. ii. First order oscillation displacement showing one cycle of the
oscillation. Scale bar: 2 μm. b. Oscillation displacement under different viscosity fluids (1 cP vs. 6 cP).
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Characterization of first-order oscillation flow and second
order acoustic microstreaming

A 1 mL glycerol–PBS mixture was prepared and 5 μm beads
were added to have the final concentration 3 × 105 beads
per mL (original bead stock to sample volume ratio: 1 :
1000). A 1.2 μL aliquot of each sample fluid was then
injected into the μVAST device via the inlet. Air–liquid
interfaces were formed due to priming of the aqueous
solution. The angles of the dead-end side channels were
approximately 19°, slightly different from previously
reported straight 15° channel angel due to the circular and
round shape of the reported design47 (Fig. S1†). Fig. 2a
demonstrates the oscillation patterns of the air–liquid
interface, the oscillating amplitudes and frequency under
different viscosities. The static air–liquid interface showed
no sign of oscillation when PZT was not excited and its

oscillation motion behaved in a sinusoidal fashion when
PZT was excited.

Furthermore, all eight air–liquid interfaces within one well
were excited to oscillate with the same pattern (Fig. S2†). It is
shown that higher viscosity fluid (50% glycerol mixture)
generated from glycerol–PBS mixture causes air–liquid
interface to oscillate much less compared with the oscillation
displacement generated from the lower viscosity fluid (1×
PBS without glycerol) (Fig. 2b). Interface oscillation
amplitude is directly proportional to applied voltage and
inversely proportional to viscosity (Fig. S3†). The inverse
relationship between oscillation amplitude and viscosity is
especially apparent as voltage increases. At each voltage level,
solutions of higher viscosity displayed lower interface
oscillation amplitudes than solutions of lower viscosity.
These amplitude differences typically increased at higher
voltages. Therefore, applying a high voltage, such as 20 V,

Fig. 3 Characterization of second order acoustic microstreaming. a. Single bead movement tracking. The red dots show the location of a single
bead. b. Velocity profiling of one single bead within one cycle of acoustic microstreaming. c. Single bead velocity profiling under 6 cP. d. Particle
image velocimetry (PIV) characterization of the acoustic microstreaming. The direction of the arrow indicates the direction of the bead movement.
e. Cycle time of single bead within one cycle of the acoustic microstreaming under 1 and 6 cP.
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may facilitate the differentiation of fluids by viscosity. The
general trend of amplitude versus voltage was similar between
the solutions, demonstrating the consistency in the
relationship between amplitude and viscosity (Fig. S4†). The
correlation between fluid viscosity and oscillation amplitude
suggests that viscosity resists the motion of the interface.
However, the changes in fluid viscosity did not affect the
frequency of the oscillation. These results show at a
fundamental level how fluid viscosity affects oscillation
amplitude of the air–liquid interface, which ultimately
determines the formation of the acoustic microstreaming
pattern in the μVAST chamber.

The high-speed Phantom camera was used to capture the
movement of beads within the acoustic microstreaming
vortices. The movement of the beads was tracked frame by
frame and used the distances traveled between each frame
divided by the time interval (Fig. 3a and S5†). Calculations
were paused when beads encountered the air–liquid interface
(Fig. 3a, red circle), since the dark contrast prevented us from
conducting an accurate reading of the particle speed. We
profiled the single bead velocity from the point further away
from the air–liquid interface to regions close to the interface
at the sharp tip. Fig. 3b showed that beads travelled much
faster under 1 cP fluid (0% glycerol mixture with 1× PBS)
compared with the beads from 6 cP (50% glycerol mixture)
fluid (Fig. 3c). Furthermore, the velocity profile showed more
fluctuation at regions farther away from the air–liquid
interface and particle speed tended to vary (Fig. 3b). In
contrast, when beads moved near the air–liquid interface
(approximately 30–40 μm away), the speeds were consistently

increasing without variation. Furthermore, particles located
in the inner streaming have similar speed compared with
particles located in the outer streaming traces when they
move near the air–liquid interface (Fig. 3b and c). Therefore,
we selected this region near the air–liquid interface to track
the particle speed and correlate with fluid viscosity. Particle
image velocimetry (PIV) confirms our single particle tracking
within the acoustic microstreaming and near the air–liquid
interface appears to have maximum streaming speed of the
complete one cycle indicated by the red intensity of traveling
speed (Fig. 3d).

