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ABSTRACT

Multifunctional sensing capability enables a comprehensive understanding of the unknown target to be
measured. Given that fluid viscosity, temperature, and velocity fields are usually coupled parameters in a system,
simultaneous measurement of the three environmental factors can prevent cross-talk and improve reliability.
However, the task is apparently challenging because of the microscale targets. A technique combining micro-
particle image velocimetry and Janus particles was developed in this study to address such demand. With the
rotational diffusivity and particle trajectories measured by the proposed technique and an empirical water-based
viscosity-temperature relationship, the three unknown variables in a microfluidic environment were solved. The
blinking frequency was derived using the Hilbert Huang Transform. Compared with those in a static and uniform
temperature field, the measured data had good agreement with the predicted values. However, the agreement
was impaired when the heating rate exceeded 0.34 °C/s. The optimal temperature range was found between
10 °C and 40 °C in the water-based solution. For a steady-state and nonuniform temperature field, two-
dimensional (2D) numerical simulations of three linear temperature gradients were also studied. Results
showed that the deviation increased as the temperature gradient increased or was near the low-temperature
region. The same procedure was eventually applied to a real thermophoretic flow induced by an IR laser in a
microchip. The 2D fluid viscosity, temperature, and velocity fields in the microchip were successfully obtained by
tracking 10 particles. The potential of the approach provides insight into understanding some microfluidic ap-
plications with mild changes in temperature or creeping flow.

1. Introduction

vorticity [10,11], temperature [12], viscosity [13,14], and force [15,
16]. However, abovementioned whole field measurements at the

Microparticle image velocimetry (uPIV) has been well known as a
powerful flow visualization tool at the microscale since its introduction
in 1998 [1,2]. Contrary to other microflow sensors that can only yield
bulk measurement, the uPIV enables the studies of two-dimensional
(2D) microflow with a detailed velocity distribution in various minia-
turized fluid components, such as inkjet printer heads [3], micronozzles
[4], and microchips [5-7]. With little modification, the velocity field can
be used to derive other important parameters, such as pressure [8,9],

