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Research Highlights 

 Facile and controllable manipulation of ferrofluid droplet size by a permanent magnet. 

 Droplet merging and generation of larger droplets after merging studied. 

 Controllable change in droplet area, droplet area increased by five times.  

 Effect of magnetic field intensity, carrier medium viscosity, initial droplet size, flow 

rates, and flow rate ratio on change in droplet area studied.  

 Droplet size change induced by the applied magnetic field is higher for a lower viscosity 

carrier medium.  

 Numerical simulations and experimental results  show a similar trend. 

 

Abstract 

Magnetic droplets, consisting of magnetic nanoparticles in a carrier fluid, are of high interest due 

to applications such as remote and wireless control in a microfluidic environment. We investigated the 

influence of magnetic field on the control of ferrofluid droplet size in a nonmagnetic carrier fluid. 

Generation of larger droplets by a re-pumping mechanism was studied. The magnetic field leads to 

coalescence and mixing of the magnetic droplets. A significant response of the ferrofluid droplets to 

changes in flow rate ratio, the viscosity of the carrier medium and magnetic field intensity was observed. 
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The droplet size can be increased by three times of its initial diameter by tuning the magnetic field 

intensity. Our modeling results show a similar trend to the experimental findings. Such control, mixing, 

and re-pumping of droplets is relevant to novel Lab-on-a-Chip applications. 

 

Keywords: Ferrofluid, Droplets, Re-pumping, Actuation, Magnetic field, Viscosity, 

Coalescence,  

1 Introduction 

In recent years, multiphase microfluidics has become one of the exciting fields for a 

variety of research domains such as biomedicine, chemistry, and medicine [1-4]. In 

microfluidics, mixing and the reaction of two entities becomes challenging when the feature 

size decreases to the micron scale [5-7]. Droplet-based microfluidics systems have several 

advantages compared to continuous flow systems on a Lab-on-a-Chip (LoC) platform[8, 9], 

including manipulation of droplet dimensions [10-13]. The volume of these droplets can range 

from microliter to picoliter [14], permitting applications such as chemical reactions and mixing 

at a small scale in a controlled environment [15, 16]. For a droplet-based system, each droplet 

can be treated as a distinct entity. Various mixing technologies have been previously reported 

where complex geometrical features were employed [17-19], including curved and zig-zag 

features. However, fabrication of such geometries is complex and expensive [20].  

Apart from studying the effect of complex geometries, active mixing in microfluidics 

under the influence of external electrical and mechanical forces has also been studied [21]. 

These forces cause chaotic flow patterns, resulting in mixing. Electrohydrodynamic, 

electrophoretic and electro-kinetic effects were used to introduce external electric forces; micro 

stirrer and pressure difference effects were used to generate mechanical forces [22, 23]. 

However, application of such external forces can induce temperature changes and uncontrolled 
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mechanical forces, which are not desirable for mixing and reaction, respectively. A technology 

that is wireless, cost effective, affordable, simple to use, which does not generate heat and is 

insensitive to geometry and size, is required for controlled manipulation in droplet-based 

microfluidic systems. Hence, the combination of droplet-based microfluidics with external 

magnetic fields was studied in this work.  

Dispersions of ferrimagnetic or ferromagnetic particles in the nano/micron-size range 

have been studied [24-26] and water-based ferrofluid droplet systems have been investigated 

[27-30]. Ferrofluids are colloidal suspensions of magnetic nanoparticles, coated with a 

surfactant, in either a water based or oil based carrier fluid. Surfactants are used to minimize 

particle aggregation and sedimentation. Such fluids have been extensively used in commercial 

applications such as sensors, dampers, vacuum technology, lubrication etc [31-33]. In 

microfluidics, ferrofluids have been used to accomplish actuation of droplet-based systems 

under the influence of magnetic [34-37]. Such magnetic droplet-based microfluidic systems 

result in new functionalities, e.g., mixing, droplet fusion, trapping, transport, sorting-

separation, pumps, valves, and switches [38-40]. Magnetic fields can be generated using 

solenoid based systems or permanent magnets.  

