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Generation of tunable harmonic flows at low cost in microfluidic systems is a persistent and 

significant obstacle to this field, substantially limiting its potential to address major scientific 

questions and applications. This work introduces a simple and elegant way to overcome this 

obstacle. Harmonic flow patterns can be generated in microfluidic structures by simply oscillating 

the inlet tubes. Complex rib and vortex patterns can be dynamically modulated by changing the 

frequency and magnitude of tube oscillation and the viscosity of liquid. Highly complex rib patterns 

and synchronous vortices can be generated in serially connected microfluidic chambers. Similar 

dynamic patterns can be generated using whole or diluted blood samples without damaging the 

sample. This method offers unique opportunities for studying complex fluids and soft materials, 

chemical synthesis of various compounds, and mimicking harmonic flows in biological systems using 

compact, tunable and low-cost devices. 
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1. Introduction 

Microfluidic systems facilitate the manipulation of liquids within miniaturised structures, which not 

only reduce the volume of samples but also offer unparalleled opportunities for performing 

complex, multi-step chemical, biochemical and biological reactions under highly controlled 

conditions.[1, 2] Microfluidic systems are dominated by viscous forces, resulting in highly ordered, 

laminar flows that mitigate flow disturbances.[3, 4] This improves their control and predictability, but 

negates many complex tasks that require the ability to generate customised disturbed flows. 

Generation of disturbed flows enhances the exchange of mass, momentum and heat in microfluidic 

systems benefiting a variety of applications in physics, chemistry, biology, materials sciences, and 

bioengineering. This includes studying mechanical and rheological properties of complex fluids and 

soft materials such as polymers, emulsions, colloids, liquid crystals and their biological counterparts 

[5-10], chemical synthesis of hazardous chemical compounds, pharmaceutical agents and 

micro/nanomaterials [11-14], and mimicking harmonic/disturbed flows occurring in the natural 

systems, such as the human circulatory system, where they may cause dysfunction or disease [15-19]. 

Passive and active mechanisms have been used to generate disturbed flow patterns in microfluidic 

systems.[20] The passive mechanisms take advantage of asymmetric geometries or sudden changes in 

the geometry to generate secondary flows.[21, 22] Examples include patterning asymmetric ridges to 

induce asymmetric vortices [23], curved channels to generate Dean vortices [24, 25], and sudden 

expansion of the channel to induce vortices within the expanded regions [26-29]. The vortex 

characteristics can be modulated by varying the flow rate but largely depend on the configuration of 

the microfluidic structure, which cannot be changed once fabricated, limiting the versatility, 

dynamism and compatibility of the system. 

In comparison, active mechanisms take advantage of external stimuli to disturb flow. This includes a 

variety of mechanical [30-32], pneumatic [10, 33-35], thermal [36], acoustic [37, 38], electrical [39, 40], and 
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electrowetting [41, 42] mechanisms to disturb the laminar flow. Despite 

these advances, their widespread application has been limited by their dependence on additional 

supporting equipment, which increases the overall size, cost and complexity of the system, 

contradicting the principal promises of microfluidics for delivering small, inexpensive and simple 

devices [43]. In addition, current active methods can damage biological samples [36], limiting their use 

in biomedical fields. Moreover, these mechanisms are often sensitive to the thermophysical 

properties of the liquid [40, 41] or specific to the design and geometry of microfluidic structures, 

limiting their versatility. Tube oscillation is an alternative method for inducing flow instabilities. This 

method has been used for generating transitional flow patterns in horizontal and vertical tubes [44-48] 

and has been proven to alter the viscous pressure drop [49] and heat transfer [50] characteristics of 

tubes. Particularly, it has been shown as an effective method for altering the laminar-turbulent 

transition in tubes [51-53], which is essential for improving the performance of convective heat 

exchangers [54]. Despite these advances, tube oscillation has not been applied for the generation of 

harmonic flow patterns in biologically relevant liquids such as blood within multi-inlet microfluidic 

structures.    