microscale are quite difficult to determine using current microfluidic
sensors, such as the free standing pressure sensor [17], shear stress
sensor [18], or hot-wire temperature sensor [19]. Yu et al. [20]. once
attempted to measure the acoustic pressure around a single bubble by
using PIV. They used a formula to convert the velocity component into
pressure contours. The method revealed that a high-pressure region was
formed on top of the bubble near a rigid boundary but at the bottom of
the bubble near an elastic boundary, indicating the bubble migration is
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dominated by the Bjerknes and buoyancy forces. Pramod et al. [21].
presented a diffusion-based temperature measurement on a uPIV system.
Information on the temperature can be simply obtained according to the
Brownian motion by analyzing the broadening of the correlation func-
tion from a pair of particle images. A range of temperatures from 20 °C
to 80 °C was carefully calibrated, and the average discrepancy reached
nearly + 2.6 °C. However, the change in viscosity was not considered in
the determination of temperature. In addition, the technique was sus-
ceptible to a flowing fluid. Charogiannis et al. [22]. proposed a unique
device, known as thermographic particle velocimetry, to simultaneously
measure interfacial temperature and velocity by simply incorporating an
IR camera into a PIV system. The temperature was changed from 20 °C
to 80 °C. The deviation was estimated to be approximately + 1 °C at 80
% confidence level for this system. However, the measurable tempera-
ture was limited to the very near-surface region. Furthermore, the par-
ticle images for velocity should be visualized under an open channel
because of the IR camera. Then, Chen et al. [23]. successfully developed
a microviscometer by using the uPIV-based diffusometry. The fluid
viscosities from 0.8 cP to 575 cP were determined by measuring the
blinking frequency out of Janus particles suspended in a small drop of 2
uL. The measured and predicted data appeared to show good agreement,
implying the potential of the technique for microviscometry. Despite the
advanced progresses in extending the capabilities of the current pPIV,
temperature and viscosity remain coupled with each other. This limi-
tation affects the accuracy of measurement. To address this challenge,
Chen et al. [24]. proposed a self-compensated algorithm to eliminate the
environmental noises from temperature and viscosity by tracking the
Janus particles. Given that the same Janus particles can yield both
translational and rotational diffusivities, the particle diameter can be
precisely estimated from the ratio of the both diffusivities by using
Stokes-Einstein and Stokes-Einstein-Debye relations. The algorithm was
then used to perform highly stable and sensitive immunosensing of a
small biomolecule, i.e., IFN-y, in a biological medium. The limit of
detection (LOD) reached 0.45 pg/mL, because the uncertainties result-
ing from the background viscosity and temperature were immensely
reduced. Based from our previous work, we hereby formulated a similar
approach by tracking Janus particles for three simultaneous field mea-
surements. The dynamic viscosity and temperature where each Janus
particle was located could be estimated using the empirical viscosi-
ty—-temperature relationship derived from the exponential curve fitting
for the experimental data and the Stokes-Einstein-Debye relation. The
blinking signal of Janus particles contained major information relevant
to their local temperature and viscosity. The real-time frequency was
extracted out of the blinking signal using the Hilbert-Huang transform
(HHT). However, surface plasma resonance (SPR), response time, and
the built-in defects in HHT caused discrepancies between the ideal and
actual measurements. In addition, for the particle motion, conventional
PIV using the cross-correlation algorithm was applied to a series of
instantaneous particle image frames. Therefore, the 2D velocity field
was obtained. Instead of point or bulk measurement, this approach
features simultaneous whole field measurements for three common
parameters, hence improving inaccuracy resulting from the cross-talk.
The results suggested that the optimal temperature response time and
temperature gradient should be maintained under 0.35 °C/s and
0.02 °C/um, respectively. In addition, the approach was found suitable
within a small temperature range between 10 °C (1.43 mPa s) and 40 °C
(0.65 mPa s) in a static and uniform medium. Serious internal flow
occurred when the temperature rose above 40 °C, but the glass window
was covered with frost when the temperature dropped below 10 °C. The
technique could eventually promote the fundamental understanding of
some microfluidic applications with mild changes in temperature or
creeping flow.
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2. Methods and materials
2.1. Fabrication of Janus particles

Janus particles are good sources to provide essential information of
rotational diffusivity and particle trajectory. Local parameters, such as
viscosity, temperature, and velocity, around the particle can be revealed
by tracking each particle. To fabricate the desired Janus particles,
fluorescent polystyrene (PS) particles (1 um; F13083, Thermo Fisher
Scientific, USA) were first mixed with 95 % ethanol to make a final
particle concentration of 0.1 % solids. The diluted suspension was then
spread over a glass slide by drop deposition to form a single layer of
particles. The highly pure ethanol and low-particle concentration pro-
moted rapid evaporation to prevent serious agglomeration. After
completely dried, a 30-nm gold film was coated on the surface of the PS
particle by an e-beam evaporator with a deposition rate of 1 A/s. The
coated particles were collected from the glass slide by sonication for 5
min. High coating rate was used to facilitate the collection of particles
from the glass slide. The collected colloidal suspension was purified five
times using a filter disk (pore size: 3.2 um) to remove particle aggregates
and other impurities. The final concentration of the colloidal suspension
was readjusted to 2 x 10° particles/mL by using deionized water plus
0.1 % Tween-20. The complete Janus particle appeared with one
hemisphere opaque (covered with gold) and the other hemisphere was
free for emission of fluorescence.

