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Abstract: As a compact and simple sensing technique, optical feedback interferometry (OFI) can
be a promising flowmetry method in various microfluidic applications. In this paper, OFI-based
flowmetry sensor performance in a microscale flow scheme is studied theoretically and experimentally.
An innovating model and different numerical methods are investigated, where the scattering light
angle distribution is involved to predict the Doppler frequency distribution. For the first time,
our model describes the influences of multiple OFI sensor system characteristics, such as flowing
particle size, concentration, channel interface reflectivity and channel dimension, on the OFI signal
spectral performances. In particular, a significant OFI signal level enhancement was achieved by
deposing a high reflectivity gold layer on the rear channel interface due to the increased forward
scattered light reflection. The consistent experimental validation associated with the simulations
verifies this numerical simulation method’s reliability. The numerical methods presented here provide
a new tool to design novel microfluidic reactors and sensors.

Keywords: optical feedback interferometry; microfluidics; optical simulation; VCSELs; spectral
imaging; sensing mechanisms

1. Introduction

In the last few decades, miniaturized and low reagent-consuming microfluidic devices have
drawn great interest in biomedical and chemical engineering domains [1-3]. In microfluidic systems,
the reagent flowing velocity inside a channel determines the reaction duration or the liquid mixing
performance, therefore the flowing velocity or volume flow rate measurement is fundamental for
microfluidic operation. Moreover, the flowmetry sensor in microfluidic chips is also of direct interest
in biomedical and medical applications, e.g., assessment of burn depth, skin cancer diagnostics and
extracorporeal blood flow monitoring [4-6]. Hence, numerous velocimetry technologies have been
proposed in a microfluidic context [7-10].

Thanks to its various outstanding advantages such as low-cost, non-invasive, and self-alignment,
optical feedback interferometry (OFI) offers a novel alternative for determining flow rate or velocity
within flow-channels. Like traditional laser Doppler velocimetry (LDV) [11-13], this sensor measures
the Doppler shift in the frequency spectrum of laser output power when it is subject to optical feedback
from flowing particles. The spectrum is then an image of the velocity of the scatterers in the solution.
A number of OFI-based flowmetry sensing research works have been reported [14-18]. However,
these works were not evaluated as a systematic function of the particle characteristics and channel
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structure, which are essential in microfluidic sensing. Due to the lack of theoretical modeling, thus far,
OFI-based microfluidic flowmeter sensor study remains challenging, especially with flowing channels
of dimension smaller than 100 pm.

Involving different fundamental parameters, a synthetic numerical modeling approach using
multiple simulation methods is demonstrated in this paper to predict the sensor signal behavior
in the presence of optical feedback modulation in microfluidic sensing measurements. In order
to validate our modeling method, a microfluidic flowmetry measurement setup was established,
and a series of numerical simulations and flow rate measurements were performed based on this
system. Comparisons of the simulation results and the measurement were investigated and discussed,
then several important system factors influencing the OFI signal spectrum were highlighted; particle size,
particle concentration, channel surface reflectivity and channel dimension.

2. Materials and Methods

2.1. Theory

When a part of the laser emission is reflected or scattered from an external target and then
reinjected into the laser diode (LD) cavity, this feedback light provokes a fluctuation of the laser output
power that carries information about the moving target. Using well-known three-mirror compound
cavity models [19], the laser output power Pr can be expressed as:

Pg(t) = Po[1 + m-cos (27 fyt)] (1)
T rext(l —r%)’[p

where A denotes the wavelength, m is the feedback modulation factor determining the feedback strength,
which depends on the laser output mirror reflectivity r,, the external cavity length L, the photon lifetime
7p, and the feedback coupling efficiency 7.y. f is the Doppler frequency shift which is proportional
to the scalar product of the vector difference between incidence and scattering beam vector and the

velocity vector Y_} The absolute value of f; can be expressed under the following form [20]:

|f | eV VisinOsq + sin0;y
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In usual flow measurements with OFI, the optical system collects the scattered light from a large

number of particles (scatterers), and the dispersion of the scatterer velocity Y_} and the scattering light
direction O, induces a distribution of the Doppler frequency shifts f; that impact the LD output
power fluctuation (in Figure 1). To evaluate the feedback output power behavior in the complicated
microfluidic context, Pr can be reconstructed as the sum of the feedback contributions from all particles
in all the scattering directions:

Pg(t) = Po[l+ Z Z micos(andilkt)] 4)
ik

The attenuation of the liquid during beam propagation and the effect of the scatterer density on the
scattering light power must also be taken into account here. The attenuated power after propagation
distance z can be derived by the usual extinction formula [21]:

P = Poexp(-6z) )

6 = Npo 6)

where 6 is the extinction coefficient, N, is the particle density and o is the particle extinction cross-section.
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Figure 1. Incidence and scattering vectors when the laser beam was shot at the particle.

Considering that with higher particle density, more particles can be captured in the unit
measurement period, the increase of density induces a higher OFI signal level. Thus, the particle density
should also be added in the OFI signal expression. Finally, the OFI cosine function in Equation (4) can
be corrected to reach the following complex form:

Pg(t) = Po[l + Z Z minexp(—26zi)cos<2nfdirkt)] 7)
ik

Because of the round-trip light propagation in the OFI system, the radiation is attenuated twice
through the solution; thus, a factor of 2 has been added in Equation (7).

2.2. Setup

A microfluidic flowmetry system is built in this work for numerical simulation and experimental
validation, the setup is illustrated in Figure 2a. One 1 mm X 1 mm polydimethylsiloxane (PDMS)
channel and two 96 pm X 96 um dry film (DF) photoresist channels realized the microfluidic reactors,
and one of the DF channels was built with an additional gold coating film on the rear interface
to demonstrate the channel reflectivity influence of the OFI signal. The OFI sensor is based on a
670 nm VCSEL (Vertical-Cavity Surface-Emitting Laser)at a constant bias current of 3.5 mA through a
custom-designed laser driver. The incident angle 6 between the laser emission axis Z” and perpendicular
to the plane of the channel chip is set to 15° as this value has experimentally proven the best signal level.
A doublet lens pair (MAP103030B, Thorlabs Co., Ltd, Newton, NJ, USA) constituted by two lenses of the
same focal length of 30 mm was used for laser beam focalization, resulting in a 4.6 pm (1/e?) laser beam
waist in the micro-channel. Polystyrene (PS) microspheres (MicroParticles, GmbH, Berlin, Germany) of
two different diameters (552 nm and 4.96 um) were used as the tracing particles. The PS solutions were
pumped into the channel by a syringe pressing pump (PHD 22/2000 Harvard Apparatus, Holliston,
MA, USA). The OFI signal was achieved through the monitor photodiode embedded in the VCSEL
package. After amplification by a custom-made transimpedance amplifier, the OFI signal was acquired
using a National Instrument acquisition card (NI USB 6251, National Instruments, Austin, TX, USA)
at a sampling frequency of 400 kHz. Processing of the signal consists in averaging of 30 consecutive
Fast Fourier Transform (FFT) of 2> samples. All the data acquisition procedures and processing were
automated by a custom-made LabVIEW algorithm.
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Figure 2. (a) Schematic of the microfluidic measurement system; (b) a polydimethylsiloxane (PDMS)
channel and a dry film (DF) channel.

To implement our theoretical model, multiple numerical calculation tools were applied. Firstly,
the entire optical part of the OFI system and the microfluidic channel chip were modeled using the
commercial ray tracing software Zemax to simulate the laser beam propagation. All parameters such
as channel geometrical sizes, materials, lens film coatings, particle characteristics were chosen to be
in a realistic agreement with the experimental parameters in the 3D model. To calculate the OFI
signal in different particle positions, a cuboid mesh was built inside the channel, and the fine 3D
grid intervals were set to be dx = dy = 0.5 um, dz = 1 pm. A PS particle was placed at each node
and then the ray tracing processing was repeated at all the mesh node coordinates. By the Monte
Carlo statistical approach, the individual particle scattering angular distribution and the feedback light
power re-entering-cavity coupling efficiency r.y were computed. Secondly, the flowing velocities at
each node were calculated through simulation with computational fluid dynamics software Fluent.
Finally, a Matlab algorithm has been designed that calculated the feedback modulation contributions
to Prand the associated Doppler frequency shift f; as expected from Equations (3) and (7) and that
simulates the Doppler frequency spectrum signal. The values of the modeling parameters are listed in
Table 1.