There is interest in manipulating samples and reagents in isolated and microscale 

droplets [41, 42]. The manipulation process should be on-demand, easily-monitored and allow 

multi-step reactions. Such experiments will minimize sample loss, cross contamination and 

increase mixing and reaction/detection. Although several droplet-based schemes have been 

developed for transport and fusion [40], splitting [43], sorting [44], and storing [45], it is 

challenging to merge and trigger a reaction in droplets which contain reagents. On demand 

manipulation of droplets has been explored using surface modification techniques, complex 

geometries, application of electric and magnetic fields [27, 41, 42, 46, 47].  
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Hence, to address this challenge, our present work reports the investigation of on 

demand manipulation of the magnetic droplet-based system in continuous flow under the 

influence of an external magnetic field. Droplet control was performed by an external magnetic 

field, droplet merging and release of the larger droplet was observed. A range of flow rate ratios 

Q, viscosity and magnetic field intensity were studied. The magnetic volume force changes 

with the volume of the magnetic nanoparticles within the droplet. Experiments were performed 

with immiscible fluids, primarily with oils (heavy mineral oil and silicone oil) and water-based 

ferrofluid. Numerical simulations were carried out to model the experimental results. The 

primary significance of this work is the control of droplet motion, droplet coalescence, mixing 

and droplet size in an external magnetic field.  

2 Materials and Experimental Method 

Following subsections describe the materials utilized to perform the experiments, 

terms, definitions, the experimental methodology used for the generation, merging, and re-

pumping of the droplets.  

2.1 Materials 

For droplet generation, commercial heavy mineral oil and silicone oil were used as the 

continuous phase (CP) and water-based ferrofluid as the dispersed phase (DP). Properties of 

the water-based ferrofluid (EMG 807, Ferrotec, Singapore) are 2.0 % (v/v) Fe3O4 nanoparticle 

concentration, 10 nm particle size, 11 mT saturation magnetization and 1.1×103 kg/m3 density 

(supplier data sheet). The viscosity of the ferrofluid at 27oC is less than 5 mPa s and the initial 

susceptibility at 25oC is  = 1.88 (supplier data sheet). Ferrofluid was used as received, without 

any dilution. The density and dynamic viscosity of the heavy mineral oil (CAS Number: 8042-

47-5, Sigma-Aldrich, Singapore) at 25oC are 8.38×102 kg/m3 and 118 mPa.s, respectively. The 
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density and dynamic viscosity of the silicone oil (Catalog Number: KF-96-100CS, Shin-Etsu, 

Japan) at 25oC are 9.7x 102 kg/m3 and 85 mPa.s, respectively.  

2.2 Terms and Definitions 

The flow focusing geometry which was used for the droplet generation is defined as the 

4-junction assembly, which consists of two inlets for the CP, one inlet for the DP and one outlet 

which is then connected to a microchannel, where droplets are to be generated. Initial ferrofluid 

droplet size is primarily tuned by controlling the flow rate ratio Q. The flow rate ratio, Q is 

defined as the ratio of flow rate of the continuous phase of oil (Qoil) to the flow rate of the 

dispersed phase of ferrofluid (Qff), viz. Q=Qoil/Qff.  

Initial ferrofluid droplets (IFDs) are the droplets generated by the 4-junction assembly 

by tuning Q in the region x<0, which travels in the positive x direction. Location x=0 mm is 

the reference position, assigned to the centre of the magnet, which is denoted by the red dotted 

line in Figure 1b. When a magnetic field is applied, IFDs are seized near x=0 mm and coalesce, 

resulting in the formation of the coalesced ferrofluid droplet (CFD). The droplets, released 

from the CFD in the positive x region and whose size is mainly controlled by the applied 

magnetic field strength (in addition to the flow rate ratio and viscosity), are termed as the final 

ferrofluid droplets (FFD). The ratio of the FFD diameter (DFFD) to IFD diameter (DIFD) is 

defined is the droplet size ratio (Dratio), viz. Dratio=  DFFD/ DIFD. 

