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Abstract: In this work, we develop a new opto-acouto-fludic microsopic system, which 
employs a high-speed one-dimensional galvanometer scanner and an ultrafast pulse laser (600 
kHz). The new system has achieved a high two-dimensional frame rate of up to 2500 Hz with 
a lateral resolution of 1.7 μm and an axial resolution of 36 μm at the imaging plane. To 
demonstrate the improved performance of the new system compared to our previous one, we 
carried out experiments to image the flowing droplets generated with T-junction and flow 
focusing configurations. We also successfully imaged dynamic migration of magneto 
particles subjected to non-uniform magnetic field in the microchannel. The results suggest 
that our new system has sufficient spatiotemporal resolutions to carry out studies for high 
throughput microfluidic applications. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

In the recent past, high throughput microfluidics have shown vast potentials in the fields of 
drug discovery [1], tissue engineering [2] and nanotechnology [3], as thousands of 
pharmacological, genetic or chemical samples can be processed and analyzed in a rapid 
manner on lab-on-chip platforms [4]. In such scenarios, high-speed detection schemes are 
required for real-time monitoring of micro-flows. Numerous methods have been proposed in 
recent years, such as surface-enhanced Raman scattering spectroscopy [5,6], electrical 
impedance-based sensing [7,8], laser-induced fluorescing [9–11], and dynamic light 
scattering [12]. Among these techniques, laser-induced fluorescing becomes the most popular 
one due to its high sensitivity and specificity [13,14]. Given the mechanism of fluorescing, 
sensitive optoelectronic sensors, such as photomultiplier tube and avalanche photodiode, are 
required to collect the signals for high-speed measurements [15–17], which unfortunately pin 
down the fluorescence-based techniques on single-point detection manner for high throughput 
microfluidic applications. The compromise between the temporal and spatial resolution 
cannot make the techniques adaptive to some occasions when both spatial and temporal 
information are important, such as the full-field measurement of concentration gradient and 
its variation rate in microchannels or distribution of cells within a flowing droplet. 
Additionally, labelling samples with fluorophores inevitably stain the analytes to some extent. 
Besides fluorescence, dynamic light scattering is only capable of providing statistical 
information of particles [12]. Optoacoustic imaging, a hybrid optical imaging modality with 
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rich optical contrast, high spatial resolution and deep penetration depth, is able to utilize both 
intrinsic and external contrasts for imaging/sensing of cells/particles [18,19]. In addition, it is 
free of depth scanning, making it capable of high-throughput three-dimensional imaging in 
microfluidic applications. 

In our previous study, we demonstrated a microscopic technique based on optoacoustic 
imaging for label-free detection of flowing droplets and red blood cells in microchannels 
(referred to as G1 system) [20]. Owing to the limitation of a low-repetition-rate pulsed laser 
(50 kHz), the system can only work at a relatively low flow rate of micro-flows. As the 
microscopic system worked at reflection mode [21~23], the overlapping alignment of optics 
and acoustics did not offer the flexibility to optimize the imaging resolution. In this work, we 
re-align the optical and acoustic paths to make the imaging system work at a transmission 
mode, which can improve the lateral resolution to be 1.7 μm. A pulsed laser with an ultrahigh 
repetition rate of 600 kHz increases the frame rate up to 2500 Hz. To verify the performance 
of the new system, we carried out experiments to image the flowing droplets generated with 
T-junction and compared the results with those using our previous system. The comparison 
shows that the new system can capture the droplet images with a better spatiotemporal 
resolution and can work at a flow rate of 3 times higher than the previous one. To exploit the 
imaging capabilities of the new system, we also carried out experiments to successfully 
observe the magnetophoresis of particles in microchannels [24,25] and well resolve the 
smaller droplets including satellite droplets generated with flow-focusing devices [26]. 