Since the particle speed reflects the relative value of the
fluid viscosity, beads traveled faster in low viscosity fluids
and took less time to complete one cycle within the acoustic
microstreaming. Higher viscosity fluids required beads to
spend more time to travel one cycle of the acoustic
microstreaming (Fig. 3e).

Estimation of fluid viscosity using acoustic microstreaming

We investigated particle velocity measurement from glycerol–
PBS mixture to verify our device's ability to measure fluid
viscosity. In this experiment, PBS–glycerol mixture containing
5 μm beads that have the same volume (1.2 ± 0.2 μL) but
viscosity values ranging from 1 to 50 cP were tested. The
sample and beads preparation and viscosity measurement
processes are described in the methods section. The
experiment was performed at room temperature. First, the
sample liquid was gently injected into inlet of the μVAST
array to form hydrophobic air–liquid interfaces at the dead-

Fig. 4 Measurement of fluid viscosity. a. Viscosity (1–50 cP) of glycerol mixture measurement under (i.) 4 Vp–p and (ii.) 8 Vp–p. b. Other types of
sample fluid viscosity measurement (i). BSA from 45 to 180 mg ml−1 and (ii). Dextran from 7.5 to 21 wt%. At least three independent replicates were
conducted during the measurements.
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end side channels. Bead movements were captured using
high-speed camera as noted above.

Fig. 4a and b show the maximum microstreaming speed
of beads from 1 cP to 50 cP using different percentages of
PBS–glycerol mixture at 4 Vp–p and 8 Vp–p respectively. When
the PZT actuator was applied, the oscillation of the air–liquid
interface was instantaneously excited to generate acoustic
microstreaming where speed decreased with increasing
viscosity of the fluid. The bead speeds were estimated to
reflect the microstreaming speed as mentioned previously.
The beads speed were obtained across a wide range of
viscosities, with speed apparently exponentially decreasing as
a function of viscosity. As we increased the input acoustic
voltage from 4 Vp–p to 8 Vp–p, the acoustic microstreaming
speed also increased. Bead velocity also decreased as a
function of viscosity in a similar pattern under 8 Vp–p. We
then conducted regression models to these two voltage
conditions and fitted our speed with an exponential decay
function (y = (y0 − plateau) × exp(−K × t)), as shown
Fig. 4a and b. The best fitted values of K were 0.165 and
0.317 for the 4 Vp–p and 8 Vp–p and the R-squared were 0.96
and 0.94, respectively. The viscosity of other sample fluids
such as BSA and dextran were also obtained by plotting the
relationship between the bead maximum speed and fluid
viscosity. Because the correlation of bead maximum speed at
the air–liquid interface under 4 Vp–p generated higher
equation fitness (0.96 vs. 0.94), we used this voltage condition
to test BSA and dextran. Fig. 4c and d show viscosity
measurement for BSA at 45, 90, 135 and 180 mg ml−1 and
dextran at 7.5, 15 and 21 wt%. The results show that our
estimated values align closely with those of the reported
values from cone and plate rheometers.34,35

Discussion

In this paper, we presented an acoustic microstreaming
platform, μVAST, for rapid viscosity measurement and
addressed several key limitations of traditional viscometers.
One critical challenge to measure viscosity is the requirement
of large volumes of sample fluids. μVASTs only require 1.2 μL
of fluid sample to conduct viscosity measurement while
traditional cone-and-plate viscometers require more than 100
μL in volume. Other miniaturized viscometers available on
the market, such as the Honeybun released in 2022 by
Unchained Labs©, which requires 35 μL of sample, still
needs nearly 30 times more sample than μVASTs.