2.3 Experimental Methodology 

The capillary tubing was used as microchannels (IDEX-Health & Science, USA, part 

number: 1507 PFA tubing) with inner diameter 1.00 mm and outer diameter 1.50 mm. A 4-

junction assembly (P-722, IDEX, USA) was used as a flow-focusing device for the droplet 

formation. Figure 1a shows the schematic of the microchannels assembled with the 4-Junction 

assembly. 
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Microchannels were connected to a 4-junction assembly for droplet generation (Figure 

1). The schematic of the experimental setup for the droplet control is shown in Figure 2. Two 

opposite ends of the 4-junction assembly were used as an inlet for CP (oil) via a Y junction and 

the third end used as an inlet for the DP (ferrofluid). These two inlets (for CP and DP) were 

connected to a dual rate syringe pumps (KD Scientific). The syringe pump was used to inject 

fluids into the microfluidic channel by 5.0 ml syringes (Exmire Luer lock gastight syringe). To 

avoid backflow of the fluids, a unidirectional valve was used along the inlets to the 4-junction 

assembly. The end opposite to the ferrofluid inlet was used as the outlet (Figure 1 and Figure 

2). Different flow rate ratios were used for droplet generation. During the experiment, room 

temperature was maintained at 25 oC. 

High-speed imaging was performed with a Phantom Miro Camera (Model: M320s) 

coupled with a magnifying lens (Navitar Zoom 6000)[8, 9, 48-51]. Videos were recorded at 30 

frames per second and analyzed by ImageJ software. The diameter of the IFD and the FFD 

were measured by ImageJ software[48, 49]. Measurements were repeated for at least 15 

droplets. Average of the measurements denotes the data points and error were determined by 

the standard error of the mean[52]. 

 

The magnetic field (in the y-direction) was applied perpendicular to the droplet flow 

(in positive x direction) using Nd-Fe-B permanent magnets (Catalog Number: LRM-ND mag1: 

NB121010, mag2: NB1266, mag3: 10105, mag4: NB633, Lifton Magnets, Singapore) (Figure 

1b). Permanent magnets were placed adjacent to the microchannel for the maximum magnetic 

field strength. The magnetic field strength of the permanent magnets was measured using 

Gaussmeter (Lakeshore, Model 410) in ±x direction. The geometry differences were not 

considered explicitly.  However, measured net magnetic field gradient is a result of the 
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magnetic field distribution due to various geometries, which takes in account the geometrical 

effects. Figure 3 shows the magnetic field distribution in ± x direction with the location of the 

magnet at x=0 mm.  

3 Theory and Modeling 

Numerical simulations were performed by COMSOL Multiphysics software. A 2D 

numerical model was developed for the ferrofluid droplet generation in microchannels, using 

Laminar Two-Phase Level Set method in fluid dynamics module[48, 49]. AC/DC module was 

used to model the magnetic field[48, 49].Two Phase Level Set interface module was used at 

low Reynolds number to track the interface between two immiscible liquids (CP and DP). The 

physics of the interface was solved by the Navier-Stokes equations for the conservation of the 

momentum and a continuity equation for the conservation of mass. The laminar Two-Phase 

Flow, Level Set interface simulations were time-dependent. The AC/DC module was used to 

compute the static magnetic fields, similar to the experimental parameters.  

3.1 Model Geometry 

The model geometry consisted of a circular channel with an inner diameter of 1.0 mm 

and length of 150 mm along x and y-direction. An external magnetic field was applied 

perpendicular to the microchannel. The simulation was performed with a ferrofluid as the DP 

and oil as the CP. The experimental magnetic and physical properties of the fluids were used 

for the simulations. A user controlled mesh (maximum element size of 0.1 mm, minimum 

element size 4.5 x 10-4 mm, the total number of element ~ 500) was separately selected for the 

external magnetic field (air), microchannel (carrier medium) and ferrofluid droplets.  A test 

case was setup, using mineral oil (viscosity 118 mPa.s) and ferrofluid (viscosity of 5mPa.s) at 

the flow rate ratio of 1.5.  



 

 

 

8 

 

3.2 Theory 

Equations 1 and 2 were used to describe the magnetic fields[8, 9, 48-51]:  

 ∇ ∙ 𝑩 = 0 (1) 

 𝑩 = 𝜇0(𝑯 +𝑴) = 𝜇0(1 + 𝜒)𝑯 = 𝜇0𝜒𝑟𝑯 = 𝜇𝑟𝑯 (2) 

where 𝜒 and 𝜒𝑟 indicate the real susceptibility and relative susceptibility of the 

ferrofluid, respectively. The vectors B, H and M indicate the local magnetic flux density, 

magnetic field strength and magnetization, respectively. 𝜇0 and 𝜇𝑟 represent the 

permeability of free space and relative permeability of the material, respectively.  