2. Methods 

2.1 System configuration 

Figures 1(a) and 1(b) show the schematic of the transmission-mode opto-acousto-fluidic 
microscopic system and the volumetric layout of the imaging interface, respectively. Laser 
pulses with a duration of ~1.3 nanoseconds (ns) were emitted from a 532 nm pulsed laser 
(GLPM-10, IPG Photonics) at a repetition rate of up to 600 kHz. The laser beam profile was 
trimmed by an optical spatial filter (GCO-0112M, Daheng Optics), and focused using an 
objective, then coupled into a single-mode fiber via a space-to-fiber coupler (APFC-5T-FC, 
Beijing Zolix Intruments Co.). The output laser beam from the optical fiber was collimated 
via a fiber collimator (F220FC-532, Thorlabs Inc.), and steered by a fast 1-dimensional 
galvanometer scanner (GVS001, Thorlabs Inc.), driven by a multifunctional analog output 
device (PCI-6731, National Instrument). The laser beam was eventually focused by a 10 × 
objective (GCO-2112, Daheng Optics) to excite optoacoustic signals with an optical 
resolution. A spherically focused high-frequency transducer (V3332, Olympus) with an active 
area of 3 mm, a focal length of 12.7 mm, a center frequency of 50 MHz, and a bandwidth of 
70% was used to collect optoacoustic signals. In our system, the dual foci of optical excitation 
and ultrasonic detection were configured confocally to maximize the systemic sensitivity 
[27]. The optoacoustic signals were amplified by a homemade pre-amplifier at ~64 dB, and 
digitized by a high-speed data acquisition card (ATS-9325, Alazar Inc.) at a sampling rate of 
250 MS/s. 

We initially measured the spatial resolution of the G2 system using a blade edge. 
Specifically, we obtained the distribution of lateral resolution in the focal plane by measuring 
the full width at half maxima (FWHM) of the line spread function (LSF) derived from the 
edge-spread function (ESF) of the imaged blade edge. To estimate the axial resolution, we did 
the Hilbert transform of a typical A-line and derived the FWHM of the signal envelop. 

2.2 Chip preparation 

We mainly used two different microfluidic devices, particularly with T-junction and flow 
focusing configurations, to demonstrate the high-speed imaging capability of the G2 system. 
The microfluidic chips were fabricated using standard soft-lithography with a channel height 
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of 100 μm. To minimize the acoustic attenuation of the optoacoustic signal, a PDMS 
membrane (thickness of 100 μm) was used for bonding and sealing the PDMS replica. Fluid 
samples were injected into the chips using syringe pumps (TYD02-01, Lead Fluid) via plastic 
tubes. 

 

Fig. 1. (a) Schematic illustration of the opto-acousto-fluidic microscopic system. PC: personal 
computer, DAQ: data acquisition card, FG: function generator, L1: lens 1, L2: lens 2, PH: 
pinhole, OBJ: objective, UST: ultrasound transducer, FC: fiber coupler, CL: collimator lens, 
GVS: galvanometer scanner. (b) The layout of the imaging interface. (c) Evaluation of the 
lateral resolution. EXP: experiment, ESP: edge spread function. (d) Evaluation of the axial 
resolution. (e) Sensitivity comparison between cylindrically focused transducer (G1) and 
spherically focused high-frequency transducer (G2). 

3. Results and discussion 

3.1 System characterization 

We evaluated the imaging resolution of the G2 system using a blade edge. The lateral 
resolution of the system is estimated to be 1.7 μm, as shown in Fig. 1(c). Figure 1(d) presents 
the measurement of the axial resolution (36 μm), which has been greatly improved compared 
to that of G1 system (60 μm). To investigate the detection sensitivity, we conducted 
experiments to compare the signals captured by the spherically focused ultrasound transducer 
(G2) and cylindrically focused ultrasound transducer (G1). It is shown that the amplitude can 
be greatly enhanced by two times when using the spherically focused transducer instead of 
the cylindrically focused transducer (Fig. 1(e)). Although the size of detection zone is 
shrinking to a diameter of 200 μm with the spherically focused transducer, it is still sufficient 
to cover the entire microchannel under inspection in our experiments. The details and 
comparisons of the system performance can be referred to Table 1. 