2.2. Experimental setup

Given that the major driving mechanism only relies on Brownian
motion, the measurement setup can be simplified (Fig. 1). For regular
measurement, unless mentioned otherwise, a 2-uL drop of Janus particle
suspension was pipetted onto a glass slide and then topped with a cover
glass. A 110-um spacer made of 3 M tapes was used to separate the glass
slide and the cover glass. To modulate the ambient temperature, a
thermoelectric cooler (TECI-7103, T-Global, Taiwan) was adhered to the
top cover glass with a thermal glue spread in between. The entire
measurement assembly was positioned on the stage of an inverted epi-
fluorescent microscope (IX71, Olympus, Japan) equipped with a 40 x
objective and a filter cube (Ex: 530-550 nm/Em: 575-UF nm) special-
ized for the Janus particles. A digital CMOS camera (BFS-U3-31S4C-C,
Point Grey, USA) was installed at the output side port of the microscope
for fast image acquisition. Two scenarios, i.e., high viscosity along with
low temperature or low viscosity along with high temperature, were
expected to be measured by the system. In the case of high viscosity/low
temperature, the Janus particle tended to yield low diffusivity, which
resulted in a slow blinking signal. By contrast, in the case of low vis-
cosity/high temperature, the Janus particle tended to yield high diffu-
sivity, which resulted in a rapid blinking signal. The signal converted
into frequency was then used to estimate the unknown viscosity and
temperature.

2.3. Determination of blinking frequency by HHT

The rotational diffusivity measured from the Janus particles was
expressed in terms of blinking frequency. In the absence of gradient in
temperature or viscosity in the fluid, the temperature and viscosity
distributions would be homogeneous, resulting in equal diffusivity
everywhere in the medium. In this case, the blinking frequencies of all
Janus particles are theoretically the same. Therefore, the frequency is
independent of location and time (Fig. 2A). A precise frequency can
therefore be obtained by averaging values over a large number of par-
ticles. Conversely, the even diffusivity will be disrupted when a gradient
in temperature or viscosity occurs in the medium. In this case, the fre-
quency becomes a function of location and time. The time effect is
neglected when the flow reaches steady-state. The blinking frequency
varies, because a particle may move across different viscosity and
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Fig. 1. Schematic of the experimental setup of the microparticle image velocimetry-based diffusometry. The blinking signals depicted two common scenarios
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Fig. 2. Blinking signals and corresponding frequency spectra (A) with and (B) without background flow. (C) Rotational diffusivity in relation to the corresponding
temperature and viscosity. P represents a point on the curve and its corresponding values in terms of blinking frequency, temperature, and viscosity.

temperature zones with the background flow (Fig. 2B). Hence, tracking
each particle becomes vital, because none of the particles will yield the
same rotational diffusivity. To extract the frequency out of a nonuniform
sinusoidal wave, HHT provides an ideal method to address such kind of
signal point by point. A decent frequency plot with respect to location
can be obtained. The detailed information of extracting frequency out of
a blinking signal by HHT can be referred to our prior literature [24]. In
short, the raw blink signal (wavy intensity data) will be decomposed into
intrinsic mode functions (IMFs) in the first step. Next, the highest
correlated function will be selected among all the IMFs. Then, the
selected IMF will be converted into a HHT frequency spectrum. To
prevent the intrinsic defect in HHT, the first and the last 50 frames are
truncated in advance. Finally, the varying frequency with respect to
location can be obtained from the spectrum. By repeatedly analyzing
each Janus particle along its trajectory on the map, a 2D frequency
distribution can be plotted. The plot will eventually serve as an input to
determine the final 2D viscosity and temperature fields.

2.4. Determination of viscosity, temperature, and velocity

The approach for deriving the viscosity and temperature was based
on both the empirical viscosity-temperature relationship (Eq. (1)) and
the Stokes-Einstein-Debye relation (Eq. (2)). The empirical viscosi-
ty-temperature relationship is a self-derived fitting curve for water with
two exponential terms. The experimental data were referred to the prior
literature [25], and the R? value of the fitting curve reached nearly
99.8 %. However, for nonwater-based solutions, a new fitting curve will
need to be considered. In addition, the fluid velocity was derived from
the particle motion between a pair of particle images using the con-
ventional cross-correlation algorithm. Thus, Janus particles were used

herein to provide experimental blinking signals and particle trajectories.
The blinking signal corresponding to the rotational diffusivity was
expressed in terms of frequency. Given the particle diameter, the two
independent equations (Egs. (1) and (2)) could be correlated to solve the
two unknown variables (u and T) (Fig. 2C).