The effect of the magnetic field in ferrofluid is imparted in terms of volume forces. The 

magnetic body force (𝐹𝑚𝑎𝑔) due to the influence of the magnetic field is given by [50, 53], 

 𝐹𝑚𝑎𝑔 =  0 (𝑀  )𝐻 (3) 

The effect of the magnetic field on the droplet flow was determined by adding the 

magnetic body force term in the Navier-Stokes equation, which is given by [8, 9, 49-51, 53], 

  
𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖. ∇𝒖)

⏟          
= −𝛁𝑝⏟ +𝛁 ∙ [𝜂(𝛻𝒖 + 𝛻𝒖𝑻)]⏟            + 𝑭𝒎𝒂𝒈 

 (4) 

     FI Fp        Fη     

where, 𝜌 is the fluid density, 𝒖 is the fluid flow velocity, 𝑝 is the fluid pressure, and η is the 

dynamic viscosity of the fluid. FI, Fp, Fη and Fmag are the inertial force per unit volume, net 

force due to pressure per unit volume, viscous force per unit volume and magnetic body force 

per unit volume, respectively. 

Figure 4 shows the simulation and experimental change in the FFD diameter under the 

influence of an applied magnetic field. The IFDs are generated at the 4 - junction assembly and 

flow in the positive x direction (Figure 1). The IFD diameter depends on the flow rate ratio and 

the viscosity of the medium. Droplet coalescence, resulting in the CFD formation was observed 
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in the vicinity of the permanent magnet, near x=0 mm (Figure 4).  The release of the FFDs 

from the CFD occurs in the positive x region. 

The drag force on a droplet for low Reynolds number can be expressed as[48, 54], 

 
𝐹𝑑 = 3D𝑣(

1 + 2/3
𝑓𝑓

1 + /
𝑓𝑓

) 
(5) 

where, 
𝑓𝑓

,  and 𝑣 are the ferrofluid viscosity, CP viscosity and velocity of the droplet 

in the carrier medium, respectively. D is the ferrofluid droplet diameter.  

3.3 Droplet Coalescence Under the Influence of an Applied Magnetic Field 

Initial ferrofluid droplets (IFD) were generated in a CP of oil by a 4-junction assembly 

(Figure 1). When a non-uniform magnetic field (Figure 3) was applied to these moving IFDs, 

coalescence was observed, leading to the formation of a coalesced ferrofluid droplet (CFD) 

slug (Figure 1b and Figure 4). Droplet coalescence depends on the magnetic volume force and 

the hydrodynamic force [37]. The magnetic volume force, Fmag increases with the increasing 

magnetic field strength, the gradient in the magnetic field, ferrofluid susceptibility, and volume 

concentration of the magnetic nanoparticles (MNP). With the increasing ferrofluid droplet 

diameter, droplet volume increases, leading to the Fmag increase. Hydrodynamic force increases 

with the increasing viscosity of the CP (η), the flow rate of the CP (Qoil) and the flow rate ratio 

(Q). Figure 1 and Figure 4 describes the 4-jucntion assembly used for the generation of the 

IFD, formation of the CFD and the release of the FFD.  IFD can be seen to combine to form a 

CFD slug and after merging of several droplets, a FFD was released from the CFD slug. It is 

evident from both the experiment and the simulation in Figure 4 that the FFD size is larger than 

the IFD size (simulation results showing the effect of the CP viscosity on IFD and FFD 

diameter is available in supplementary Figure S1).  
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3.4 Effect of the Magnetic Field Gradient on Droplet Velocity and Formation of FFDs 

The formation of the CFD and the release of the FFD is determined by the inertial force 

term, FI (equation 4) and the magnetic body force, Fmag. In addition to the Fmag, the inertial 

force term also depends on the other force terms on the right-hand side of equation 4, viz., the 

net force due to pressure (flow rates of the CP and DP) and the viscous force term. The flow 

rate and the viscosity of the CP and the DP determine the IFD velocity u in the inertial force 

term.  