Table 1. ZEMAX modeling parameters settings.

Simulation Parameters Value
Wavelength A =670 nm
Half divergence of the laser B=5°
Lens focal length f1=f2=30mm
Refractive index of water ng =133
Refractive index of PDMS n, =14
Refractive index of DF ng = 1.59
Refractive index of PS particles N =1.58
Photon lifetime in laser 7, =10"12s
External cavity length L =76 mm
VCSEL aperture diameter DA =6 um
Laser output c.a\flty mirror ry = 0.9995
reflectivity

3. Results and Discussion

Both simulations and experiments were applied here with the fluidic systems presented above
to assay the OFI signal performance. In the following subsections, the results are demonstrated and
discussed in detail to verify our model reliability.



Appl. Sci. 2019, 9, 3903 50f 11

3.1. Numerical Simulation Results

Using the simulation method described above, the feedback contribution in different particle
positions were assayed by calculating the irradiance distribution and the feedback light power
re-entering-cavity coupling efficiency 7.y profile (sensing volume). Different parameters configurations
were considered in this model to analyze the OFI sensor performance in different system schemes,
and to emphasize the model availability in the practical applications.

Firstly, the OFI flowmetry sensor working in a macroscale reactor was investigated to understand
the impact of channel dimension on the spectrum. The 2D incident profile and the feedback-power
ratio 7,y distribution through the macroscale PDMS channel (Figure 2b) are illustrated in Figure 3.
In Figure 3a, one can observe that after the focalization with the lens pair, the entire laser focusing spot
was only located in a small area (around 200 pm X 6 um) close to the center of the channel. This laser
illumination spatial limitation gave rise to an impressed coupling efficiency 7. distribution volume in
a same dimension order (Figure 3b). Only the particles passing through a central area around 200 pm
can contribute efficiently to the feedback signal into the laser.
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Figure 3. Two-dimensional simulation profile inside a 1 mm X 1 mm PDMS channel. (a) Illumination
power density profile; (b) feedback—power ratio profile.

The numerical simulations were repeated in the cases of the two microscale DF channels (Figure 4).
In comparison to the case in macroscale channel, the feedback behavior in the microscale channel
is more complicated. In Figure 4a, the illumination profile here presents the same magnitude (10°).
Contrary to the macroscale PDMS channel, due to the tiny channel dimension, only part of the laser
spot can be coupled inside the microchannel in spite of the same tight focalization. Considering that the
confocal parameter (twice the Rayleigh range) of the laser is approximatively 80 pm, comparable with
the channel dimension (96 um), the laser beam 1/e? radius inside the channel can be approximated to
be constant at roughly 3 um, which is represented as a parallel profile in Figure 4a.
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Figure 4. 2D simulation contour profiles in 96 pm X 96 um DF channel: (a) The illumination irradiance
profile through the channel; (b) The feedback light power re-entering-cavity coupling efficiency 7yt
profile of 4.89 um PS particle in the channel without any coating; (c) e profile of 552 nm PS particle in
the channel without gold coating; (d) 7.y profile of 4.89 um PS in the channel with gold coating on the
rear interface.

Then, the feedback light power re-entering-cavity coupling efficiency 7. in the channel where no
high reflectivity gold coating was deposited on the rear interface is computed and its distribution is
plotted in Figure 4b, where it exhibited a strong enhancement close to the rear interface. The probable
explanation of this phenomenon can be the result of the forward scattered light that was focused by
the particle and then reflected on the rear interface [22].

In order to evaluate the particle size effect on this phenomenon, we have changed the simulation
parameter to a particle diameter of 552 nm. The distribution of 7,y in this condition is presented in
Figure 4c. As compared with the distribution computed with 4.89 pm PS particles, we did not observe
any enhancement of 7.y near the rear wall of the channel and the volume within which the particle
scattering light can re-enter the cavity is comparable with the illumination profile. The maximum of
Text locates in the channel center, at the laser focal point. Because the scattered light power directly
depends on the particle cross-section, the 7,y value with the 552 nm PS particles were around 100 times
lower than the one of 4.89 um. On the other hand, such a small particle does not focus the forward
scattered light efficiently onto the rear interface, which explains the absence of r.y; enhancement.

