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Abstract We demonstrate an optofluidic flow rate sensor
based on the heat transfer effect in a microfluidic channel
for the lab-on-a-chip applications. By employing an opto-
fluidic ring resonator (OFRR), the wavelength shift of the
resonant dip of the whispering gallery mode is detected
as a function of the flow rate when the flow is heated by a
1480-nm laser. A measurement range of 2-100 pwL/min, a
minimum detectable change of 30 nL/min, and an accuracy
of 5.2 % for the flow rate detection are achieved. Experi-
mental results indicate that the OFRR flow rate sensor has
good repeatability, and the inverse sensitivity is beneficial
for detecting the low flow rate with high sensitivity.

Keywords Optofluidics - Flow rate sensor - Microring
resonator - Heat transfer - Whispering gallery mode

Electronic supplementary material The online version of this
article (doi:10.1007/s10404-015-1663-4) contains supplementary
material, which is available to authorized users.

P< Yuan Gong
ygong @uestc.edu.cn

Key Laboratory of Optical Fiber Sensing

and Communications (Ministry of Education), University
of Electronic Science and Technology of China,
Chengdu 611731, China

Department of Biomedical Engineering, University
of Michigan, Ann Arbor, MI 48109, USA

Center for Information in BioMedicine, University
of Electronic Science and Technology of China,
Chengdu 611731, China

1 Introduction

Microfluidics has been a mainstream technology for a
wide range of applications, such as the flow cytometry and
the drug discovery (Whitesides 2006). In these applica-
tions, the flow rate plays an important role. In microfluidic
cytometry and cell sorting, it is essential to measure the
flow rate to determine the concentration of cells, by detect-
ing the absolute cell counts in a specific volume (Hassan
et al. 2014) or optimizing the efficiency of the counting or
sorting process (Yang and Soh 2012). In the field of biop-
harmaceutical industry, the flow rate has a significant effect
on the cell adhesion and proliferation as well as the mono-
clonal antibody production (Garza-Garcia et al. 2014). The
flow rate is also crucial for the microdroplet generation and
influences both the size and the generation frequency (Stan
et al. 2009; Riche et al. 2014; Keyon et al. 2014; Shih et al.
2015), and for the microfluidic production of liposomes
(Zook and Vreeland 2010), hollow microspheres (Chen
et al. 2012), and chitosan microfibers (He et al. 2015). A
slight flow rate variation may lead to a size change of the
products (Korczyk et al. 2011; Li et al. 2014). Thus, the
precise control and measurement of the flow rate is highly
desirable. In the literature, the flow rate is often controlled
by a commercially available syringe pump. However, there
is an evident delay from the pump to the microfluidic chip,
especially with a long channel length and at a low flow rate.
Therefore, the real-time, local detection of the flow rate in
microfluidics is of great importance.

Current microfluidic flowmeters are based on the micro-
electromechanical systems (MEMS) (Nisar et al. 2008; Wu
et al. 2001), the optical detection methods (Konig et al.
2010; Lien and Vollmer 2007; Cheri et al. 2014; Liu et al.
2014b), etc. The MEMS flowmeters have several distinct
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advantages such as high integration and good sensing per-
formance, but the fabrication process is complex (Wu et al.
2001), and in some cases it may only perform the contact
measurements (Nezhad et al. 2013). The laser Doppler
velocity sensor is commonly used (Konig et al. 2010).
While it provides good sensing performance, it is diffi-
cult to integrate it with microfluidic chip. Optical detec-
tion methods generally have simple structures and high
sensitivity.