Here, we generate tunable harmonic flow patterns in microfluidic systems by simply oscillating their 

inlet tubes using standard vortexer mixers. Tube oscillation induces lateral and axial velocities, 

leading to harmonic changes of the flow velocity profile. This feature is utilised to generate harmonic 

flows in the form of ribs and vortices in a microfluidic flow focusing system. We show the ability to 

generate customised harmonic patterns by changing the magnitude and frequency of tube 

oscillation. We also show the generation of harmonic patterns in water-based solutions at various 

viscosities as well as blood samples at various dilution ratios. Furthermore, we investigate the 

generation of complex harmonic patterns in serially connected microfluidic structures. A 

comprehensive set of experimental, numerical and theoretical analyses is conducted to characterise 
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the dynamics of these harmonic patterns. The proposed technology 

only needs standard vortexer mixers that are standard tools in biological laboratories and can be 

easily interfaced with various multi-inlet microfluidic devices. Notably, this approach overcomes the 

cost, complexity, fabrication, integration and specificity to the microfluidic design obstacles faced by 

existing mechanisms and does not appear to impact on the sample integrity. The versatility of this 

mechanism provides a new and widely accessible method for contact-free manipulation of biological 

fluids in microfluidic systems. 

 

 

2. Results and Discussions 

2.1. Principles of harmonic flow oscillation 

Our experimental setup consisted of a microfluidic flow focusing system (Figure S1) coupled with a 

pair of 5 mL syringes using 40 cm long Tygon® tubes. The syringes were filled with red and blue food 

dye solutions for flow visualisation. The height of the syringes was set to 10 cm to generate sufficient 

pressure to drive the coloured solutions though the microfluidic system at 60 µL/min. The tube 

interfacing the core inlet (carrying red solution) was interfaced with the spindle of a commercially 

available vortexer (Figure 1a). In this manner, the tube could be oscillated at desired frequencies by 

simply turning the speed control knob of the vortexer. A photo of the experimental setup is shown in 

Figure S2. 

The oscillation of the tube induces lateral and axial velocities (Figure 1b), which can be expressed as 

 and , in which  and 

 are the magnitude and angular frequency of tube oscillation, respectively, and t is time. The 
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lateral velocity of the tube induces a pressure gradient along the radial 

axis (Movie S1 + Figure S3). This generates a pair of vortices in the upper and lower halves of the 

tube, as the liquid moves toward the low-pressure side, bounces back once reaching the tube wall 

and returns along the tube walls (Figure 1c). On the other hand, the axial velocity of the tube 

imposes a pressure gradient along the longitudinal axis, which pushes the liquid forward and 

backward (Movie S1 + Figure S4). The combination of dynamic velocities induced by the tube 

oscillation and the constant velocity induced by gravity leads to the harmonic variation of velocity 

vectors through the tube (Figure 1d) and consequently the liquid flow rate (Figure 1e). The 

motionless portions of the tube and the microfluidic channel act as a viscous damper and reduce the 

magnitude of velocity oscillation before reaching the flow focusing junction. Given that the inlet 

pressure of the sheath flow was fixed, the harmonic variations of the core flow rate led to the 

harmonic expansion and collapse of the core flow within the mixing channel in a cyclic manner, 

which in turn formed harmonic arrow-shaped flow patterns within the expansion chamber (Movie 

S2 + Figure 1f).   

The frictional losses within the electric motor and rotating shaft of the vortexer led to heating of the 

vortexer after ∼3 min of continuous operation. Measurements using a thermal imaging camera (FLIR 

C2) indicated a temperature rise of ∼1.3°C at the middle of the oscillating tube where it was 

attached to the vortexer spindle when operating at 40 Hz for 5 min (Figure S5). We did not observe 

any noticeable change in the dynamics of oscillating flow when operating the vortexer continuously 

for 10 min.  
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2.2. Generation of the harmonic rib and vortex patterns 

First, we characterised the harmonic flow patterns generated by oscillating the tube carrying the 

core flow at different frequencies as well as liquid viscosities. The magnitude of the core tube 

oscillation was set to 2.5 mm by attaching the tube to the spindle of a vortexer. The frequency of 

tube oscillation varied from 14 to 50 Hz. The viscosity of the core flow was adjusted by adding 

glycerol to the core liquid, allowing us to change the core-to-sheath viscosity ratio 

( , in which  is the core viscosity and  is the sheath viscosity) from 1 

to 5. Numerical simulations reveal that the magnitude of flow rate variations increases linearly with 

respect to the frequency of tube oscillation (Figure 2a-b + Figure S6), which in turn impact the 

harmonic flow patterns observed in the expansion chamber. 