T T
pu=23.12 exp(—m) +0.0028 exp(—m) (@D
kgT
= 2
u D,xd, (2)

Where p and T are the fluid viscosity and temperature, respectively; d,
denotes the particle diameter (1 ym in this study); D, is the rotational
diffusivity; and Kp denotes the Boltzmann constant. Given that each
particle provides the information of local viscosity and temperature, the
2D viscosity and temperature distributions can be separately plotted by
tracking all Janus particles and analyzing their blinking signal along
their trajectories. By contrast, the velocity field can be derived from a
pair of particle images by using the conventional PIV approach. Particles
are very likely to migrate and experience multiple temperature and
viscosity zones when a temperature gradient or a viscosity gradient is
formed. Thus, the flow field to be measured should be maintained in a
steady state.
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3. Results and discussion

3.1. Characterizations of Janus particle responses to modulated
temperature

Prior studies [26] have stated that gold coating is likely to show local
SPR when irradiated by light centered at its absorption peak
(520-550 nm). The effect was also observed in the measurement when
the incident light was green due to the optical filter (530-550 nm)
(Fig. 3A). The medium temperatures between pure PS particles (control)
and Janus particle were carefully compared wusing a
temperature-sensitive dye, Rhodamine B (83689, Merck, Darmstadt,
Germany) (Fig. 3B). The intensity difference in the region of interest was
evidently revealed in the profile. A slight increase of 4.8 °C was
measured, implying that correction was needed to reflect the true value.
For a dynamic measurement (Fig. 3C), the preset temperature was
modulated by a TE cooler that adhered to the top cover glass. A ther-
mocouple was placed next to the suspension droplet to indicate the
real-time temperature. The temperature difference between the droplet
and the thermocouple was calibrated in advance. Three heating modes
were investigated. In heating mode 1, the droplet was heated from 27 °C
to 43 °C by the TE cooler in 47 s. In heating mode 2, the droplet was
slowly heated from 27 °C to 43 °C by 11 steps, and the temperature was
maintained in each step for 14 s. In the heating mode 3, the droplet was
also slowly heated from 27 °C to 43 °C by 11 steps, but the temperature
was maintained in each step for 21 s. The results showed that the
measured and predicted values were in better agreements in heating
modes 2 (R% = 0.95) and 3 (R? = 0.96), whereas a large discrepancy was
observed in heating mode 1. Notably, the slight shifts between the
predicted and the measured data in modes 2 and 3 are likely due to the
bulk probe size of the thermocouple. Instead of a point measurement,
the probe appeared to form a source of interference to its environment.
The serious lag in mode 1 suggested that the heating rate may have
exceeded the response time of the Janus particles. The final stage of the
experimental data stopped increasing, because the TE cooler power was
turned off at the end of the mode. The response time of the current Janus
particles was then estimated to be below 0.34 °C/s. Conversely, a static
measurement was apparently free from the limitation of heating rate.
With preset droplet temperatures at 10 °C, 20 °C, 25 °C, and 40 °C, the

(B
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measured temperature (Fig. 3D) and viscosity (Fig. 3E) from the Janus
particles showed good agreements with their predicted counterparts.
The predicted viscosity curve (solid line in Fig. 3E) was plotted as a
function of temperature based on the empirical viscosity-temperature
relationship in water (Fig. 2C). Temperature higher than 40 °C was
prone to induce nonuniform internal flow, while temperature lower than
10 °C caused serious condensation that obstructed observation. Hence,
the optimal temperature range for this approach was within 10 °C and
40 °C. In Fig. 3C-E, the error bars represent one standard deviation of
uncertainty. Each error bar in Fig. 3C is a result of 10 independent Janus
particles while that in Figs. 3D and 3E is a result of at least 100 inde-
pendent Janus particles. The data points represent mean values.