Different kinds of physical effects have been employed
for the flow rate sensing, including the trace particle or
chemical detection (Santiago et al. 1998; Wu and Ye 2005),
the flow force effect (Lien and Vollmer 2007; Cheri et al.
2014; Nezhad et al. 2013; Gervinskas et al. 2013), and the
heat transfer effect (Liu et al. 2014b). The trace chemi-
cal detection method, including the microparticle image
velocimetry (PIV; Santiago et al. 1998), is straightfor-
ward. The flow rate can be directly reflected by the spread
of chemicals or micro-/nanoparticles and determined by
chemical sensors or imaging. However, there may not be
desired trace chemicals or micro-/nano-particles in the
tested microfluid, and the injection of the additional trace
chemicals or particles may influence the original biochemi-
cal functionality of the microfluidics. The flowmeter based
on the flow force detection is also widely employed. Lien
and Vollmer developed a microfluidic flow rate sensor with
a wide dynamic range by a chemically etched fiber-tip
cantilever. However, the sensitivity is low, and the micro-
particles or cells in the microfluid may be attached to the
cantilever, causing additional errors in the flow rate meas-
urement. The flowmeter based on the heat transfer effect
has also been developed, as the heat transfer accelerates as
the flow rate increases. One such example is by integrat-
ing a highly Co®*-doped fiber with microfluidic capillaries
to concomitantly heat and detect the temperature change
of the microfluidic channels (Liu et al. 2014b). However,
the multi-steps of stacking, tapering during the fabrication
of the specialty fiber, and inscribing a microfiber Bragg
grating (WFBG) in it makes the fabrication process time-
consuming and costly. Therefore, developing a simple,
integrated but contactless, highly sensitive flowmeter for
microfluidics still remains a topic of research interest.

Optofluidic ring resonators (OFRRs) (Fan and White
2011; White et al. 2006; Zhu et al. 2007; Li and Fan 2010)
have been developed as an excellent microfluidic plat-
form by naturally integrating the microring resonator with
a microfluidic channel. These high-Q microring resonator
supports the whispering gallery modes (WGMs) and ena-
bles the highly sensitive, label-free detection of molecules
(Zhu et al. 2007; Li and Fan 2010), tunable optofluidic
device (Liu et al. 2014a), as well as novel optofluidic lasers
(Fan and Yun 2014). During these optofluidic applications,
the flow rate also plays important roles. Thus, we used the
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OFRR as an example for the demonstration of the flow rate
detection. In this article, the microfluidic flow rate is deter-
mined by detecting the wavelength shift of the whisper-
ing gallery mode (WGM) of the OFRR caused by the heat
transfer effect. The scheme can perform the local flow rate
measurement along the capillary and has high sensitivity.

2 Principle

The WGM sensors have been widely used for the label-free
biochemical detection (Foreman et al. 2015). In addition to
various materials used, there are many different morphol-
ogy styles of the WGM resonators, including the micro-
spheres (Vollmer and Arnold 2008), microtoroid (Zhu et al.
2010), and hollow or solid microcylinders (Fan and White
2011; Rowland and Love 1993). Among them, the OFRR,
by employing a hollow round capillary, perfectly integrates
the functions of both the optical detection and the micro-
fluidic flow. On the other hand, different coupling schemes
have been demonstrated for the WGM sensors by using the
free space optics, fiber tapers, and several kinds of micro-
prisms (Zhu et al. 2014; Knight et al. 1997; White et al.
2005).

Here we use a fiber taper to couple the laser beam into
the OFRR. Figure 1 shows the cross section of the struc-
ture. The fiber taper is perpendicular to the capillary, as
shown in Fig. 2a. A small fraction of the incident light
is coupled from the taper into the OFRR and is kept cir-
culating in the wall of the OFRR due to the total internal
reflection. The laser power stored in the OFRR increases
rapidly and then reaches a stable status. After each round
trip, a small fraction of light is coupled out to the fiber
taper. The multiple output beams interfere with each
other and the resonant dips are generated in the spectrum
of the output beam. In case of the high Q factor WGM
resonator, the full width at half magnitude (FWHM) of
the linewidth is narrow and is helpful for the high-perfor-
mance sensing.