Experiments at 1 led to the generation of two distinct dynamic flow patterns. This involved the 

formation of ribs at frequencies ranging from 14 to 23 Hz, which is referred to as ‘rib mode’, and the 

formation of vortices at frequencies ranging from 24 to 40 Hz, which is referred to as ‘vortex mode’ 

(Movie S3 + Figure 2c). The ‘rib mode’ was associated with the formation of harmonic ribs along the 

mixing chamber caused by the transient expansion of the core flow. The ‘vortex mode’ was 

associated with the generation of a pair of vortices at the inlet of the expansion chamber, which are 

referred to as leading vortices. The change of core flow direction (due to the induction of axial tube 

velocity) led to contraction of the leading vortices, resulting in the generation of a pair of vortices at 

the outlet of the expansion chamber, which are referred to as trailing vortices (Figure S7). The 

leading and trailing vortices were generated and degenerated in a competitive manner. The trailing 

vortices were smaller than the leading vortices due to the incorporation of the static component of 

the core flow velocity, . Increase of oscillation frequency resulted in the 

gradual expansion of the vortices until they occupied the entire expansion chamber. Harmonic ribs 

were formed in the vortex-free region of the expansion chamber. 



 

 

 

This article is protected by copyright. All rights reserved. 

8 

 

RMIT Classification: Trusted 

 

Similar dynamic flow patterns were observed when increasing the viscosity ratio to 2 (Movie S3 

+ Figure 2d) and 5 (Movie S3 + Figure 2e). However, the increased core viscosity was associated 

with an increased number of ribs, as the core flow moved slower and therefore could be oscillated 

more often. The core viscosity also changed the configuration of the ribs with respect to the core 

flow, resulting in the formation of backward, straight and forward swept ribs at 1, 2 and 5, 

respectively. In fact, the configuration of the ribs is determined by the velocity profile of the flow 

across the width of the expansion chamber. Numerical simulations revealed the consistent reduction 

of the core flow velocity in response to increased core viscosity, resulting in the ratio between the 

peak flow velocities at the middle and sides of the expansion chamber, defined as 

, to reduce from ∼1 at 1 to 0.56 at 2 and 0.25 at 5 

(Figure S8), causing the ribs to sweep backward, straight and forward, respectively. The increased 

core viscosity also reduced the extent of the vortices within the expansion chamber due to the 

dominance of viscous effects. 

In order to describe the dynamic characteristics of the system, we defined the Reynolds number of 

the oscillating core flow as , in which  and  are the 

density and viscosity of the core flow, respectively,  is the internal diameter of the oscillating 

tube, and  is the equivalent velocity of the core flow induced by tube oscillation.  was 

obtained by balancing the dynamic pressure caused by tube oscillation with the viscous pressure 

drop along the tube and the corresponding microfluidic channel: 

          (1) 

The dynamic pressure caused by tube oscillation is defined as: 

                            (2) 
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Accordingly, the viscous pressure drop along the tube and channel are defined as: 

              (3) 

               (4) 

in which  is the equivalent dynamic flow rate of oscillating core flow, 

 is the length of the oscillating tube, ,  and  are the length, width and height of the 

microfluidic channel lying between the core inlet and the junction of flow focusing system, and 

 is the theoretical aspect ratio 

coefficient [55], based on which, is obtained based on the magnitude and frequency of tube 

oscillation, properties of the core liquid, as well as dimenstsions of the oscillating tube and the 

microfluidic channel:  

         (5) 

The core and sheath flows come across each other at the proximity of the junction (Figure 1e). The 

diffusive mixing occurring at the interface of the core and sheath flows reduces the viscosity contrast 

between the flows. This suggests a reduction in the viscosity of the core flow, and consequently the 

viscous pressure drop inside the microfluidic channel  when . To take this 

effect into account, we multiplied the Reynolds number of oscillating core flow by a dilution factor, 

and defined the equivalent Reynolds number of adjacent core and sheath flows as 

. The inclusion of  was essential to predict the generation of 

instability patterns when .  