With no magnetic field, the IFDs travel with a velocity u (Figure 1). However, under 

the influence of the magnetic field gradient, the magnetic force acting on the droplets 

contributes an additional velocity ±Δvm, which changes the total velocity of the droplets. The 

gradient in the magnetic field and the location of the droplets determine the acceleration or 

deceleration of the droplets. The ± sign indicates the positive and negative Δvm contribution 

in the region x<0 and x>0, respectively. Δvm is positive for the droplets (the IFDs) in the 

location x<0 due to the attraction of the IFDs towards the magnet, which is along the direction 

of the flow for x<0. Δvm is negative for the droplets (the FFDs) in the location x>0 due to the 

attraction of the droplets towards the magnet, which is opposite to the direction of the flow for 

x>0. 

To explain this further, Figure 5 shows the field gradient along the x-direction that 

varies from positive to negative with zero slopes at the center.  For x= -125 to 0 mm, the 

droplet accelerates to the center of the magnet and for x= 0 to 125 mm droplet decelerate. 

When a magnetic field is applied, the first droplet accelerates from negative x and then come 

to rest near x=0 mm due to Fmag. The second IFD follows a similar trend, which now 

accelerates and coalesces with the initial droplet near x=0 mm, resulting in the formation of 

the CFD.  This process continues until the inertial force ≤ magnetic volume force, resulting in 

the CFD size increase (Figure 4e-iii). When the inertial force becomes higher than the 
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magnetic volume force (FI > Fmag), neck formation and neck elongation takes place. When 

inertial force dominates the magnetic force (FI ≫Fmag), the hydrodynamic force exceeds the 

magnetic volume force, resulting in a FFD release from the CFD which travels in the positive 

x direction. 

To investigate the effect of droplet size, the ratio Qoil/Qff was increased, it can be seen 

from Figure 6 that the droplet size was significantly reduced. Simulations were performed by 

varying the velocity ratio of the droplet and carrier fluid [55]. For a constant droplet velocity, 

droplet size decreased as the carrier fluid velocity was increased.  

4 Results and Discussion 

The microchannel assembled with the 4-Junction assembly (Figure 1a) allows the 

generation of the IFD in the CP of oil. Flow rate ratio, viscosity, interfacial tension and the 

inner diameter of the microchannels influence the IFD size [6, 48, 56]. Figure 6 shows the 

experimentally observed variation in the IFD diameter with the flow rate ratio, Q. With 

increasing Q, the IFD diameter decreases for both the CPs viz., silicone oil and heavy mineral 

oil. The IFD diameter also decreases with increasing viscosity of the CP. Smaller IFD size was 

observed for mineral oil at all flow rate ratio, as compared to the CP of the silicone oil. The 

change in the IFD diameter shows higher dependence on the flow rate ratio than on the viscosity 

of the CP [57]. 

 

The FFD size can be controlled by an applied magnetic field (Figure 1b). The FFD 

diameter can also be tuned by changing Qoil, Qff and the viscosity of the CP. Following sections 

discuss the effect of an applied magnetic field and flow rate ratios on the FFD size. 
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4.1 Effect of the Magnetic Field at a Constant Flow Rate Ratio 

Figure 7 shows the effect of the magnetic field on the FFD size at various flow rate 

ratios. The FFD size increases with increasing H for a fixed Q. Even a small magnetic field can 

be utilized to induce a significant change in the FFD diameter. Above 10 mT, droplet diameter 

shows a flattening of the FFD diameter variation. The change in the slope after 10 mT is a 

combined effect of (i) saturation magnetization and (ii) magnetic volume force. Magnetic 

volume force and IFD volume determine the FFD volume. Since the saturation magnetization 

follows the Langevin law, the magnetic volume force also follows the same. The magnetic 

volume force also depends on the droplet volume. Droplets generated by the flow focusing 

geometry follows a non-linear behavior. Hence, the combined effect is the change in the slope 

after 10 mT. 