The resonance wavelength of the OFRR is given by
(Gorodetsky and Ilchenko 1999)
= anneft. )

m

Here r is the radius of the OFRR, n. is the effective refrac-
tive index of the fundamental WGM and m is an integer.
Compared with the higher-order radial modes, the funda-
mental mode is located near the outer surface of the capil-
lary, corresponding to a larger radius and also a larger n
that is much less influenced by the index changes of the
solution in the capillary. Considering the thermal expansion
effect and thermo-optic effect, the wavelength shift can be
expressed as (Fan et al. 2007; Suter et al. 2007).
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Here o = 1/r(0r/97T) is the thermal expansion coefficient
of the resonator and iy corey = /3T is the thermo-optic
effect for the wall (core). The “wall” is the solid part of the
capillary, and the “core” means the hollow part within the

capillary for the liquid to flow through. Note that it is dif-
ferent from the fiber core and cladding. Here the light prop-
agates near the wall surface of the capillary, i.e., the OFRR.
The microfiber in the center of the capillary, as shown in
Fig. 1, with a laser beam emitted from its end face is only
used for heating the solution.

Heat is firstly transferred from the microfiber tip to
the inner liquid core and then to the silica ring resonator.
From Eq. 2, one can see that there are three factors affect-
ing the wavelength shift of the OFRR. The first is the
thermal expansion of the silica microring, which is posi-
tive and also the dominant factor for the wavelength shift.
The other two are the thermo-optical effects on the silica
ring and liquid core, respectively. The thermo-optic coef-
ficients for silica and water are kg = 5 x 1077 /°C and
Keore = —8 x 107 /°C, respectively. Note that the latter
is negative. Thus, the former two terms in Eq. 2 lead to a
red shift of the resonant wavelength, whereas the third term
leads to a blue shift. Since a relatively thick wall (~11 pm)
is used in the OFRR in our experiment, the third term in
Eq. 2 can be ignored, as dn.y/on.,, is negligible. Totally
there is a red wavelength shift as the temperature increases,
as indicated by the experimental results. dn.y/0n.,. is neg-
ligible because we detect the fundamental radial mode,
which is located near the outer surface of the capillary. The
light intensity distribution, including the evanescent wave,
of the fundamental radial mode will not penetrate into the
inner liquid of the capillary. So the effective index of the
fundamental radial mode will not be influenced by the
refractive index changes of the liquid in the capillary.

In order to evaluate the influence of the displacement
of the heating fiber tip from the center of the capillary on
the sensing performance, we simulate the temperature dis-
tribution over the cross section of the OFRR. The heating
fiber was intentionally adjusted away from the center of the
cross section. Then the deformation, the optical path length
(OPL) and finally the wavelength shift of the OFRR was
numerically calculated. According to the simulations, the
influence of a displacement of 10 wm of the heating fiber
tip on the wavelength shift is negligible, see Fig. S1 in Sup-
plementary Material.

3 Experimental setup

The flow rate sensing experiment is demonstrated in a
silica capillary, i.e., the OFRR, which is employed simul-
taneously as the microfluidic channel and the non-contact
optical detector. The OFRR is fabricated from a com-
mercial capillary (Model CV1017Q, VitroCom), with an
outer diameter of 170 wm and an initial inner diameter of
100 pwm, respectively. The hydrofluoric (HF) acid is used
to etch the inner wall and finally reduce the wall thickness
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down to about 11 pwm. Deionized water is firstly placed in
an ultrasonic bath to reduce the air solubility in order to
avoid potential bubble formation during the experiment and
then used as a sample liquid for the flow rate sensing. The
flow rate is controlled by a syringe pump (Model Pump 11
Elite, Harvard Apparatus).

A 1480-nm pump laser is used for heating the micro-
fluid due to the high optical absorption coefficient of water
in this spectral range. The laser is coupled into a fiber tip,
which is inserted into the capillary to heat the microfluid
(Fig. 2a). The fiber tip is fabricated by heating and drawing
a single-mode fiber (SMF). The WGM shift of the OFRR is
monitored by a wavelength-swept laser-based optical spec-
trum analyzer (OSA, Agilent), which is tunable between
1505 and 1620 nm. The resolution is set to be 0.2 pm. Light
is coupled into and collected from the OFRR through a
fiber taper with a waist of about 3 wm. The microscopic
image, Fig. 2a, shows the relative position of the OFRR,
the fiber taper for optical coupling, and the microfiber tip
for heating. The SEM image of the cross section of the
OFRR is shown in Fig. 2b.