In order to show the advantages of the G2 system visually, we conducted the droplets 
experiment by using a T junction. B-scans, which were acquired by scanning the laser spot 
across the microchannel, were captured at the downstream of the T-junction to image 
droplets. Specifically, ponceau 4R–water solution (with a strong EM absorbance spectrum 
around 510 nm) and mineral oil served as the dispersed and continuous phases, respectively. 
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Table 1. The comparison between the G1 andG2 systems 

 G1 G2 
Axial resolution (µm) 60 36 
Lateral resolution (µm) 3.2 1.7 
Scanning speed (Hz) 200 2500 
Sensitivity (dB) 35 60 

In terms of scanning speed, it is primarily limited by both the laser repetition rate and the 
maximum scanning speed of the galvanometer scanner. In G1 system, the minimum optical 
scanning angle is larger than 0.5 degree, leading to a maximum scanning speed of 250 Hz. In 
G2 system, due to the small scanning angle (<0.2°), the maximum scanning speed of the 
galvanometer is up to 2500 Hz. To demonstrate the highly improved imaging speed of the G2 
system, we imaged the droplets with a B-scan rate of 500 Hz and 2500 Hz respectively under 
the same condition of droplets formation as shown in Figs. 2(a) and 2(b). The resolution in 
the flow direction is evaluated to be 23 μm in Fig. 2(a) and 5.8 μm in Fig. 2(b). Then we 
increased the total flow rate regularly while keeping the dispersed and continuous phases at 
the same flow rate ratio. We calculated the pixel number along the flow direction of each 
droplet at different flow rate and plotted them in Fig. 2(c). The results suggest that the 
scanning speed and the resolution in the flow direction of G2 system have been greatly 
improved compared to the G1 system. 

 

Fig. 2. Imaging droplet with G1 and G2 systems. (a) Droplet imaged by G1 system with lateral 
resolution of 3.2 μm, axial resolution of 60 μm, and resolution in flow direction of 23 μm. The 
total flow rate is 7 μl/min, and the flow rate ratio is 1. (b) Droplet imaged by G2 system with 
lateral resolution of 1.7 μm, axial resolution of 36 μm, and resolution in flow direction of 5.8 
μm. The total flow rate is 7 μl/min, and the flow rate ratio is 1. (c) Comparison of normalized 
pixel number of the imaged droplets retrieved at different total flow rates between the B-scan 
rates of 500 Hz and 2500 Hz. The inset illustrates the droplets formed at a T-junction. (a) and 
(b) share the same scale bar. 

3.2 Microspheres experiments 

Magnetic micro-particles have been extensively explored in magnetic resonance imaging, 
hyperthermia, targeted delivery of therapeutics and separation of cells. The G2 system with 
improved temporal and spatial resolutions enable the detection of the flowing particles with 
decent resolution and sensitivity. We use the affimag SLC Magnetic particles (Tianjin 
BaseLine Chrom Tech Research Centre) with an average diameter of 2 μm. The volume 
fraction of the magnetic particles is 0.5%. We diluted the magnetic particles solute of 1 μL 
into 2 mL water, and set the flow rate at 1 μL/min. Firstly, we imaged the particles without 
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applying non-uniform magnetic field. The particles were distributed randomly in the 
microchannel as shown in Fig. 3(a). Then we allocated a cube magnet with a length of 5 mm 
at two sides of the channel separately to exert magnetic forces on the flowing particles. Under 
the magnetic and flow drag forces, particles started to migrate and aggregate at the channel 
walls as shown in Figs. 3(b) and 3(c). Figures 3(d)-3(f) show the signal profile along the 
transverse direction of the micro- channel. The upper right corner of each figure is placed by 
magnet. The magnet is 2 mm at the horizontal direction close to the channel. 

 

Fig. 3. Imaging and monitoring of magneto-particles migrating in microchannels. (a) Imaging 
magneto-particles without applying magnetic field. (b) Imaging magneto-particles with magnet 
allocated at the lower side of microchannel (c) Imaging micro- particles with magnet at upper 
side of microchannel. (d) ~(f) The signal profiles along the transverse direction of the 
microchannel corresponding to (a) ~(c), respectively. (a), (b) and (c) share the same scale bar. 