The increase in the FFD diameter was relatively higher for lower viscosity the CP than 

that for higher viscosity. The FFD diameter is ~2 times the IFD diameter at higher viscosity 

CP and ~3 times the IFD diameter for lower viscosity CP (Figure 7 and Figure 10a). Higher 

FFD diameter at a lower viscosity of the CP is due to the less drag force of the lower CP on the 

ferrofluid droplet, as compared to higher viscosity CP. The magnetic volume force dominates 

at less drag force, resulting in a larger diameter of the FFD. 

The FFD diameter decreases if we increase Q under an applied magnetic field (Figure 

8). According to the equation 5, drag force increases with increasing velocity v. Increase in Q, 

results in the increase in the velocity v and hence increases the drag force. Hence, the growth 

of the CFD gets reduced due to the increased hydrodynamic force than the magnetic volume 

force, resulting in the smaller FFD diameter.  

Hence, decreasing the flow rate ratio and the viscosity increases the FFD size with 

increasing magnetic field H. 
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4.2 Effect of the Flow Rate Ratio at a Constant Magnetic Field 

Experiments were performed with heavy mineral oil and silicone oil in a range of flow 

rate ratios to investigate the effect of flow rate ratio. At an applied magnetic field H, a decrease 

in the FFD diameter (Figure 9) was observed by changing the viscosity and the flow rate of the 

CP. It was found that at a constant magnetic field, the FFD diameter decreases with an increase 

in the viscosity of the CP. At all magnetic fields, the FFD diameter for silicone oil (Figure 9b) 

is higher than the FFD diameter for heavy mineral oil (Figure 9a). Both silicone oil and heavy 

mineral oil, show higher FFD diameter profiles at 52 mT than the profiles at H≤34 mT. 

Increasing H results in a decrease in the FFD size for a given Q and viscosity of the CP. 

The surface drag of the CP affects the droplet formation. For a constant flow rate, the surface 

drag force (equation 5) of the medium increases with increasing viscosity. The critical magnetic 

volume force required for the FFD formation increases at higher viscosity, resulting in a smaller 

FFD diameters at higher viscosity compared to a low viscosity CP. 

4.3 The FFD Size Compared to the IFD Size 

The FFD size with respect to the IFD size was analyzed by the droplet size ratio (Dratio), 

which is the ratio of the FFD diameter to the IFD diameter. Figure 10a and Figure 10b show 

the effect of the magnetic field and the flow rate ratio on the Dratio, respectively.   

At a constant Q, the Dratio increases with increasing magnetic field for both CPs viz., 

heavy mineral oil and silicone oil (Figure 10a). Highest Dratio of ~3 was observed for silicone 

oil at the flow rate ratio of 40. Lowest Dratio of ~2 was observed for mineral oil and silicone oil 

at the flow rate ratio of 10. Silicone oil demonstrated a broad range of Dratio variation, as 

compared to heavy mineral oil. Intermediate Dratio variation was observed for heavy mineral 

oil. 

At a constant H, Dratio increases with Q for both CPs (Figure 10b). Highest Dratio 

variation with increasing Q, was observed for silicone oil at 52 mT. Minimum Dratio variation 
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with increasing Q, was observed for heavy mineral oil at 6.5 mT. The general behavior of 

higher Dratio variation with increasing Q, at the higher magnetic fields, was not followed for 

both CPs at 22 mT, which showed higher Dratio profile than the profiles at 34 mT. All silicone 

oil profiles showed higher Dratio variation with the increasing Q, as compared to the profiles for 

heavy mineral oil.   

Hence, silicone oil exhibited a broad range of Dratio variation i.e., the ability to tune the 

FFD size by tuning the magnetic field and flow rate ratio.  

 

5 Discussion 

The observed nonlinear trends for silicone oil and heavy mineral oil are the result of 

four competing forces described in equation 4, i.e., inertial force per unit volume FI, the net 

force due to pressure per unit volume Fp, viscous force per unit volume Fη, and magnetic 

volume force Fmag.  