At last, we model the case of the same size channel with a 50 nm thick additional high reflectivity
gold film on the rear interface to increase the effect of the reflection of the forward scattering light.
The coupling efficiency profile is plotted in Figure 4d for 4.89 um particles. As expected a feedback
enhancement point re-appears in the exact same position but this time, the coupling efficiency 7.y in the
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enhancement region is 300 times higher than in the non-coated channel of Figure 4b. These simulation
results provide strong evidence for our mentioned hypothesis that the feedback light enhancement
resulting from the forward scattering light reflection on the rear channel interface. Based on the
coupling efficiency and parabolic particle velocity distribution in laminar fluid, one can simulate the
OFl signal spectrum by Equations (3) and (7). A noise level is added in each simulated spectrum to
make the results more realistic.

3.2. Experimental Results

In the previous subsection, the ray tracing simulation provided a solid understanding of the
optical phenomena in the channel and the coupling coefficient .y distribution. Here, a series of
flowmetry measurements were performed for validation. Both simulated and measured OFI signal
spectra are compared and investigated to analyze the influence of several important factors on the OFI
signal spectra features: The particle size, the particle concentration, the reflectivity of the channel rear
interface and the channel dimension (Figures 5-8).
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Figure 5. Optical feedback interferometry (OFI) signal frequency spectra obtained with PS particles of
552 nm diameter (red), 4.89 um (blue): (a) simulated spectra; (b) measured spectra.
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Figure 6. OFI signal frequency spectra obtained in 552 nm PS particle solution at concentration
of 0.625% w/v (green), 0.125% w/v (black), 0.25% w/v (red), 0.5% w/v (blue): (a) simulated spectra;
(b) measured spectra.
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Figure 7. The OFI signal frequency spectra obtained in a 96 um x 96 um DF channel without coating
(red) and with a gold coating on the rear interface (blue): (a) simulated spectra; (b) measured spectra.
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Figure 8. The OFI signal frequency spectra obtained with PS particles of PDMS macro channel at
Q =100 pL/min (red), DF micro channel Q =1 uL/min (blue): (a) simulated spectra; (b) measured spectra.

3.2.1. Particle Size

Firstly, the influence of particle size on the OFI signal was investigated. The OFI microfluidic
flowmetry simulations and measurements with 552 nm and 4.89 um diameter PS particles at the same
concentration of 0.1% w/v and flow rate of Q = 10 pL/min are compared in Figure 5a (simulations) and
Figure 5b (measurements). For the larger particle (blue solid lines in both figures), a low frequency
peak fd1 corresponding to the forward scattered light reflection induced feedback enhancement
appears, whereas the spectra of the smaller PS particle (red solid line) does not present such frequency
peak. The fd1 value is calculated to be around 4 kHz considering the velocity distribution within the
enhancement area at Q = 10 pL/min. It is also interesting to note that the 552 nm particles produce a
spectral signal level that is 9 dB higher than the 4.89 pm particles at the frequency fd2 that correspond
to the theoretical maximum Doppler shift. The signal level difference can be explained by the larger
particle density (number in unit volume). Since the concentrations in weight per volume are the
same, so that in the 4.89 pm particles solution, the particle density is around 1000 times less than for
552 nm particles. As can be seen both in the measurement and in the simulation, the larger scattering
cross-section of 4.89 um particles does not compensate the lower number of particles contributing to
back-scattered light.

3.2.2. Particle Concentration

Various concentrations, expressed in weight per volume (w/v), of 552 nm PS particle solutions
(0.0625% w/v, 0.125% w/v, 0.25% w/v, 0.5% w/v) have been tested, always with a flow rate Q = 10 uL/min.
The resulting simulated and measured spectra are plotted in Figure 6a,b, respectively. From the
simulation results shown in Figure 6a, one can observe that the spectral signal level remains alike
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over the whole particle concentration range in particular at the expected maximum Doppler shift
fd =27 kHz, while in the low frequency region (<20 kHz), the increase in concentrations enhanced
slightly the signal level. This behavior can be explained that when the particle density increases,
the laser beam cannot enter deeper in the channel, and thus only the particles passing through the
top area of the channel with a lower flowing velocity can properly contribute to the optical feedback,
resulting in such a slight signal increase in the low frequency region.