3.2. Evaluation of simulated flow under a temperature gradient

A complex case may occur when a temperature gradient is formed
due to inhomogeneous heating. To evaluate the capability of the pro-
posed approach in this special case, a thermophoretic flow induced by a
point heat source in a droplet sandwiched between a top cover glass and
a bottom glass slide was investigated by numerical simulation using
COMSOL Multiphysics®. Two simulation modules, namely, laminar
flow and heat transfer in fluids, were employed in the 2D axisymmetric
model (Fig. 4A). The point heat source was fixed at the center of the
axisymmetric model. To study the impact of the flow speed on the
blinking signal of Janus particles, three heating temperatures (i.e.,
25 °C, 33 °C, and 40 °C) were investigated. In the laminar flow module,
no-slip boundaries were set on the upper and lower walls, while the free
surface on the right side of the droplet was set to be symmetric. In the
heat transfer in the fluid module, the top and bottom walls in contact
with the glasses, except the heat source, were set to have a convective
heat flux of 2 W/(m? K). The right-side free surface was set to be the
same as the ambient temperature (20 °C). A physics-controlled mesh
with a normal element size was used on the whole model. The simula-
tion was performed under the time-dependent mode for 5 s. The velocity
and temperature surface contours after reaching the steady-state are
demonstrated in Figs. 4B and 4C, respectively. The results indicated that
a stable poloidal vortex was created by the thermophoretic flow. To
verify the temperature distribution in space by using our approach, the
blinking signal along the A-A’ axis was analyzed. The simulated blinking

Fig. 3. Characterizations of Janus particle re-

sponses to temperature modulations. (A) Tem-
perature increase due to the surface plasma
resonance effect. (B) Comparison of the tem-
perature zones in the control and the Janus
particle groups irradiated with green light. The
plot below the image shows the intensity profile
of Rhodamine B in the yellow rectangular re-
gion of interest. (C) Dynamic temperature
measurements under three heating modes
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signal (I) was generated depending on its horizontal velocity, location,
and temperature based on the following sinusoidal equation:

I = sin(2zD,1), 3
where t is the elapsed time. The duration was defined as the total length
(500 um) divided by the horizontal velocity. For simplification, the
horizontal velocity was determined to be the maximum velocity (V)
under each temperature gradient. D, is a function of temperature and
viscosity determined by its location (s = V;;t) along the A-A’ axis. The
simulated sinusoidal waves at 25 °C (Fig. 5A), 33 °C (Fig. 5B), and 40 °C
(Fig. 5C) were therefore generated. The potential SPR effect and lag due
to the low response time were neglected in the simulation. After sepa-
rately analyzing the simulated blinking signals with HHT, their corre-
sponding HHT frequency spectra along the A-A’ axis were depicted
(Fig. 5D-F). The rugged frequency spectra were later smoothed by a
moving average filter. The final temperatures along the A-A’ axis were
estimated by substituting the location-dependent frequencies and vis-
cosities into the Stoke-Einstein-Debye relation (Fig. 5G-H). Among the
three diagrams, the lowest temperature gradient (20-25 °C) apparently
showed a better result than the other two counterparts. When the tem-
perature gradient increased, the measured blinking frequency tended to
deviate away from the predicted line, especially in the low-temperature
zone. A high temperature gradient induces a high vortex, leaving the
Janus particles less time to respond to the environmental change. At
high temperature, the blinking signal waves were dense, but the waves
turned sparse toward a low temperature. Accordingly, the sparse signal
waves resulted in a significant deviation because of a poor resolution for
HHT. The trends suggested that a high temperature gradient should be
avoided to ensure the accuracy of measurement.