Using the Reynolds number of the oscillating tube, we described the dynamics of the core flow using 

a polar map (Figure 2f), in which the location of the points along the radial axis is determined by 
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while the polar angle of the points is determined by 

. The transition from ‘rib’ to ‘vortex’ mode occurred at . Further 

analysis indicated that the extension of the leading and trailing vortices inside the expansion 

chamber changes linearly with respect to the Reynolds number 

 (Figure S9). To further explore the versatility of the proposed 

mechanism, we studied the generation of harmonic flows under various operating conditions, as 

discussed below: 

Syringe pump: Our experiments indicated the ability to generate harmonic rib and vortex patterns 

when driving the core and sheath flows through the microfluidic system using a syringe pump 

(Movie S4 + Figure S10).  

Tube diameter: Increasing the internal diameter of the oscillating tube from 500 to 800 µm, reduced 

the viscous pressure drop along the tube (a 17% increase in ) and increased the 

tendency of the core flow for the generation of harmonic rib and vortex patterns (Movie S5 + Figure 

S11).    

Tube length: Increasing the length of both core and sheath tubes from 40 to 80 cm, doubled the 

viscous pressure drop along the tube (a 35% decrease in ) and limited the ability of 

the tube oscillation mechanism to generate harmonic flows (Movie S6 + Figure S12). Nevertheless, 

doubling the tube length enables the vortexer to be kept away from the microscope. 

Geometry of the expansion chamber: Decreasing the cross-sectional dimensions of the microfluidic 

channel from 160 µm × 160 µm to 80 µm × 80 µm, increased the viscous pressure drop along the 

channel by a factor of 16 (an 87% decrease in ) and impaired the ability of the tube 

oscillation mechanism to generate vortex patterns inside the expansion chamber. In contrast, 

doubling the width or halving the length of the expansion chamber did not change the dynamic 
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characteristics of harmonic flow patterns and only changed the size 

of the harmonic rib or vortex patterns (Movie S7 + Figure S13).  

Location of the vortexer: Our experiments indicated that the location of the vortexer along the 

oscillating tube does not have any noticeable effect on the dynamics of the harmonic flow patterns 

(Movie S8 + Figure S14). Similar harmonic patterns were obtained when relocating the vortexer by 

±5 cm with respect to the middle of the oscillating tube. 

Next, we characterised the instability flow patterns when reducing the magnitude of the core tube 

oscillation to 0.5 mm. This was achieved by attaching the tube to the sidewall of the vortexer. 

Experiments were conducted at tube oscillation frequencies ranging from 14 to 50 Hz and viscosity 

ratios of 1, 2 and 5. Numerical simulations reveal that the magnitude of flow rate variations 

increases linearly with respect to the frequency of tube oscillation, similar to that obtained at high 

magnitude oscillations (Figure 3a-b + Figure S6). 

Our experiments indicated the dominance of ‘rib mode’ characterised by the generation of harmonic 

rib patterns across the entire range of frequencies and viscosity ratios (Movie  S9 + Figure 3c-e). 

Increasing the frequency of tube oscillation or the viscosity ratio led to increasing the number of 

ribs, in line with our observations in the in Fig. 2 (Figure S15). Increasing the viscosity ratio ( ) 

caused the ribs to sweep forward due to the velocity contrast between the core and sheath flows 

(Figure S16). Our further analysis indicated that the Reynolds number of the expansion chamber was 

limited to 0.066 (Figure 3f). This was much smaller than the transitional range of 

, beyond which harmonic vortices would be generated, justifying the 

dominance of the ‘rib mode’ in the expansion chamber. 
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2.3. Dynamic flow patterns in blood  

Next, we studied the generation of dynamic flow patterns of human blood in the microfluidic 

system. In the first set of experiments, blood was applied as the core flow while Hanks' balanced salt 

solution (HBSS) buffer was applied as the sheath flow (Figure 4a). Experiments were performed 

using whole blood as well as blood samples diluted with HBSS at 1:10 and 1:25 volumetric ratios. The 

core tube was oscillated at both low and high magnitudes of 0.5 and 2.5 mm and frequencies 

ranging from 14 to 50 Hz.  