3.2.3. Rear Interface Reflectivity

Eventually, the OFI signal simulations and measurements are performed in the DF channels with
and without the additional gold coating on the rear channel interface. The simulated OFI signal spectra
in the two channels are plotted (red—without coating and blue—with coating) in Figure 7a while
measured ones are plotted with the same color code in Figure 7b. As can be seen, simulated and
measured spectra have clearly a different behavior in the low frequencies as the measurement exhibits
a regular increase of the power at low frequencies. We believe this effect to be the result of unwanted
vibrations induced fringes that are emphasized considering the higher reflectivity of the gold coating.
However, a similar trend can be observed in the measured and simulated OFI signals: Both spectra have
a visible lower frequency peak fd1 = 4 kHz that corresponds to the reflection induced feedback-power
enhancement as depicted in Figure 4b,d. Moreover, the magnitude difference between the peak at
fd1 obtained with the gold coating and the one observed without coating is of 15 dB in the simulated
spectra and 13 dB higher in the measured ones, indicating a consistent agreement, proving the essential
role of the rear interface reflectivity.

3.2.4. Channel Dimension

At last, OFI sensor behavior dependence on the fluidic channel dimension was considered as well.
In Figure 8, we performed the simulation and measurement of an OFI signal spectra in 1 mm X 1 mm
macroscale PDMS at 100 pL/min flow rate and 96 um X 96 um microscale DF channel at 1 pl/min,
respectively. The 10 times flow rate difference was applied to maintain the similar velocity and Doppler
frequency in the cases of different channel cross-section dimension.

In the simulation of the macro PDMS channel (red in Figure 8a), the relatively small sensing
volume with respect to the entire channel size (shown in Figure 3b) led in a sharp Doppler frequency
peak at fd2 = 2.7 kHz in the frequency spectrum. Considering the entire laser spot is located inside the
channel, almost all the laser emission power can be scattered by the flowing particles, the simulated
spectra exhibited a high signal level. However, in the micro DF channel, the comparable sensing
volume with the entire channel dimension in Figure 4b shows that all the particles can contribute the
OFI signal of different Doppler frequency shift segments, giving rise to a frequency plateau (blue in
Figure 8a). Considering only part of the emission is coupled in the microchannel, the resulting spectra
was 15 dB lower. Again, a secondary frequency peak fdl appears in DF channel due to the reflection
enhancement. In Figure 8b, the measured spectra in both channels exhibit the semblable appearances
at fd2 = 2.7 kHz, sharp peak in the macro channel and plateau in the microchannel, denoting the
maximal velocity at the center where the laser focal point was positioned, and the secondary peak
fdl = 0.4 kHz was only in DF channel. The signal difference was 20 dB between the two channels,
indicating a consistent agreement with the simulation.

4. Conclusions

In this paper, a new numerical simulation approach of the OFI sensing scheme was developed that
simulated macro/microfluidic flowmetry sensor signal spectra while taking into account the largest
number of experimental configuration parameters. The laser beam propagation through the complex
microscale fluidic system was simulated by a ray tracing method. The feedback—-power coupling
efficiency distribution simulation was emphasized here to understand the sensing volume of the
system in different system configurations. Different important parameters have been tested to validate
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the modeling approach: The particle size, density, the reflectivity of the rear flow-channel walls and the
channel dimension. The measurement produced the signal that is consistent with the simulated ones,
thus successfully proving the capability of our numerical method. The series of measurements in all
the parameter configurations were also repeated at different flow rates, presenting a promising capacity
of the sensor system as well. Such a sensor behavior model could be a major asset while designing
micro-reactors with dedicated optical properties. This model can further be extended to consider other
parameters, such as the nature of the particle or the one of the carrying fluids. Thus, considering the
extreme compactness of OFI scheme, this method is paving the way towards embedded flowmeters to
be integrated into lab-on-a-chip devices.
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