Furthermore, another advantage of μVASTs is its
throughput, as many paralleled samples can be measured
without laborious instrument loading in individual
capillaries. Further, each μVAST measurement is rapid since
multiple beads velocities can be collected within 3–5 s
regardless of viscosity values. For comparison, the Honeybun
takes 1 minute per sample at <10 cP but needs up to 8 min
to measure more viscous samples, which limits measurement
throughput. Although the Honeybun can measure 10 samples
per device and it is one of the highest numbers of paralleled

samples reported from a viscometer, μVASTs can measure 16
independent samples per chip and can easily be scaled up to
a 24 well or 48 well system that requires less than 1 μL of
fluid samples.

In addition to practical advantages as a tool for viscosity
measurement, μVAST devices also provide a versatile
platform to study the physics of fluids. It should also be
noted that the maximum streaming speed examined in this
study is different from the maximum streaming velocity
defined at the boundary layer.48,49 As the viscosity of the fluid
increases, the boundary layer thickness also increases; this

layer has a thickness of
ffiffiffiffiffiffiffiffiffiffiffi
2v=ω

p
, where ν and ω are the

kinematic viscosity of the fluid and angular frequency of the
acoustic wave.50,51 Therefore, our measurement region was
not directly at the boundary layer interface of the air–liquid
interface. Furthermore, the microfluidic device has been
designed and validated for Newtonian liquids. Since the
viscosity of Newtonian fluids does not vary with applied shear
rate, the pressure generated from acoustic microstreaming
does not affect the viscosity measurement, which enables
consistent measurement of the bead streaming speed.
Conversely, the apparent viscosity depends on the applied
shear rate for non-Newtonian fluids,52 which is proportional
to the amount of shear that the acoustic streaming generates.
Thus, by varying the input acoustic power as shown in
Fig. 4b, μVASTs have the potential to decipher the
relationship between the fluid viscosity and the applied shear
rate.

Uniform dispersion of the beads in the μVASTs is
important in determining the bead traveling speed, as
uneven distribution within the sample liquid greatly affects
the measurement accuracy. In the experiments at high
viscosities (>15 cP), we found the beads do not mix
uniformly in the solution, resulting in high concentrations
near the air–liquid interface, making it challenging to
localize single beads. On the other hand, low bead
concentrations in this region results in insufficient data from
small numbers of slow-traveling beads. To avoid this
problem, the beads should be carefully mixed with PBS
buffer and then mixed with glycerol to produce more uniform
distributions.

Conclusion

In conclusion, we developed an acoustic microstreaming
method to measure viscosity requiring low volumes of sample
fluids. The proposed microfluidic platform had 16
independent μVAST chambers to maximize the number of
samples that can be measured. With acoustic
microstreaming, the oscillation of the air–liquid interface
and the speed of the beads following the fluid streaming
patterns were investigated. We show that the oscillation
amplitudes of the first order oscillation decreased in high
viscosity fluids. Thus, the second order microstreaming
velocity also decreased and the relationship between the
particle speed within the microstreaming and the fluid
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viscosity can be correlated. Finally, we demonstrate that the
viscosity of small volume fluids, ranging from 0% to 78%
glycerol mixture (1 to 50 calculated cP), can be estimated
from the maximum streaming speed of beads near the air–
liquid interface. The proposed method to measure viscosity
requires a sample volume of approximately 1.2 μL, which is
30-fold lower than commercial viscometers.14 Moreover, the
number of samples that can be measured on a single chip is
16 and future chips could be designed to accommodate even
more independent wells. The operation procedure and the
viscometer set-up are simple and does not require complex
tubing or external syringe pumps to initiate fluid movement.
We envision the μVAST viscometer can be broadly used in
many applications such as antibody/protein manufacturing,
point-of-care testing, blood tests or other applications in the
characterization of complex fluids.
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