3.3. Experimental 2D viscosity, temperature, and velocity fields generated
from the actual thermophoretic flow

The previous simulation laid a good foundation for measuring the
actual thermophoretic flow. A Janus particle suspension (2 pL) was first
sandwiched between two glass slides separated with a gap of 110 um
(Fig. 6A). The bottom glass slide was coated with a 150 ym Au/30 nm Cr
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IR Laser
-
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25
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film on the surface to absorb the incident light energy. The device was
placed on an upright microscope (IX51, Olympus, Japan). The heat was
generated from the 300-mW infrared (IR) laser (1064 nm; LD-WL206,
Optoelectronics Tech., Taiwan) that irradiated the bottom glass slide.
A poloidal vortex was driven by the IR-generated thermal gradient. The
particle images were recorded with a 40 x objective from a digital
camera on the top of the device. To avoid strong out-of-plane motion,
the focal plane was positioned approximately 28 um above the bottom
glass slide where the Janus particles apparently migrated toward the
center of the droplet with the background flow induced by the ther-
mophoresis (Video S1) when the IR laser was on. Given 1-pm Janus
particles and a 40 x objective, the depth of correlation [27] was esti-
mated to be 1.65 um. Therefore, the vertical thermal gradient imposed
negligible influence on the measurement. To reconstruct
three-dimensional temperature and viscosity contours, vertical scanning
will need to be implemented under a steady-state flow condition. A PIV
velocity map was obtained, with 500 consecutive image frames, an
interrogation window of 64 x 64 pixels, 50 % overlap, and a time in-
terval of 40 ms (Fig. 6B). The gray region at the center of the image
indicated the irradiated spot of the IR laser. In general, the map showed
that the overall flow moved toward the center, while the laser was on.
The mean velocity reached nearly 1.8 um/s. Ten particles were tracked
starting from the periphery and ending near the central region (Fig. S1),
and their blinking signals were converted to the HHT spectra to estimate
the corresponding temperatures and viscosities along their trajectories
(Fig. S2). After combining their temperatures and viscosities and filling
out the vacancies between particles by interpolation, the 2D tempera-
ture and viscosity fields of the thermophoresis were obtained (Figs. 6C
and 6D). The central temperature was as high as 33.2 °C, while the
peripheral temperature remained low at 27.4 °C. A concentric viscosity
gradient was also formed in relation to the temperature gradient at the
same time. The fluid viscosity in the central region dropped from
0.89 mPas to nearly 0.68 mPas. The spatial resolution could be
improved by tracking more particles. However, the time consumption
may pose a major barrier, because the analysis of each particle track
took up to 4 h. Nevertheless, the approach still demonstrated the great
potential of simultaneous measurement of microscale fluid viscosity,
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Fig. 6. Measurement setup of the thermophoretic flow in a sandwiched water droplet. (A) Schematic of the experimental setup. The heat source is provided by the
infrared laser. The particle images were recorded on the focal plane located 28 pm above the bottom glass slide. (B) Whole field velocity measurement. The fluid
velocity is indicated by arrows. (C-D) 2D temperature and viscosity fields in the vicinity of the heat source.
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temperature, and velocity fields in some complex flow environments.
Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2022.113959.

4. Conclusions

The pPIV is a well-established platform for exploring various
microfluidic devices after having been rapidly developed over the past
decades. The whole field measurement imparts puPIV its unique capa-
bility of investigating the comprehensive details of microflow. This
study carefully combined pPIV with Janus particles and then simulta-
neously measured 2D microscale fluid viscosity, temperature, and ve-
locity fields by tracking the particles. The viscosity and temperature
were derived from the empirical viscosity—temperature relationship and
the Stokes-Einstein-Debye relation. The velocity was derived alone
based on the conventional cross-correlation algorithm. The rotational
diffusivity in terms of frequency was extrapolated from the blinking
signal based on the HHT algorithm. Compared with the preset temper-
atures, the heating rate was suggested to be kept below 0.34 °C/s. The
measured and predicted values were in good agreement when the
temperature field was uniform and constant. The temperature to be
measured by the proposed approach should be between 10 °C
(0.89 mPa s) and 40 °C (0.68 mPa s), because temperatures higher than
40 °C and lower than 10 °C induced nonuniform internal flow and
caused serious condensation that obstructed observation, respectively.
In addition, poloidal microflow induced by a temperature gradient was
evaluated by simulation and experimentally. The simulation results
suggested that uncertainty appeared to deteriorate as the temperature
gradient increased. The temperature difference should be no more than
10 °C to prevent significant deviations. To the best of our knowledge, we
have study successfully developed an approach with 2D multi-functional
sensing capabilities for viscosity, temperature, and velocity on the basis
of uPIV. The multifunctional sensing capabilities were believed to pro-
mote the understanding of some microfluidic devices with mild changes
in temperature or creeping flow.
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