The magnetic volume force depends on the droplet volume and susceptibility of the 

magnetic fluid. For a flow focusing geometry, the droplet size follows a non-linear trend with 

increasing flow rate ratio, which is evident from Figure 6. Fu et al.[58] and Nie et al.[59] 

discussed such nonlinear effects in the droplet size due to the flow focusing geometry. The 

magnitude of this non-linear droplet size increase depends on the flow focusing geometry, the 

outlet microchannel size, and viscosities of the CP, DP[58, 59]. Also, the magnetic fluid 

susceptibility follows the Langevin law, which is also nonlinear leading to a nonlinear response 

to an applied magnetic field. Wu et al. [60] and Varma et al. [48, 61] reported nonlinear droplet 

size variation under an applied magnetic field. 

Hence, the nonlinear trends followed for the IFD size and magnetic volume force are 

responsible for the non-linear trends observed for the FFD size[48, 60, 61].  
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Droplet tagging, sorting, counting, merging, washing and detection are required for a 

range of LoC based applications[62-64], these capabilities are offered by magnetically tagged 

droplet libraries[46, 61, 65]. Tuning the magnetic properties of droplets is advantageous, since 

it offers selective magnetic tagging as well as selective magnetic response of individual 

droplets. Based on the magnetic properties, individual droplets can be sorted, counted and 

detected.  The re-pumping mechanism demonstrated in this article offers control of the droplet 

size after the droplet merging (the FFD) and thus control of the magnetic response. Specifically, 

merging and magnetic tagging of droplets are useful for LoC based multiplexed sensing 

applications such as biochemical sensing for luminol-based chemiluminescence blood 

detection[66], a biochemical assay for measuring glucose in human serum at physiologically 

relevant levels[67], and multiplex protein detection [68].  Perhaps, the most promising 

application of the present method can be in magnetic immuno-agglutination assays[69, 70] 

when combined with a GMR-based magnetofluidic device [71]. 

Modifying the surfactant matrix surrounding MNPs is a challenge, however, such 

modifications offer opportunities to encapsulate detection reagents or fluorescent tags. Such 

combinations result in a complete package for LoC based biochemical detection. If BSA is 

used in the form of the matrix around the MNPs then it will enhance the biocompatibility useful 

for the detection of very sensitive samples like human cells[72].  

6 Conclusion 

The application of external magnetic fields allows selective and controllable 

manipulation of individual ferrofluid droplets. On-demand changes in droplet diameter can be 

produced by an external magnetic field. A change in droplet diameter can be induced in droplets 

flowing across a magnetic field of a permanent magnet. Under the influence of an applied 

magnetic field, the droplet diameter increased by three times than the initial diameter. This 
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change in droplet diameter, by coalescence of multiple droplets, is advantageous for shear force 

sensitive substances. The change in the droplet diameter with magnetic field intensity, 

continuous phase viscosity, initial droplet size and flow rate ratio was studied. This change in 

the droplet size is relatively higher for a low viscous continuous phase when compared to a 

high viscous continuous phase under the influence of an applied magnetic field. Manipulation 

of the magnetic droplet size can be influenced significantly by a low viscous carrier medium 

and small initial droplet size under a high magnetic field strength. These results can be used to 

develop wireless technologies in microfluidic applications such as on-demand manipulation 

and actuation of droplets, transport, mixing, merging, targeted delivery and release for Janus 

particle synthesis, smart microgel synthesis, immunoassay, chemical, biochemical reactions 

and cell trapping. 
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Figure 1. Schematic of (a) initial ferrofluid droplet (IFD) generation by a 4-Junction assembly with no 

magnetic field and (b) effect of an applied magnetic field on IFDs resulting in the formation of the final 

ferrofluid droplets (FFD). A permanent magnet was used to apply the magnetic field. Center of the 

magnet was selected as the reference location x=0, denoted by the dotted red line. In the negative x 

region (x<0), IFD are generated. Near x=0, IFDs coalesce and the formation of a coalesced ferrofluid 

droplet (CFD) takes place. The FFDs are then released from the CFD, with a larger diameter than the 