3.3 Imaging droplets generated with flow focusing configuration 

A number of applications have been found with droplets produced using flow-focusing 
configuration, such as drug discovery [28] and molecular genetics [29], particularly when the 
droplet size and the spatial distribution can be prescribed on a micro or nanoscale. Droplet 
production rate in flow focusing devices can be up to tens of kHz [30] and minimum droplet 
size can be manipulated to several hundred nanometers [31]. Although many methods have 
been demonstrated for effective control of droplet size, including using hydrodynamic [32], 
thermal [33] and electrical actuations [34], yet the only way for in-line monitoring of droplet 
formation dynamics has been with high-speed photography [35]. The methodology generally 
requires using a high-speed camera and produces overwhelming data per unit time, which 
could impose a challenge on instantaneous data processing and subsequent feedback-based 
control for droplet-on-demand (DoD) applications [36]. Herein, we demonstrate to monitor 
the dynamics of droplet formation using our high-speed opto-acousto-fluidic microscopic 
system. As the collected opto-acoustic signal is analog, it is facile to process the data possibly 
for either real-time displaying or possibly serving as feedback signal. 

In the experiment, flow-focusing configuration was used to produce droplets at different 
formation regimes. In particular, the channel height is 100 μm. The width of center channel 
containing aqueous phase and the outer channel containing oil phase (W1) are both 200 μm. 
The width of the orifice (W2) is 50 µm, the total width (W3) of the channel is 500 µm. In the 
experiment, the flow rate of aqueous phase was fixed at 0.6 μl/min, and the flow rate ratio 
was varied by increasing the flow rate of mineral oil. As shown in Fig. 4(a), when the mineral 
oil flow rate was set to be 1.5 μl/min, droplets of various sizes can be generated. The 
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diameters of these droplets ranged from 21 to 60 μm. The non-uniformity of droplet sizes can 
be attributed to the occasional coalescence of droplets flowing at low velocities. When 
mineral oil flow rate was increased to be 6 μl/min, droplets with relatively uniform size 
(diameter of 100 μm) was generated and observed, as shown in Fig. 4(b). Satellite droplets, 
which break up at the orifice, can also be regularly produced in this droplet formation regime. 
When the flow rate of the mineral oil was increased to be 15 μl/min, droplets with size much 
smaller than that of orifice was generated and flowing in a row to downstream (Fig. 4(c)). The 
dynamics of droplet formation recorded by our opto-acousto-fluidic microscopic system is 
similar and consistent with previous studies [37,38]. 

Fig. 4. Imaging of droplets generated with flow-focusing configuration. (a) Imaged droplet 
under flow rates of Qi = 0.6 μl/min and Q0 = 1.5 μl/min. (b) Imaged droplet under flow rates of 
Qi = 0.6 μl/min and Q0 = 6 μl/min. (c) Imaged droplet under flow rates of Qi = 0.6 μl/min and 
Q0 = 15 μl/min. (d) The schematic of flow focusing device. (a), (b) and (c) share the same scale 
bar. 

4. Conclusion

In summary, we report the design and evaluation of a new opto-acousto-fluidic microscopic 
system. By updating the objective and the laser, this new designed system can provide a 
better performance with a lateral resolution of 1.7 μm, an axial resolution of 36 μm and a B-
scan rate up to 2500 Hz. Experiments are carried out to image the flowing droplets generated 
with T-junction microchannel and the results are compared with that of using our previous 
system. The comparison shows that the new system can capture the droplet images with much 
higher resolutions and can work at a flow rate of 3 times higher than the previous one. To 
exploit the capabilities of the new system, we also carry out experiments to successfully 
observe the magnetophoresis of particles in microchannels and well resolve the smaller 
droplets including satellite droplets generated with flow-focusing devices. Comparing the 
excellent performance of the upgraded system and mainly cost in laser, the investment is 
obviously worthwhile. With the highly improved spatiotemporal resolution, we envision that 
the new opto-acousto-fluidic microscopic system can be used for high throughput 
microfluidic applications. 
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