4 Results and discussion
4.1 Demonstration and parametric investigation

Transmission spectra of the first OFRR (OFRR 1) at a flow
rate of 10 wL/min under different heating laser powers are
shown in Fig. 3a. The details of the monitored resonant
dips are enlarged and shown in Fig. 3b. The HF acid with
a concentration of 5 wt% was used for etching the wall of
the OFRR down to about 11 pwm. The microfiber tip with a
diameter of 18 wm was used for the heating, and the core
diameter is comparable to the laser wavelength, 1480 nm.
The Q factor can be determined from the spectra to be
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Fig. 3 Transmission spectra of the OFRR 1
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around 2.3 x 10* The free spectral range (FSR) is about
3.0 nm, which is in good agreement with that calculated
from FSR = A%/2mrn .

Firstly, the flow rate, v, is kept constant at 10 pwL/min.
We monitor the wavelength shift, AA, as a function of
the heating laser power, P, as shown in Fig. 4 (black
squares). After tuning the laser power, the heat transfer gets
balanced in a few seconds. Then the resonant peak wave-
length is recorded from the build-in fitting program of the
OSA. A maximum wavelength shift of 839 pm is detected
at a power of P, = 64.74 mW under a flow rate of 10 wL/
min. A linear relationship between the wavelength shift
and the heating power is observed, which indicates that the
laser-induced thermal effect leads to a linear change of the
OPL of the monitored WGM. The slope for the flow rate of
10 pL/min is 12.56 pm/mW.

Then, we repeat the experiment by changing the flow
rate from 10 to 100 pL/min with a step of 5 wL/min by
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Fig. 4 Wavelength shift of the resonant dip for the OFRR 1 as a
function of the heating power at different flow rates
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setting the syringe pump. The wavelength shift is shown in
Fig. 4 as a function of the heating power at different flow
rates. The reference wavelength shift is set to be zero at the
initial condition with no laser heating for each flow rate.

We re-plot in Fig. 5a with the same data from Fig. 4 to
show the wavelength shift, AA, as a function of the flow
rate, v, at different heating powers, Py_,.. In the linear scale,
the wavelength changes nonlinearly with the flow rate.
The AA— Av sensitivity increases as the heating power
increases and as the flow rate decreases. The maximum sen-
sitivity in the linear scale is determined to be 57.6 pm per
pL/min at a heating power of 64.74 mW with a flow rate
of 10 wL/min. It is interesting that the wavelength changes
linearly with the flow rate in the log—log scale, as shown in
Fig. 5b. At higher flow rate and lower heating power, the
sensitivity is low, and there are wavelength fluctuations as
shown in Fig. 5b. The R square of the linear fitting for the
data with the heating power of 64.74 mW is about 0.995
and the slope is about 0.81 & 0.01.
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The slope, k = 0A/OPy,,, of each A — Ppeqa curve in
Fig. 4 is obtained by a linear fitting and shown as a func-
tion of the flow rate, v, in the linear scale (Fig. 6a) and in
the log—log scale (Fig. 6b). The slope decreases nonlinearly
from 12.56 pm/mW for 10 wL/min to 1.83 pm/mW for
100 pL/min, indicating a nonlinear sensitivity at different
flow rate ranges. In the log—log scale, the slope changes lin-
early with the flow rate. The R square of the linear fitting is
about 0.996 and the slope is about 0.82 %+ 0.01.

Experimental results in Fig. 5 indicate that higher sen-
sitivity can be obtained at the lower flow rate, v, with a
higher heating power, Py, It is because more heat is trans-
ferred to the silica microring, thus leading to a larger tem-
perature increment, AT, and a larger wavelength shift, AA
according to Eq. 2. In the current scheme, the maximum
sensitivity of 57.6 pm per wL/min is mainly limited by the
unwanted microbubble formation when the air solubility
decreases as temperature increases (Xu et al. 2012). In this
case, the heat transfer is disturbed by the bubble. At a flow
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Fig. 5 Wavelength shift of the resonant dip for the OFRR 1 as a function of the flow rate at different heating powers in a the linear scale and b

the log—log scale

(a) 5 —m——m———————1——

10 4 .