IFDs. The diameter of the FFDs can be tuned by the applied magnetic field and the flow rate ratio. 
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Figure 2. Schematic of the experimental set-up used for the investigation. The dual syringe pump was 

used to control the flow rates of the continuous phase (CP) of oil and the dispersed phase (DP) of the 

ferrofluid. Initial ferrofluid droplet (IFD) formation takes place at the 4-junction assembly in the 

positive x direction. The magnetic field was applied in the y direction. The camera was mounted in the 

z direction.  
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Figure 3. Magnetic field distribution of different permanent magnets used for the selective control of 

the droplets. Center of the magnet was assigned reference location x=0 mm and field distribution was 

measured in the ±x direction (Figure 1). The magnetic field strength increases for x=-15 to 0 mm and 

decreases for x=0 to 15 mm. Surface areas of the corresponding permanent magnets are, mag1: 1.0 cm 

x 1.0 cm, mag2: 0.3 cm x 0.3 cm, mag3: radius = 1.2 cm, and mag4: radius = 1.0 cm. 

 

 

Figure 4. Experimental and simulated formation of the final ferrofluid droplets (FFD) from the initial 

ferrofluid droplets (IFD): (a) schematic; (b) experimental IFDs and FFDs; (c) simulated IFDs and FFDs; 

(d) simulated magnetic field distribution across the microchannel, responsible for the FFD pinch-off 

from the CFD (red lines and blue lines denote, high and low magnetic fields, respectively); (e) process 
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of the FFD formation from the IFD (i) IFDs accelerate for x<0 due to Fmag, (ii) CFD formation by the 

coalescence of the IFDs near x=0 mm, (iii) increase in the CFD size due to merging of more IFDs, (iv) 

neck formation in the CFD, (v) release of the FFD of larger size than the IFD size. Where IFDs are 

generated by the 4-junction assembly. Droplet flow is in the positive x direction. Under the influence 

of the magnetic field, the CFD forms near x=0 mm due to coalescence of the IFDs. FFDs are then 

generated from the CFD. The diameter of the FFD is larger than the IFD, which can be tuned by the 

magnetic field and flow rate ratio. Red dotted line indicates the reference location x= 0 mm, which is 

the center of the permanent magnet. 

 

 

Figure 5. Simulated magnetic field gradient along the microchannel length (x-direction). At 0 mm 

magnetic field strength is highest (central location of the magnet) and the field strength decreases on 

both sides of the peak. Droplet accelerates for x= -125 to 0 mm, due to the increasing field gradient and 

droplet decelerates for x= 0 to 125 mm due to the decreasing field gradient. 
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Figure 6. Initial ferrofluid droplet (IFD) diameter variation with flow rate ratio (Q) for the CP of heavy 

mineral oil and silicone oil, in the absence of magnetic field. Where, Q=Qoil/Qff for a constant Qoil=5000 

l/h and at Qff =100, 125, 166, 250, 500, 750 l/h. 

 

Figure 7. Effect of an applied magnetic field at different Q, on the final ferrofluid droplet (FFD) 

diameter for the CP of (a) heavy mineral oil and (b) silicone oil. Where, Q was changed from 6 to 50 

and H changed from 0 to 52 mT (peak of the magnetic field distribution in Figure 3).  
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Figure 8. The effect of magnetic field strength on the final ferrofluid droplet (FFD) diameter at Q=6.7, 

50 and H=6.5, 22, 34, 52 mT: (i) the initial ferrofluid droplet (IFD) diameter in x<0 region and (ii) the 

FFD diameter in x>0 region (Figure 1b). Where, the magnetic field H was applied by a permanent 

magnet placed at x= 0 mm. Scale bar= 2000 μm.  

 

Figure 9. Variation of the final ferrofluid droplet (FFD) diameter with the flow rate ratio, at a constant 

magnetic field (H=0, 6.5, 22, 34, 52 mT) for the CP of (a) heavy mineral oil (HMO, 118 mPa.s) and (b) 

silicone oil (SO, 85 mPa.s).  
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Figure 10. Variation of the Dratio for the CP of heavy mineral oil (HMO) and silicone oil (SO) with (a) 

magnetic field for Q= 6, 10, 20, 30, 40, 50, and (b) with the flow rate ratio, at H=0, 6.5, 22, 34, 52 mT. 

Where, DIFD and DFFD are the initial ferrofluid droplet (IFD) diameter and the final ferrofluid droplet 

(FFD) diameter, respectively. Dratio = DFFD/DIFD and Q= Qoil/Qff. 

 