Our experiments indicated the formation of dynamic flow patterns in blood were similar to water-

based solutions (Figures 2 and 3). This involved the formation of ‘ribs’ and ‘vortices’ when setting 

the magnitude of tube oscillation magnitude to 2.5 mm, and the formation of only ‘ribs’ when 

reducing the magnitude of tube oscillation to 0.5 mm (Movie S10 + Figure 4b-d). Notably, the 

destabilisation of the core flow was associated with the dispersion of blood cells within the chamber.  

The flow pattern map of oscillating blood sheathed by HBSS, is presented in Figure 4e. The location 

of the points along the radial axis is determined by their Reynolds number, which is defined as 

, and the polar angle of the points is determined by the dilution ratio 

of the blood samples. The transition from ‘rib’ to ‘vortex’ mode occurred when 

, which is in line with the results obtained for water-based solutions.  

In the second set of experiments, the blood and HBSS were swapped such that the blood was 

applied as the sheath flow and the HBSS was applied as the core flow (Figure 4f). Our experiments 

indicated the formation of oscillating ‘ribs’ and ‘vortices’ (Movie S11 + Figure 4g-i). The flow pattern 

map of oscillating HBSS sheathed by blood, is presented in Figure 4j. The location of the points along 
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the radial axis was determined by the Reynolds number of oscillating 

HBSS, defined as . In this case, the core flow had a lower viscosity 

compared to the sheath flow ( ), and the viscosity ratio correction factor ( ) was not 

included in the calculation of . The transition from ‘rib’ to ‘vortex’ mode occurs when 

, which in in line with the results obtained for the case of oscillating 

blood.  

To assess the potential impact of our method on the integrity of the blood samples, we tested for 

haemolysis of red blood cells by measuring the haemoglobin level in free plasma before and after 

high-magnitude tube oscillation at 14, 25 and 40 Hz. Based on our measurements, the highest 

percentage of haemolysis obtained at 40 Hz was ~5%, confirming the biocompatibility of the tube 

oscillation mechanism (Figure S17). Compared to existing disturbed flow methods, the tube 

oscillation mechanism minimises cell damage caused by contact with the sharp, moving edges of 

mechanical pumps [31], minimises fouling and cross-contamination due to contact with elastomeric 

membranes of pneumatic or piezoelectric pumps [56, 57], is not sensitive to physio-chemical properties 

of blood [40, 41], and does not expose blood samples to thermal, optical, chemical and electrical 

stimuli [36, 41]. 

 

 

2.4. Generation of complex harmonic flows in serial microfluidic chambers 

We also studied the generation of complex dynamic flow patterns using two serially connected 

expansion chambers. The length of the chambers was reduced to 45% to facilitate the microscopic 

observation of both chambers with a small interconnecting gap. Experiments were conducted using 

water-glycerol against water at viscosity ratios of  = 1 and 3 as well as blood samples diluted at 
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volumetric ratios of 1:10 and 1:25 against HBSS. The core tube was 

oscillated at both low and high magnitudes of 0.5 and 2.5 mm and frequencies within the range of 

14 to 50 Hz.  

Our experiments indicated the superposition of harmonic ribs in the second expansion chamber 

(Movie S12 + Figure 5a-b). The ribs generated in the first chamber were squeezed while passing 

through the narrow channel connecting the two chambers. This enabled the ribs to be carried to the 

second chamber without being decayed. The oscillation of the core flow led to the formation of 

secondary ribs in the second chamber, which superimposed onto the initial ribs. This resulted in 

complex dynamic flow patterns to be generated in the second chamber while maintaining the same 

number of ribs. For the case of vortices, the oscillation of the core flow led to the generation of 

synchronous vortices in both chambers (Movie S12 + Figure 5c-e). This significantly enhanced the 

mixing of the core and sheath flows in the second chamber. The flow pattern map of oscillating core 

flow is presented in Figure 5f. 