Slope (pm/mW)

O T T T T T
0 20 40 60 80 100

Flow rate (uL/min)

(b) 20 1= ,
10 + 4
=
E
£
&
[}
Q
o
(%)
1 T T

Flow rate (uL/min)

Fig. 6 Slope of the AL — P,y curve versus flow rate in a linear scale and b log—log scale
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rate of 10 pL/min, microbubble formation at the fiber tip
was occasionally observed in our experiment with heating
power higher than 70 mW. There is a critical power density
at each flow rate for bubble formation.

4.2 Flow rate sensing

Based on the results in the last section, we fixed the heat-
ing power at 53.7 mW for the flow rate detection to avoid
the fluctuations at the low power range and also to avoid
the bubble generation at the high power range. On the other
hand, the structure was further optimized for the flow rate
sensing. The microfiber tip for heating was fabricated with
a cladding diameter of 13.3 wm and a core diameter of
smaller than the heating laser wavelength. In this case the
laser beam was not strongly confined within the fiber core
anymore and spreads into a larger area compared to that of
the heating microfiber in Sect. 4.1. It makes lower the laser
density at the microfiber tip and further avoids the bubble
generation at the low flow rate ranges. As a result, there is
no bubble generation even with a static solution in the cap-
illary, i.e., a flow rate of 0. It enables the lower flow rate
detection in this section.
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The inner wall of the silica capillary was etched by
the HF acid with a concentration of 4 wt% for 520 min to
obtain a wall thickness of about 11 wm. The etching rate
is estimated to be 46 nm/min. The HF acid concentration
is relatively lower than that used in Sect. 4.1 and better
to obtain a OFRR with a higher Q factor. A diameter of
3.7 pm, instead of 3.1 wm in Sect. 4.1, for the fiber taper
was also used to optimize the coupling of light into the
OFRR.

The transmission spectra of the OFRR 2 with air and
water in the capillary are shown in Fig. 7a, c, respec-
tively. The details of typical resonant dips in each case
were enlarged and shown in Fig. 7b, d. The FSRs of the
fundamental WGM are 3.05 and 3.08 nm. The Q factors
are 1.5 x 10° and 7.7 x 10°. High Q factor is beneficial
for the determination of the wavelength shift with a high
resolution. The multiple resonant dips are clearly shown in
Fig. 7d. The resonant dip with the largest fringe contrast
is the one corresponding to the fundamental radial mode.
Other dips correspond to higher-order WGMs and have
gradually blueshifted resonant wavelengths, which are
related with smaller n ¢ and shorter OPL.

With a heating power of 53.7 mW, the calibration curve
of the wavelength shift versus the flow rate was measured
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Fig. 7 Transmission spectra of the OFRR 2 with a air and ¢ water in the capillary. b and d enlargely show typical resonant dips
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and shown in the linear scale and the log-log scale in
Fig. 8a, b, respectively. The error bar was calculated from
the triplet measurements. The results indicate that the
repeatability of the flow rate detection is good. The wave-
length shift is set to be zero, AA = 0, at the initial condition
with no laser heating for each flow rate, corresponds to the
reference wavelength of A,,. The data in Fig. 8a are fitted via
A/ = av® and the calibrated parameters are a = 3386.6476
and b = —1.0442. It is equivalent to the linear fitting of the
data in Fig. 8b. The R square of the linear fitting is about
0.993. The fitting curves are also shown in Fig. 8a, b as the
black lines.

The dynamic range of the flow rate detection is
2-100 pwL/min. The flow rate in this range is particu-
lar important for the biochemical applications (Oates and
Burgess 2012; Suter et al. 2008; Kim and Fan 2014; Rod-
riguez-Villarreal et al. 2010; Esquivel et al. 2012; Zhang
et al. 2011).