 

 

3. Conclusion 

In summary, we demonstrated the generation of harmonic flow patterns in microfluidics by simply 

oscillating the inlet tubes of the device using a commercially available vortexer commonly used in 

biological labs. We demonstrated the formation of harmonic ribs and vortices in a microfluidic flow 

focusing system. We also characterised the dynamics of flow against various tube oscillation 

frequencies and magnitudes as well as liquid viscosities, based on which we provided the flow 

pattern map of the system. We demonstrated the generation of complex rib patterns and 
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synchronous vortices in serially connected microfluidic chambers. 

Importantly, we were also able to generate harmonic flow patterns in both whole and diluted blood 

samples. 

The simplicity, controllability, versatility and biocompatibility of the newly described technology 

makes it highly suitable for multiple applications. These include important applications in physics 

(e.g. studying complex fluids and soft materials [5-7], and generation of droplets [58, 59]), chemistry (e.g. 

synthesis of various molecules and compounds [11, 12]), and biology (e.g. manipulation of cells [60, 61], 

performing multi-step assays [13], diagnostics [62], and developing organ-on-a-chip platforms [63] for 

studying the mechanobiology of cells [64, 65] and the human circulatory system [17, 19, 66]). Notably, both 

customised harmonic and disturbed flow patterns can be created and studied using the newly 

described technology. 

 

4. Experimental Section  

Microfluidic structures: SU-8 masters were fabricated by spin coating SU-8 3050 photoresist 

(Microchem) onto 4-inch silicon wafers and patterned using a maskless aligner (MLA150, Heidelberg 

Instruments). PDMS (Sylgard 184, Dowsil) was mixed to a ratio of 10:1 w/w and degassed under 

vacuum prior to pouring onto the SU-8 master. The PDMS was then cured at 120C for 25 minutes 

and peeled off the master. The PDMS slabs were then cut to size with a scalpel and liquid interfaces 

were cut using a biopsy punch (Harris uni-core). The slabs were then permanently bonded to a glass 

sides (75 mm  25 mm  1 mm, Thermo Scientific) following plasma treatment (PDC-002, Harrick 

Plasma). Microfluidic structure designs are shown in Figure S1. 
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Imaging: The microfluidic experiments were monitored using 

an upright microscope (Leica DM2500) coupled with a colour CMOS camera (acA1920-155uc, Basler, 

Germany) recording at ~150 frames per second. The images were analysed and measured using 

ImageJ. 

 

Experimental setup: The experimental setup consisted of a pair of 5 mL liquid filled syringes (Braun) 

coupled to a PDMS based microfluidic chip using Tygon® tubes (ID = 0.5 mm, OD = 1.5 mm, L = 40 

cm). The syringes were kept 10 cm above the microfluidic system to act as gravity-based pumps. In 

order to induce lateral oscillations, the inlet tube (core or sheath) was coupled to a vortexer mixer 

(SBS100, Select BioProducts) in two operating modes, including the the high-magnitude oscillation 

mode, in which the tube was directly coupled to the vortexer spindle and the low-magnitude 

oscillation, in which the tube was coupled to the side of the vortexer chassis with clear adhesive 

tape. 

 

Numerical simulations: Computational fluid dynamics simulations were conducted to analyse the 

flow velocity induced by tube oscillation. Simulations were performed using ANSYS Fluent 6.3 

software (ANSYS Inc., Canonsburg, PA). To do so, Navier-Stokes differential equations governing the 

balance of mass and momentum were solved in three dimensions and transient conditions under 

laminar flow regime. The SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) 

algorithm was utilised for coupling of pressure-velocity terms while second-order upwind scheme 

was utilised for discretization of convective terms [67]. The boundary conditions included a fixed 

pressure at the inlet, zero pressure at the outlet, no-slip, zero velocity conditions across the 

motionless sections of the tube while harmonic velocities along the radial and axial axes of the tube 
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across the oscillating sections of the tube, defined as 

 and , in which  and 

 are the magnitude and angular frequency of tube oscillation, respectively, and t is time.   