To evaluate the minimum detectable flow rate change,
dv, we tuned the flow rate from 2 wL/min with steps of 0.1,
0.4 and 0.6 pL/min and monitored the wavelength shift,
as shown in Fig. 9. The step wavelength shifts are 35.2,
120.1, and 169.7 pm, respectively. During this measure-
ment, the heating laser power was kept at 53.7 mW. The
wavelength shift for a period of about 100 s at each flow
rate was recorded. The averaged wavelength shifts during
each period are also shown with blue lines in Fig. 9. The
standard deviation (SD) of AA_;, is around 3.4 pm for
each flow rate, which originates partially from the flow rate
variations from the syringe pump. The minimum detect-
able flow rate change, év, is about 30 nL/min at a flow rate
of 2 pL/min defined by the flow rate changes corresponds
to that of three times of the SD of the wavelength shift,
3AAlin ~ £ 10 pm. The minimum detectable flow rate
change of the proposed method, év, is about 30 times better

(a) 1800
1500 -
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900 A
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T T T T

0 20 40 60 80 100
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than the integrated micro FBG flowmeter, 960 nL/min in
the comparable flow rate range (Liu et al. 2014b).

In case of 5-mL syringe, the flow rate can be set by the
syringe pump between 187 pL/min and 194 pwL/min. The
accuracy of = 0.5 % was given by the manufacturer and
at flow rate of 2 wL/min can be calculated to be = 10 nL/
min, comparable to §v. It is therefore the accuracy of the
syringe pump that limits the minimum detectable flow rate
change, dv, of the proposed sensor, which can be further
improved by a better calibration setup. On the other hand,
after the calibration, the sensor can be employed in case the
microfluidic pumping methods other than the syringe pump
are used. Except for the syringe pump, there were various
pumping schemes recently developed, including on-chip
peristaltic pump (Bowen and Martin 2010), electrochemi-
cal pump (Xie et al. 2004), piezoelectric pump (Palmieri
2015), or even pumpless flow control (Marimuthu and Kim
2013). These pump schemes may have lower accuracy of
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Fig. 9 Wavelength shift versus time with step changes of the flow
rate near 2 pL/min
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Fig. 8 Calibration curve of the wavelength shift versus the flow rate in a linear scale and b log—log scale. Error bars are based on triplet meas-

urements
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Fig. 10 Flow rate measured by the OFRR versus standard flow rate
controlled by the syringe pump. Error bars are based on triplet meas-
urements

flow control, and a high sensitivity flow rate sensor is help-
ful for providing a feedback signal and further enhancing
the flow controlling performance.

After the calibration, we measured the standard flow rate
by the detected wavelength, A, and the calibrated param-
eters via v = (()v — o) / a) 5 The measured flow rate is
plotted as a function of the standard flow rate controlled
by the syringe pump, as shown in Fig. 10. The R square
of the linear fitting is about 0.991, and the slope is about
1.10 £ 0.02. The accuracy was calculated from the devia-
tion between the measured flow rate and the standard flow
rate, that is, A = abs(v,, — v,)/v,, abs denotes for the abso-
lute value of the deviation, v,, is the flow rate measured
based on the wavelength shift and the calibration formula,
v, is the standard flow rate generated by the syringe pump.
The accuracy is determined statistically to be about 5.2 %,
which is comparable to the accuracy of 5 % the commercial
flow meters in the similar dynamic range, see the Table S1
in Supplementary Material.

5 Conclusion

An optofluidic flow rate sensor has been demonstrated by
detecting the resonant wavelength shift of the WGM of
an optofluidic ring resonator while heating the flow with
another optical microfiber tip. The proposed flowmeter has
the advantages of high flexibility and can perform local
flow rate detection, especially for capillary-based microflu-
idics while not degrading other functionalities of the micro-
ring resonator including the biochemical sensing or opto-
fluidic lasing.

@ Springer
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