 

Human blood preparation: Fresh peripheral blood samples were acquired from healthy individuals 

and collected in 10 mL S-Monovettes (Sarstedt, Germany) containing 3.2% buffered sodium citrate 

to be used within five hours of blood sampling. Both whole and diluted blood samples were used in 

our experiments. Blood samples were diluted with calcium/magnesium free Hanks' balanced salt 

solution (HBSS) containing 2 mM ethylenediaminetetraacetic acid (EDTA) to prevent coagulation. 

The study was approved by the Alfred Ethics Committee. The haemolysis was assessed by measuring 

the absorbance of haemoglobin at 414 nm using a NanoDrop™ 1000 spectrophotometer (Thermo 

Scientific, Australia) in free plasma before and after high-magnitude tube oscillation experiments. 

The positive control was obtained by diluting the red blood cells in DI water and vigorous pipetting 

to lyse the cells.  

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Oscillation of the core inlet tube leads to the generation of harmonic flow patterns in the 

microfluidic flow focusing system: (a) Schematics showing a microfluidic flow focusing system 

interfaced with core and sheath flow tubes in which the core inlet tube is oscillated using a 

commercially available vortexer, (b) Tube oscillation leads to induction of lateral and axial tube 

velocities, (c-d) Numerical simulations reveal the formation of harmonic vortices and velocity vectors 

in the oscillating tube, (e) This leads to harmonic variations of the core flow rate, (f) This results in 

the harmonic expansion and contraction of the core flow at the junction of the core and sheath 

flows.  
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Figure 2. Generation of dynamic flow patterns inside the expansion chamber of a microfluidic 

system when setting the magnitude of tube oscillation to 2.5 mm: (a) Schematics showing the 

oscillation of the core tube, (b) Temporal variations of core flow rate when oscillating the core tube 

at frequencies ranging from 14 to 50 Hz, (c-e) Generation of harmonic rib and vortex patterns at 

various tube oscillation frequencies ranging from 14 to 50 Hz and core-to-sheath flow viscosity ratios 

ranging from 1 to 5, (f) Flow pattern map showing the transition from rib to vortex mode according 

to the Reynolds number of adjacent core and sheath flows, obtained from at least 150 independent 

experiments. 
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Figure 3. Generation of dynamic flow patterns inside the expansion chamber of a microfluidic 

system when reducing the magnitude of tube oscillation to 0.5 mm: (a) Schematics showing the 

oscillation of the core tube, (b) Temporal variations of core flow rate when oscillating the core tube 

at 14 and 50 Hz, (c-e) Generation of harmonic rib patterns at various tube oscillation frequencies 

ranging from 14 to 50 Hz and core-to-sheath flow viscosity ratios ranging from 1 to 5, (f) Flow 
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pattern map showing the dominance of ‘rib’ mode across the 

entire frequency range and viscosity ratios, obtained from at least 150 independent experiments. 

 

 

 

Figure 4. Generation of dynamic flow patterns using human blood samples: (a) Schematics showing 

the application of blood through the oscillating core tube, (b-d) Dynamic flow patterns obtained at 

various Reynolds numbers when applying whole or diluted blood through the oscillating core tube, 

(e) Flow pattern map showing the transition from rib to vortex mode when applying blood through 

the oscillating core tube, obtained from at least 200 independent experiments, (f) Schematics 

showing the application of blood through the sheath tube, (g-i) Dynamic flow patterns obtained at 

various Reynolds numbers when applying whole or diluted blood through the sheath tube, (j) Flow 
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pattern map when applying blood through the sheath inlet while 

applying HBSS through the oscillating core tube, obtained from at least 200 independent 

experiments.  

 

Figure 5. Formation of superimposed rib and vortex flow patterns using serial microfluidic chambers 

when oscillating the core inlet tube at 40 Hz: (a-b) Water-glycerol mixtures applied through the core 

inlet at different core to sheath viscosity ratios of 1 and 3, (c-e) Blood samples diluted with HBSS at 

different ratios of 1:0 (whole blood), 1:10 and 1:25  applied through the core inlet, (f) Flow pattern 

map showing the transition from rib to vortex mode, obtained from at least 150 independent 

experiments. 
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